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STRAY CURRENT INTERACTION IN THE SYSTEM OF TWO EXTENSIVE

UNDERGROUND CONDUCTORS

Wojciech Machczyfiski
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Abstract

The important problem, technically, is to evaluate the harmful effects that an
electrified railway has on nearby earth-return circuits ( cables, pipelines ).
This paper considers the effects of a DC - electrified railway system on two
extensive metal conductors buried in parallel in the vicinity of the tracks.
The interaction between currents flowing in both underground conductors is
taken into account, whereas the reaction of the conductors' currents on the
track current is disregarded. The analysis given is applicable to any DC
railway system in which tracks may be represented by a single earth return
circuit with current energisation. It is assumed in the paper that the system
considered is linear and that the earth is homogeneous. The technical
application of the method is illustrated by an example of computer simulation.

Key terms interference, stray currents, earth return circuit, electric
traction, computer simulation.

Introduction

There are many practical cases where one is Interested in the stray current
influence on underground metal structures. The important problem, technically,
is to evaluate harmful effects (corrosion) that electric traction may have on
nearby installations and to design a protection system. This is a complex task
involving many technical and economic aspects for consideration. The computer
simulation of stray currents effects can be useful tool in this case.

The calculations given in the paper are based on the general solution, which
has been obtained in [11 for currents in two earth return-circuits exposed to
alternating current electric railways. By specialising the driving electric
field, calculation are made and formulas obtained, applicable to the analysis
of currents and potentials along two underground leaky conductors laid in a
stray current area.

The electric flow field caused in the earth by stray currents is determined
under the assumption that the system of rails of a DC electrified railway
system is modelled by sections of equivalent earth return circuits lying on
the surface of the homogeneous soil. It is also assumed in the paper that the
system considered Is linear and that the effects of currents in the
underground installations on the track current can be disregarded.

The knowledge of the potential of the underground metallic conductors caused
by stray currents may be used as one of the criterions participating in the
decisions of planning of routes of underground structures in the stray current
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areas.

The literature on the problem of calculating potentials of metal underground
structures located in an electric flow field does not deal with the
polarisation, treating that phenomenon as insignificant when compared with the
ohm drop of potential [4]. Because of the above and also because of the lack
of analytic methods of calculating the polarisation potential of underground
metal structures being affected by external currents the considerations
presented in the following sections of the paper deal mainly with the ohm drop
of potential.

Scalar potential in the earth due to current in conductor with
earth return

The basic circuit for the calculation of the earth potential is shown in
Fig.1.

The potential due to the segment dT with the current I(T) takes the form

dI(t)

dT
dV 0(P)= dr (1)

4NK 4/(x-T)2+y2

The distribution of the longitudinal current depends on the mode of the
current excitation in the conductor. In the stray current theory the current
(shunt) energisation (2] of the conductor with earth return lying on the
surface of the earth, Fig.2, is of great importance.

If the conductor with the shunt energisation at point x = xs is finite in the

length, the current along the conductor is given by

I -oIx-xs -cox a"x (2)
I(x) = sign (x - xs) 2 e + A e + B e

where a is the propagation coefficient of the conductor, A and B are

constants, which are to determined from the boundary conditions.

The insertion of eqn.(2) into eqn.(1) and integrating gives the relation of
the potential in the earth owing to the current flowing in the conductor with
the current energisation. This relationship is numerically solved only.
Efficient techniques of calculation have been applied in the computation
aigorithm developed.

Model of an electrified railway system

The system shown in Fig.2 may be used to the modelling of the DC electric
railway system for the case of concentrated load, as In Fig.3.
In this system tracks are represented by a single conductor - equivalent to a
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rail continuously in contact with the earth through the track ballast. The
conductor is energised with the currents Is and -Is by a feeder station and

a load at points x = 0 and x = a , respectively.

It should be noted that the basic model may be applied directly by
superposition if there are a number of loads to be considered. The computation
of the earth potential near an electrified railway system of a complicated
configuration is also possible by the use of the elementary model.

Currents in the system of two underground conductors

The elimination of the potentials in equations for potentials and currents
along two underground conductors gives a non-homogeneous 2-nd order system
of differential equations

1 d2 I 1 x) 1 dl2 12 X)
R I (x) + 5- E(x)

GI dx2 1 1 12 dx (3)

1 d~l (x) 1 d~l (x)
1 + -RI (x)= - EO(x)

G12 dx2 G2 dx2 2

where E°(x) is the intensity of a primary, driving electric field, R
n n

series resistance, G - shunt conductance of the conductor n ( n = 1 , 2) andn
G - mutual conductance between conductors (5].

12

It is easy to solve this system of equations using the Fourier integral if the
conductors are assumed to be infinitely long. It is shown in [1] that if the
electric field within the underground conductor n results in a scalar

potential Vn, the currents along both conductors become

2 2
2 G1 2 -a 2 IX-VI

I (x) = , --- ) sign(x-v) V 0 (v) e dv +
1 ( -cc 22 c 2 -•o 1-a)' a o2

1 2 02

ac Go Gaxv Ga 2  cca~-

G 22C22 0 1X 0 aI0X

- sign(x-v) V (v) e dv + (sign(x-v) e dv

1 2 160v2

0 1202

2G2 a UI -aiix-vj l

G a2 -fsign(x-v) V2(v) e drv ,(4)

12 02
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(01 2 U - 2G2 g~ x V 0 (v) e -a 21  X -V1 v +
l2()=2( 1-A) (a 2 2 s~~xv d

2 01

2 Ga 2  -

U- 1-)[Sign(X-v) dv + V2 "x- v) V Ie • e -

12 120

- at :t-0z~ Y(oX +42)--(_t=2

at 2

2Ga w -a11x-vI

Gwhea osignix-v VCv) e dv

where : :2 }= 2a -±+.0 +a2 )-_4(1-A)a10 10 102 (5)

2¢2 2(1-A)

where a is the propagation coefficient of the conductor n. The conductive
on

coupling coefficient A, appearing in the equations, which is the measure of

the interaction between the conductors is defined as

GG
A- 1 (6)G 2

12

The integrating of eqn.(4) yields

I Ot G
son 2

= 1Anl (aoxaoSO) + A n*(aoX,aos2) + A n3(alx,aOs) +
n 2(1-A)(a I2 x2) 02

1 2

+ A n4(a x,aIs ) + A ns(a2x,a2s) + A (a X,azSz)l, n =1,2 (7)

where

(atcc(cc -a) G (a-t~ 2c 2cC
22 2 22 2 2 ( -a)

1 2 02 0 2 1 2 0 02 1Ao A A =2

11 2 2 2 2 12 G 2 2 2 2 13 2 2
(a•-aZ)(a -a•) G2 G(a-a)(a 2 -.ao) ,3(a -a)

1 0 2 0 1

G a 2  (a -a0 ) G a2
21 2 02 2 2

A4 2 2 15 A22 16 22 ' (8)
1G (a- (_ a -ais 2 216 G (

12 1 0 2 0 12 2 0
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G2 -c2 G2 -c2

1 01 0 1 01 1
A A ; A A ; A =A -; A =A

21 22 11 ( 2 2 23 14 G 24 13 (t2 _c2)
22 02 2 02 1

G (2 _a )
1 2 01

A =A - ;A 26  1 2
25 16 G =A (a -a 2

2 2 02

whereas

s Y d 2 + a n =1, 2 (9)
n n n

where
d - burial depth of the conductor n , a - horizontal distance between then n

equivalent rail and the underground conductor n.

The voltage to the adjacent earth of the underground conductor n may be
obtained from the relation [1]

1 dl WxW

U (x) = - 1 P (10)
n G. dxin

where G. is the conductance of insulation of the conductor n.
in

Hence, the voltages to the adjacent earth of conductors 1 and 2, caused by
the effects of the stray current flowing out of the equivalent rail shown in
Fig.2, take the form

I cc 2G
s o n

U W( s A aix (a x,as) + A a2(a x,a s) +n 2 2 ni o 0 1 n2o 0 02

+ (1An(azt(z'zz -a (A)A3n.•x2+s

1 21in

+ A n3c a I X' Is)1 + A n4a IWc Iax'a1S)2 + A nScc2 2(at2x,a2s)I +

1
+ A+6o o ,O An 3+ A ,n =1,2

(A +nAn4 n 6) 1/,2 ]
2

The functions 02 and * appearing in the equations (7) and (11) are defined
as follows (2,31

tO (u,v) } 1 [ ](12)

S(u,v) ffi [ e-u *(u,v} ± eu *(-u,v
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where
4 e-T

*(u,v) f - dT (13)

-u .2 . V2

Voltages to the remote earth (potentials) along the conductors under
considerations, may be obtained from the relations [I]

G i1 1 G 1 2

V1(x) = VOWx) + U1 Wx) -- + U(X) a- ,
11 12 (14)

Gil Gi1

V2 (x) = V0 (x) + U(x) W -- + U (x) --

12 2

Conductors finite in the length

To solve the problem of the conductors finite in the length and terminated
through the earthing electrodes at their end points, consider the homogeneous
system of differential equations, which is obtained from the system (3) with

E° = 0. The elimination of the current I from these equations gives as then 2

result the biquadratic equation (15) for the current I

1-A d 4 (x) 00t 1 +M2 d I(x) G R R102 01 (x) = 2 . (15)
G 2 dx4 G a 2 dx2 2 1

1 02 1 02 02

Thus the solution for the current I has the form
rx rx rx rx

I(x) = Ae I + Ae 2 + A e 3 + A e 4 (16)1 1 2 3 4

where rI - r 4 are the roots of the characteristic equation of the eqn.(15) and

A - A are arbitrary constants. It is easy to show, that1 4

r , r=- ,r= - a (17)rl=•' 2="1 ' 3 = 2 ' 4 2

The current 12(X) can be next obtained from the equation (18)

ax -aIX cx -ax
Ix) = (A e I +A e I )(C a2+CW+(Ae +A e 2 )(C a2+C) (18)
2 1 2 1 12 3 4 12 2

and
G z(1-A) RIGs

c 12 1 1 12 (19)
1 2 2 2

1 02 02

The complete solution of the non-homogeneous system of differential equations
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(4), for the case of the conductors finite in the length, is assumed to have
the following form

If(x) = I'*(x) + I (x) n = 1,2 (20)
n n n

From the mathematical point of view I* is the particular solution of the

system (3) and I is the general solution of the homogeneous system of

differential equations.

The potentials along the conductors are

1 dlf (x) 1 dl (x)-f 1 2
V (x) = - d IxSG dx G dx

1 12

(21)

1 dl (x) 1 dlf (x)
-f I - 2

2 G dx G dx
12 2

The constants which appear in the solution can be obtained from the boundary
conditions

V'(x V f v f(x3) Vf(x4)

1 f Z = , Z- (22)
1 •(x) I1 (x 1(x3) D (x4)

The potentials to the adjacent earth ( ohm drop of potential ) can be next
derived from the realtion

f 1 dlf(x)VI (x (x)

V ( dx n n = 1,2 (23)
In

Computer results - example

The usefulness of the computation algorithm developed shall be demonstrated by
the example of conductors buried in a stray current area, Fig.4.

The following conductors buried in the soil with the conductivity K = 0.01
S/m have been considered :
(i) conductor I - pipeline with parameters r,= 0.3 m, d = 1.4 m, R =0.0131 ~11

£2/kin, G = 1 S/km,I'

(ii) conductor 2 - cable with parameters r 2 = 0.03 m, d = 0.8 m, R = 0. 73722 2

£2/km, G = 0.1 S/km.
12

The lengths of the pipeline and the cable are 5 km . The distance between the
conductors is 5 m. The pipeline is terminated through the earth electrodes :
ZA = Z1 = I a (xI = x3 = - 2.5 km ; x2 = x4 = 2.5 kin). The cable is earthed

through the resistances Z = I Q, Z = 4 £2. The tracks of the DC electrifiedc D

railway system have been approximated by an equivalent earth return circuit
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with a = 0.123 1/km. The current of the feeder station is I 500 A.

The calculated maximum voltages between the conductors and the adjacent earth
are shown in Fig.5. The voltages are ploted as functions of the horizontal
distance between the conductors and the equivalent rail. The primary earth
potential of the electric flow field is also shown in this Figure. The
calculations have been carried out for the worst case, i.e. when the loads are
far away from the feeder station.

Fig.5 shows that the voltages U between the conductors and the sorrounding
soil exceed, even for the remote localisation of the conductors, the tolerable
corrosion limit i.e. + 100 mV according to the German standard [4]. The
protective measures should be undertaken to avoid the stray current corrosion
of the conductors.

Final remarks

A computer program has been developed for the calculation of the potential
distribution in a system of underground metal installations buried in a stray
current area.

The computer simulation of the harmful effects that the DC electric traction
may have on nearby underground structures may be useful in planning of
localisation of the installations affected by stray currents and in designing
the protective measures against the stray current corrosion as well.

The extensive parametric analysis to examine the roles of various factors
which affect the interference levels caused in extensive metal underground
conductors by stray currents may be performed using the method dcscribed.
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Abstract

Field testing has been carried out on the Brazilian continental
shelf at depths down to approximately 800 m, using mooring
systems to evaluate corrosion and corrosion protection. Zinc
anode/cathode assembles with different cathodic current
densities were exposed for 14 months at depths of 300, 400, 500
and 770 m to establish preliminary design data for cathodic
protection in deep waters. The paper presents measurements of
the effects of depth, current density, and the physical and
chemical parameters of seawater on the formation of calcareous
deposits. This preliminary investigation was limited to
quantitative results.

Key terms: calcareous deposits, polarized steel., deep water.

Introduction

Each year Brazilian offshore oil production moves into deeper
and deeper waters. In the near future, discoveries of oil fields
in very deep water will require the location of facilities at
water depths of over 1,000 m. Consequently, the nature and
characteristics of calcareous deposits formed under high
hydrostatic pressure are of prime interest to the corrosion
engi, eers responsible for protecting equipment.

Studies of the calcareous deposits formed during the cathodic
protection of steel in seawater have focused on the effects of
applied potential', current density 2' 3 't, and water flow1 ' s
on the properties of the deposits, but little information
is available on the effects of depth. This parameter influences
the formation of the calcareous deposit since it affects pH,
dissolved oxygen, and temperature and, consequently, the
solubility of the CaCO, and Mg(OH) 2  on the steel/seawater
interface.

At present, the correct design of cathodic protection procedures
based on the use of galvanic anodes is achieved by applying an
initial high-density current to promote rapid cathodic
polarization and the formation of calcareous deposits.
Well-formed deposits reduce the velocity with which the oxygen
dissolved in the seawater diffuses to the steel surface, thereby
sharply reducing the current density needed to maintain
polarization. A thorough understanding of the physical and
chemical characteristics of seawater as a function of depth and
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of the water's long-term effects on cathodic polarization is
necessary to optimize design parameters in deep water cathodic
protection. Since the values of these parameters vary not only
with depth but also with geographic location and exposure time,
long-term in-situ testing is necessary to establish the proper
design criteria for deep water cathodic protection.

This paper examines the effects of depth, current density, and
the physical and chemical parameters of seawater on the
formation of calcareous deposits in Brazilian deep waters.

Experimental

A mooring sysuem was installed in the Albacora Field of the
Campos Basin (Rio de Janeiro) to carry out in-situ testing.
Equipment design and operational details are presented in
earlier papers 6 ' 7

Test specimens were placed at water depths of 300, 400, 500, and
770 m and were left exposed for about 14 months. Twelve
anode/cathode assemblies were placed at each depth to evaluate
cathodic protection. Two of every twelve assemblies were left
unconnected and were assessed for corrosion at the end of the
test period. Five initial current densities were specified for
the other ten assemblies placed at each depth: 50, 100, 200,
300, and 400 mA/m 2. The cathodic protection system is presented
and assessed in another paper8.

Environmental Conditions

Although the vertical structure of the sea currents in the
Campos Basin is quite complex, it is possible to identify some
characteristics that appear to represent stationary or dynamic
equilibrium conditions. The strongest currents are observed in
the surface layer (0 to 100 m) and usually run toward the
southern quadrant; their average flow varies from 0.15 to
0.70 m/s. The Brazilian current is located at a depth of around
100 to 300 m but may run the entire length of the water column
(down to 700 to 800 m); it is usually observed flowing toward
the southern quadrant as well, at an average rate varying from
0.05 to 0.32 m/s. The Brazilian countercurrent is generally
observed below a depth of 300 m but at times may reach the
surface. It flows toward the northern quadrant, varying from WNW
to ENE, at average rates of 0.07 to 0.26 m/s (Fig. 1).

Environmental parameters pertinent to this study are shown in
Figures 2 through 5.

Results

Following the exposure period, test specimens with an initial
current Oensity of 200, 300, or 400 mAim 2 displayed
protection Deposits removed from the samples were chemically
analyzed. The atomic absorption spectrometry technique was used
to measure Ca and Mg contents at the various current densities.

Figure 6 shows percentages of calcium as a function of the
applied current density and of depth, while Figure 7 shows
magnesium contents as a function of these same two parameters.
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Figure 8 shows concentrations of Ca + Mg as a function of the

current density initially applied, at different depths.

Discussion

The environmental parameters that affect the deposition and
quantity of calcareous deposits and whose values vary with depth
include sea currents, dissolved oxygen, temperature, salinity,
and pH. It is of course very difficult to identify the effect of
a single parameter since they are all interdependent.

In relation to the environmental conditions at the test
location, the variations in oxygen content, salinity, and pH
detected at these four depths were not significant enough to
permit correlations with the quantify of calcareous deposits
obtained. The parameters displaying greatest variations were
temperature and sea currents.

As can be seen in Figure 6, Ca content generally increased with
depth and more intensely so at greater initial current densities
(i.e., 300 and 400 mA/m 2 ). At all depths, the concentration of
Ca grew with current density. At all specified current
densities, the highest Ca values were observed at 700 m. With a
current density of 300 mAI/m 2 , a sharp elevation in Ca occurred
at a depth of 770 m; with 400 mA /m 2 , a sharp elevation was
observed at all depths.

Variations in Mg content were not uniform as a function of
either depth or current density (Fig. 7). The highest values
were obtained with a current density of 200 mA/m2, at all
depths. Of the current densities that resulted in protection,
the lowest Mg contents were observed with 400 mA/m2, again at
all depths.

As to Ca + Mg content - a parameter used by Finnegan and
Fisher 9 , the effects were practically identical at depths of
300, 400, and 500 m with current densities of 200 and 300 mA /m2 .
At 770 m there was a pronounced increase in the concentration of
Ca + Mg, especially with current densities of 300 and 400 mA /m 2 .

Figure 8 snows a significant increase in the Ca + Mg deposit at
400 mA /m 2 , at all depths. This result confirms tests conducted
by other researchers, who concluded that an initial current of
over 350 mA /m 2 is needed to form a good calcareous layer and,
further, that the quantity of calcareous deposits formed
increases with increases in current density 2

It has been found that the solubility of calcium carbonate
increases as temperature drops, and the solubilities of calcite
and aragonite increase with increases in water depth. in this
study, however, calcium content generally increased with depth,
thereby reinforcing Hartt's recommendation" 0 that the role of
the calcareous deposit in polarizing structures be assessed at
each location.

The formation and growth of calcareous deposits depends heavily
on the flow of sea currents1 . While calcareous deposits may
develop very slowly at locations where currents are strong,
relatively thick deposits will form in calm waters 3 The
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present experiment observed the effect of water flow, associated
with high current densities, on the formation of deposits.
Indeed, the greatest concentrations of Ca + Mg were obtained at
700 m, where lowest flowrates are observed; even at lower
current densities (i.e., 200 and 300 mA /M2), Ca + Mg contents
were also higher at 700 m than at other depths.

Temperature can have different effects on calcareous deposition
and can influence diffusion, solubility, adsorption, or other
parameters". In the present study, however, water flow
appeared to have the greatest effect.

Conclusions

Quantitative data on calcareous deposits were obtained at four
depths and five initial current densities, following 14 months
of field testing on the Brazilian continental shelf. Results
indicate that:

1. Water flow had the greate-st effect on the formation of
calcareous deposits.

2. A high initial current density clearly favored the
formation of a denser calcareous layer.

3. Concentrations of Ca generally increased with depth, which
means that in-situ tests should be conducted to clarify
questions concerning the formation of calcareous deposits
in very deep waters.

4. The slower rate of flow observed at 770 m must have
contributed to the formation of a denser layer of Ca + Mg,
even at lower current densities (i.e., 200 and 300 mA /M2).
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The Isolator/Surge Protector: A Superior Alternative
to Polarization Cells

Tom Scharf
Dairyland Electrical Industries, Inc.
P.O. Box 30
Oregon, WI 53575

Abstract

Cathodically protected systems utilizing impressed DC current
have for years used polarization cells to simultaneously
isolate and ground structures being protected. The old polar-
ization cell technology is in conflict with current concerns
for worker safety and the environment. Dairyland Electrical
Industries has developed a solid-state product which can be
used to replace (or in place of) polarization cells. This
paper will describe the device and its application.

Introduction

The Isolator/Surge Protector (ISP) is a solid-state device with
logic-controlled circuitry which simultaneously provides DC
isolation and AC continuity; common requirements for protective
devices used with cathodically protected systems. Its use is
intended for safe electrical isolation of:

°Systems subject to 60 Hz power system faults. The ISP diverts
these faults to ground, preventing unsafe AC voltage on the
cathodically protected structure.

'Systems which are coupled to an AC source. The ISP provides a
low impedance path to ground for AC current, preventing poten-
tially hazardous AC voltage from being developed on the struc-
ture.

°Systems subject to lightning and/or switching transients.

It is important to recognize that cathodically protected
systems which are not part of a power system may still be
subject to the voltages and fault currents associated with
power systems. For example, pipelines which are adjacent to
power lines are subject to fault currents and induced voltage
due to inductive and/or capacitive coupling.

Typical applications include cathodically protected: 1

*Pipelines (Including insulated flanges)

iReference Appendix A for application examples.
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°High-Voltage pipe-type or lead-covered cable
°Power Plants
*Fueling Facilities

How the ISP Functions

The Isolator/Surge Protector achieves both isolation and
protection by presenting a significantly different impedance to
DC versus AC. Under steady-state ("normal") conditions, the
ISP has extremely high impedance to DC and low impedance to AC.
This mode is always in effect unless the voltage across the
terminals of the ISP exceeds a predetermined level. This level
is selected at 10.0 volts peak for most applications.

When the voltage across the terminals of the ISP attempts to
exceed 10.0 volts peak, the DC and AC impedance both drop to
extremely low values and the ISP effectively becomes a short
circuit. This prevents high voltage--potentially dangerous to
personnel or equipment--from occurring between the two points
to which the ISP is connected. The peak voltage across the ISP
just prior to transition to its "shorted" mode is 12.5 volts.
Typical situations which would cause the voltage to exceed this
transition level include 60 Hz fault currents or
lightning/switching transients. When the absolute value of
voltage drops below the 10.0 volt level, the device
automatically reverts to its normal operating mode (blocking
DC, conducting AC).

An ISP model should be selected so that under steady-state con-
ditions the voltage across the ISP terminals is never more than
10 volts peak2 . The peak voltage is the sum of DC voltage and
the peak value of the AC voltage as measured between the ISP
terminals. The peak value of the AC voltage is the AC-RMS
value (as measured with a typical voltmeter) times the -4-2
(Note: VAC peak = VAC-RMS {F)-

Why Isolation is Desirable

Isolation is desirable because it prevents the flow of DC cur-
rent from the structure being protected, thus minimizing the DC
current required for corrosion protection, and thereby reducing
cathodic protection costs. Isolation also minimizes the
effects of stray currents which may cause a structure to
corrode at a faster rate.

2 This 10 volt maximum does not limit the ISP from handling vol-
tages significantly higher than 10 volts, because even voltages
exceeding 100 volts will be reduced to only a few volts across
the terminals of the ISP when it is properly selected and in-
stalled. Refer to Appendix A for details.
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Product Features and Characteristics

Solid-State Design: Eliminates the use of potentially
hazardous electrolytes and eliminates routine maintenance
requirements.

Over-Voltage Protection: Significantly limits voltage that
personnel and equipment may be exposed to.

Fail-Safe: If subject to currents in excess of rating which
would cause failure, failure will occur in the shorted mode (AC
and DC impedance low).

Number of Operations: Virtually unlimited under maximum 60 Hz
and 12t ratings, provided the operations are not repetitive.

Field Testing: May be partially field tested with a standard
AC/DC multimeter and clamp-on AC ammeter to verify operability.
Comprehensive testing in-situ is possible when the "Test Point"
option is specified, and a custom designed field tester is
purchased or rented from Dairyland Electrical Industries.

Enclosure: Enclosures are offered in 14 gauge #304 stainless
steel and are suitable for submersible and non-submersible ap-
plications. A valve fitting is provided on all enclosures for
factory leak testing purposes. All enclosures are 100% leak
tested when a submersible application is specified. Enclosures
are powder paint coated light gray.

Mounting: The unit is made to mount to a flat surface with two
1/2" diameter bolts furnished by user. Auxiliary add-on
brackets are available to improve rigidity when mounting to a
round pole. An outline drawing to aid in installation is
provided with each unit.

Size:

60 Hz Rating Code Dimensions

Length Width Height

3 23 9/16" 10 5/8" 8 7/16"
59.8 cm 27.0 cm 21.4 cm

24,35,60 32 7/16" 10 5/8" 8 7/16"
82.4 cm 27.0 cm 21.4 cm

68 36 1/2" 10 5/8" 8 7/16"
92.7 cm 27.0 cm 21.4 cm

Weight: 50 to 115 pounds (23 to 52 kg) depending on model se-

lected.

Energy Requirements: None. The device is totally autonomous.

Ambient Operating Temperature: -40 0 C to +60 0 C (-400 F to
+140F).
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Polarity/Electrical Connection: Polarity marks (- and +) are
embossed on the enclosure above the NEMA 3 two-hole terminal
pads to aid in proper connection. Stainless steel bolts, nuts,
and washers are provided.

Product Ratings

60 Hertz Current (Steady-State)

The maximum 60 Hz steady-state current through the ISP that is
allowable while the unit is still blocking C is determined
from the equation IACRMS ! (10.0 - IVDCI) +e2 x XC, where XC
= 0.088 ohms, 0.133 ohms, or 0.265 ohms, depending on model se-
lected.

As the impressed DC voltage increases, the maximum allowable
steady-state AC current must decrease. This is necessary to
keep the peak (i.e., absolute) voltage below 10 volts; the
level above which the ISP ceases to block DC and transitions
from its steady-state impedance (XC ) to a virtual short
circuit. The relationship between the allowable steady-state
current and DC voltage is graphically illustrated in Figure 1:

80 I=78A Key:

-0 XC = 0.088 Ohms

IAC-RMS 60 XC = 0.133 Ohms
Amperes 50 I=52--4 XC = 0.265 Ohms

40

30 -

10-

0
2 4 6 8 10

VDC Volts

Figure 1: Maximum Steady-State 60 Hz AC Current versus DC
Voltage

The allowable value of AC-RMS current at VDC = 0 has been
incorporated into a rating code as a means of selecting the
appropriate steady-state current rating. The right column of
the following rating code table (VDC # 0) provides the same
information as Figure 1 above.

3 National Electrical Manufacturers Association.
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"D" Code Max. 60 Hz Steady-State Current (Amperes AC-RMS)
@ Vnr = 0 @ Vnr 0 0

26 26 26 - (2.6 x VDC)
52 52 52 - (5.2 x VDC)
78 78 78 - (7.8 x VDC)

For example, under rating code 52, if 1.2 volts DC were present,
the maximum continuous 60 Hz current allowable would be:

52 - (5.2 x 1.2 VDC)=- 46 amperes.

60 Hertz Current (Short Duration)

The five 60 Hz short duration (fault current) ratings are sum-
marized as follows:

"C" Code Max. 60 Hz AC-RMS Amperes, Symmetrical 4

3 3,000A @ 1- 2,700A @ 3-' 2,400A @ 10' 2,100A @ 30-
24 24,OOOA @ " 18,000A @ " 14,OOOA @ " 11,000A @ "
35 35,OOOA @ " 28,000A @ " 21,000A @ " 14,OOOA @ "
68 68,OOOA @ " 55,000A @ " 40,OOOA @ " 30,OOOA @ "

Lightning Surge Current

Two lightning surge current ratings are available, with values
of 50,OOOA or 75,OOOA crest. These ratings should not be con-
fused with 60 Hz fault current ratings as the waveforms associ-
ated with each are distinctly different and have different ef-
fects. In an area with moderate to high incidence of lightning,
the higher rating is suggested.

"A" Code Surge Current Rating

50 50,000 A crest
75 75,000 A crest

These lightning surge current ratings are based on an 8 x 20
microsecond waveform considered representative of lightning.
(The crest value of current is reached in 8 microseconds after
which the current decays exponentially, reaching one-half of its
crest value in 20 microseconds.)

For Additional Information

Model Number Structure of the ISP: A guide to selecting appro-
priate ratings for any application.

Installation and Operating Instructions of the ISP: Provided

4,,.-,, is the symbol for cycles.
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with each unit. Lists the ratings of the unit, with instruc-
tions on mounting the ISP and conducting simple field tests if
desired.

Summary

The ISP is the only product which provides isolation and ground-
ing with solid-state components and logic -controlled circuitry.
All parameters are precisely defined and readily tailored to
specific applications.

Appendix A

Isolator/Surge Protector Application Examples

The following examples are intended to aid in understanding how
the ISP is applied in representative situations.

A. Cathodically protected systems subject to 60 Hz power system
faults.

A pipeline located in the corridor of an electric utility power
line may be subject to the power system voltage and the availa-
ble fault current during fault conditions, because the pipeline
may be the lowest impedance path back to the current source.
Therefore, even if the pipeline does not physically come in con-
tact with the power line, it may still be subject to system vol-
tage and current. An ISP connected to the pipeline would then
be subject to the system voltage and current.

The power utility can provide information on the available fault
current and the time duration that this current can flow. This
information is necessary to select an ISP with the proper short
duration current (i.e. fault current) rating. For example, if
the available fault current were 10,000 amperes AC-RMS symmetri-
cal for 10 cycles, an ISP with a 60 Hz rating code 24 would be
selected because this is the lowest rating that meets or exceeds
this requirement. (Refer to the "60 Hz Short Duration" rating
information table.) The voltage of the power utility system is
not relevant to the select.:,on of an ISP rating because an ISP
immediately becomes a "short circuit" to any voltage that at-
tempts to exceed a peak value of 10 volts. The available cur-
rent is the factor that determines the rating.

B. Cathodically protected systems subject to induced 60 Hz vol-
tage.

It is not uncommon for a cathodically protected pipeline located
in an electric utility powerline corridor to have a steady-state
(continuous) voltage induced. Again, even if there is no physi-
cal contact between the power line and the pipeline, the elec-
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tromagnetic field of the powerline can create voltage on the
pipeline. Induced voltages of 100 volts are not uncommon and
represent a potential shock hazard upon contact. Proper appli-
cation of an ISP can reduce this voltage to non-hazardous
levels.

One frequently asked question is "How can an ISP with a peak
voltage blocking level of 10 volts be used in a system which may
have 100 volts available? Doesn't this exceed the capabilities
of the ISP?" The answer lies in the fact that the available
current from a system with induced AC voltage is usually very
limited. This limited current flowing through an ISP of
relatively low steady-state impedance (i.e. XC = 0.088, 0.133,
or 0.265 ohms, depending on model selected) reduces the voltage
to a value determined by "I -XC ," where I is the available
induced current and XC is the steady-state impedance of the ISP.
(XU values are not to be confused with the ISP's impedance
during 60 Hz fault/lightning conditions, since the ISP
momentarily becomes a short circuit to provide safe, immediate
grounding in such conditions.)

For example, assume that the voltage on a cathodically protected
pipeline is 100 volts AC-RMS and that the maximum available cur-
rent is 15 amperes AC-RMS when the pipeline is shorted to the
same ground connection to which the ISP would be connected.
This means that the equivalent internal resistance of this
voltage source is 6.67 ohms (because 100V * 15A = 6.67 ohms).
Since the impedance of the ISP is negligible compared to the
voltage source resistance, it will not affect the available
current; therefore the available current can be assumed to
remain at 15 amperes. The voltage across the ISP terminals
becomes I-XC.

Steady-State Voltage Across ISP Terminals For I = 15 A AC-RMS

For XC = 0.265 Ohms 0.133 Ohms 0.088 Ohms

I-XC = 3.98 Volts-RMS 2.0 Volts-RMS 1.32 Volts-RMS

I-XC 5 = 5.63 Volts peak 2.83 Volts peak 1.87 Volts peak

Note that the voltage across the ISP has been reduced to a small
fraction of the original 100 volt value, thereby illustrating
how a protective device with a 10 volt blocking level can be
used on a system with significant levels of open-circuit
voltage. For this example, the maximum DC voltage that could
also be impressed across the ISP, due to impressed cathodic
protection voltage and stray DC, would be 4.37 volts, 7.17
volts, and 8.13 volts respectively; this is determined by
subtracting the peak AC voltage across the ISP from its 10 Volt
blocking rating. Note that all references to the 1,' volts
blocking level always pertain to "peak" or "absolute" voltage;
not PMS values as measured with a typical voltmeter.
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Another key factor to consider is that the voltage developed
across the ISP is not necessarily the voltage that a person
would experience by making contact with this pipeline. The
reason is that a person contacting the pipeline has internal
resistance as well as resistance to the ground connection point
for the ISP. Further, these parameters can vary with distance
from the point at which the ISP is installed. In addition,
there is resistance from the ISP ground connection point to true
earth ground and from the pipeline to true earth ground. Many
different factors affect these various resistance values and
therefore affect the actual voltage that a person may
experience. As a general rule, the lower the voltage across the
ISP, the lower the voltage available to a person making contact.
For this reason, when these additional factors are not
completely known, it is preferable to select an ISP with a
higher steady-state AC current rating than may otherwise be
considered necessary because this will result in an ISP with the
lowest steady state voltage across it for a given value of
current. Due to the complex nature of grounding and voltage
mitigation, a thorough presentation of this aspect is beyond the
scope of this application example. Due to the several factors
mentioned above, it is not possible to casually give a
recommended interval at which ISPs should be installed.
Consulting engineering firms that specialize in this type of
analysis are available to assure that proper voltage mitigation
is achieved when all relevant factors are considered.
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Laboratory Evaluation of the Effectiveness of Cathodic Protection
in the Presence of Iron Bacteria

Kiyoshi Okamura
Yukio Koyama
Fumio Kajiyama
Komei Kasahara
Fundamental Technology Research Laboratory
Tokyo Gas Co., Ltd.
1-16-25 Shibaura, Tokyo 105, Japan

Abstract

Laboratory cathodic protection test was carried out to investigate off-potential
requirements to achieve complete cathodic protection on the steel pipes buried in the
microbiologically active soils containing iron bacteria (IB) with other species of
bacteria. Off-potentials were changed over a range from -0.65 V to -1.1 V
(Cu/CuSO4).

Practical sufficient protection in active lB sand was shown to be obtainable at the off-
potentials more negative than -0.8 V.

General mechanisms whereby protection was achieved included the reduced
proliferation of bacteria due to environmental changes caused by the enhanced
cathodic reactions, that is, a pH shift toward alkaline and an aeration change into
anaerobic.

1. Introduction

Cathodic protection has received a worldwide recognition as the most effective and
economical method to protect buried coated steel pipes against corrosion 1*2. This
technique first became practical in 1933 when Kuhn proposed a -0.85 V (Cu/CuSO4)
potential criterion, that is, potentials more negative than -0.85 V were required to
attain complete protection.

Possible microbiologically influenced corrosion (MIC) of steel pipes buried in anaerobic
clayey soils containing sulfate-reducing bacteria (SRB), which was first reported in
1934 by Kuhr and van der Vlugt3, raised a need for an alternative potential criterion,
and on the basis of thermodynamic considerations, a -0.95 V criterion was proposed
by Hovarth and Novak4 in 1964 for the cathodic protection in the presence of SRB;
which was afterwards experimentally verified by Fischer5 .

Although SRB have thus been the focus of many investigations involving MIC, the
roles in MIC of other species of bacteria, such as acid producing bacteria and metal
depositing bacteria, have increasingly been emphasized. The authors carried out a
number of site-surveys on buried pipes to clarify the causes of a wide variety of
corrosion failures caused by local action cells or localized cells, and demonstrated, 7'8

that iron-oxidizing bacteria (lOB), sulfur-oxidizing bacteria (SOB) and iron bacteria
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(IB) could have played a major role in the significant corrosion of the buried pipes. The
contribution of SRB was found to be small.

As such, the need has naturally been increased for the revised cathodic protection
criteria. Therefore, in the present study, the effectiveness of cathodic protection was
reinvestigated in the laboratory to protect steel pipes against corrosion in the soils with
high activity of bacteria as lB. Potentiostatic test was conducted with an emphasis
on examining the action and behavior of IB under conditions applied with cathodic
currents.

2. Experimental Procedures

In the present laboratory study, a simulated cathodic protection cell as shown in Figure
1 was used; wherein three electrodes, a working, counter and reference electrodes,
respectively, were buried in a PVC soil box of 110 mm wide x 150 mm long x 110 mm
deep. The working electrode of carbon steel plate to simulate a coated steel pipe
having a 7.1 cm 2 of coating holiday was obtained by covering the steel plate surface
with a PVC cap of 5 mm in thickness. The surface of the working electrode was
slightly abraded with 2/0 Emery paper, followed by degreasing with acetone. A carbon
plate of 100 mm wide x 100 mm long x 10 mm thick was used to simulate a counter
electrode in an impressed current type of cathodic protection system. This counter
electrode was placed at a distance of 120 mm from the working electrode. A
commercial double-junction type of saturated Ag/AgCI electrode as a reference
electrode was placed in between the working and the counter electrodes at the
distance of 20 mm from the working electrode. These three electrodes were then
buried in the soil held in a PVC box in order to create a simulated cathodic protection
test cell, and wired to a potentiostat as indicated in the figure. These test cells were
set in an incubator at 298 K for 90 days. The soil used in the test was a sandy soil
which was sampled on-site where the presence and high activity of IB had been
recognized.

Cathodic protection was applied potentiostatically by applying cathodic currents via the
counter electrode to the working electrode so that off-potentials of the electrode
should drop in the range from -0.533 to -0.983 V vs. Ag/AgCI. Potential values,
however, are given below with reference to Cu/CuSO4 at 298K. During the testing
period, currents flowing between working and counter electrodes were monitored
continuously by means of a potentiostat.

Spontaneous burial corrosion testing was also carried out in the same manner so as
to highlight the effectiveness of cathodic protection.

Potentiostatic polarization measurements were taken before and after the testing.
Measurements were undertaken in a range ±500 mV around the corrosion potential
(Ecorr) by alternating polarity in a discrete manner at steps of 2 mV, and maintaining
each level for a sufficient time period of 5 to 10 min to attain the steady state
measurements. Solution resistance calibration, that is, IR-drop compensation, was
made.

Soils used in the tests were investigated with respect to pH, Eh, and bacteria counts
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(lOB, SOB, IB,SRB and methane-producing bacteria: MPB) before and after the
exposure. Samples were collected from the immediate vicinity of each working
electrode surface (< 1 mm). Bacterial counts (lOB, SOB, SRB and MPB) were made
in accordance with the most probable number method. Postgate's medium B9 was
used for SRB enumeration. lOB, SOR, IB and MPB enumerations were made
according to the recommendation appearing in Reference10 . The rest of environmental
factors was determined in accordance with the Japanese Standardized Manual for Soil
Analysis.

Upon conclusion of the test, every working electrode was removed from each cell,
followed by cleaning and weight loss determination. The weight loss measurements
were then converted into uniform corrosion rate (mm y-'). Maximum corrosion rate
(mm y-1) was obtained by means of an optical microscope equipped with a depth
gauge.

3. Results and Discussion

3.1 Cathodic Protection Tests in the Presence of lB

Figures 2 and 3 show the effect of applied potential on the uniform and the maximum
corrosion rates, respectively, in active IB sand. The potentials grouped in the
category of "free corrosion" stand for those of the working electrodes without cathodic
protection, that is, those subjected to free corrosion. Measurements were taken at 90
days of the termination of exposure testing.

From comparison of these two figures, it is evident that the maximum corrosion rates
were more than one order of magnitude higher than those of the uniform corrosion;
indicating that the type of corrosion was localized corrosion. Rates of uniform
corrosion at free corrosion potentials fell well within the range of average uniform
corrosion rates experienced in the Kanto area (in and around Tokyo metropolitan
area)8 . On the other hand, the rates of localized corrosion were around 0.7 mm y-'.
These rates can be classified in the top range for the natural soil corrosion of steels
in Kanto-area 8. A characteristic feature of the corrosion attack included an extensive
tubercle formation; which was similar to that observed in the site-surveys on the pipes
buried in sands with active lB8.

It can be seen in the figure that in such cases as off-potentials were controlled to fall
within the range from Ecorr to -0.75V, maximum corrosion rates still remained at
rather higher levels, sometimes exceeding those of free corrosion; which would have
been due to the limited cathodic current distribution that stifled the vast majority of
anodic sites leaving only small anodic sites to continue to proceed anodic reaction.

On the other hand, in the potential range more negative than -0.8 V, localized
corrosion was depressed significantly at slower rates; leading to a temporary
conclusion that complete, or practical sufficient, cathodic protection in a sand with
active lB may be achieved at the off- potentials more negative than -0.8 V.

Figure 4 shows semi-log plots of the cathodic current density versus time relationship
monitored during the cathodic protection tests. A slight decrease in cathodic current
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density from the beginning of the test till the day 10 was replaced by the gradual
increase, eventually attaining a steady level depending on the each respective applied
potential. Such was a feature common to every testing cell. As apparent in the
figure, the order of magnitude of applied potential corresponded simply to that of
resulting cathodic current density; indicating a simple mechanism wherein the
protection against corrosion could be achieved by the enhanced cathodic reaction.

Figure 5 shows the relationship between the maximum localized corrosion rate and the
cathodic current density averaged over the testing periods. It can be drawn from this
result that the minimum required cathodic current density to achieve complete cathodic
protection would be 0.25 A m-2. It may be worth noting that this current density is
about three times greater than the level critical for the common soils in Kanto area 2.

3.2 Cathodic Protection and Microbial Action

The contribution of bacteria species to corrosion have not yet been fully clarified; the
present understanding is summarized in Table 1. From analogy with such an
understanding, environmental changes accompanied by the progress of cathodic
protection could bring about not insignificant amount of influence on the proliferation
and activities of bacteria species involved in the soil corrosion process. Therefore,
studies were undertaken with an emphasis on examining the action of bacteria.

Figure 6 shows the effect of applied potential on the pH and Eh in the soil close to the
working electrode surface (< 1 mm). Readings for free corrosion are also plotted in
the figure. It can be seen in the figure that the change of pH with applied potential
was such that it increased rapidly, starting at around 7 of free corrosion, with
increasing cathodic polarization, hence with enhancing cathodic protection, rising up
to around 10 at -0.8 V and thereafter increasing gradually and that almost in linear
with potential, reaching a steady state level of 12 in the range in between -0.95 and
-1.1 V. It may be worth noting that the inflection point occurred at around -0.8 V
exactly corresponded the potential where a practical sufficient protection against
corrosion could be attained.

On the other hand, the change of Eh with applied potential was in somewhat different;
it started at around 0.45 V (NHE) of free corrosion and decreased (hence, shifted
toward anaerobic site) linearly with increasing cathodic polarization within the potential
range tested.

Such pH and Eh changes observed in the study seem to be rationally explained by a
cathodic reaction of Equation (1) because this should bring about the build up of
alkalinity in the soil close to the working electrode surface, together with the
consumption of dissolved oxygen leading to an anaerobic environment. Alternative
cathodic reaction as represented by Equation (2) could not be involved in the present
cathodic protection mechanism because potentials applied were not sufficient enough
to activate the reaction, and hence no hydrogen production was noticed.

1/202 + 2H20 + 2e - 20H- (1)
2H20 + 2e- -- H2 + 201- (2)
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Table 2 compares bacteria counts in the soil close to the working electrode surface
(< 1 mm) before and after 90-day laboratory burial tests. As one-by-one counting
of IB is not easy because these bacteria usually form agglomerated strings, a 3-level
semi-quantitative indicator system, +, ++, and +++, is employed here to classify the
IB population.

At free corrosion and -0.65 V, counts of both IB and SOB increased appreciably
during the test run, whereas counts of SRB and MPB decreased. This is thought to
exactly correspond to the above-mentioned observation that severe localized attack,
accompanied tuberculation, was noticed at both free corrosion and -0.65 V.

On the other hand, at -0.95 V, activity of every bacteria species reduced without
exception; wherein both IB and SRB counts could still be detected, though at
significantly lower levels, whereas both SOB and MPB became entirely extinct.

From analogy with the present understanding shown in Table 1, in combination with
the pH and Eh observation, both the buildup of alkalinity and the consumption of
dissolved oxygen was thought to be responsible for the decreased activities of
bacteria. It has been well established that both IB and SRB can survive the
unfavorable conditions of environments by confining themselves to sheaths of their
own making.

Figure 7 shows the polarization curves obtained before and after the testing. At the
off-potential of -0.8 V, significant amount of anodic polarization was noticed
accompanied by the Ecorr shift toward nobler potential direction, presumably as a
result of formation of stable and high resistivity of oxide layers. The buildup of
alkalinity in the immediate vicinity of the working electrode surface was thought to be
mostly responsible for the formation of such stable oxide layers.

On the other hand, at the off-potentials of free corrosion and -0.7 V, the extent of
anodic and cathodic polarizations was not changed in consistent with the site-surveys
as well as the present laboratory corrosion tests resulting in severe localized attack
accompanied tuberculation.

4. Conclusions

Laboratory evaluation of the effectiveness of cathodic protection in the presence of
iron bacteria was conducted. The conclusions based on the test are as follows:

(1) Complete cathodic protection in a sand with active IB could be achieved at the
off-potentials more negative than -0.8 V (Cu/CuSO4).

(2) Cathodic protection in a sand with active IB was mainly brought about by the
decrease in IB activity due to the environmental changes as pH shift into
alkaline and aerobic shift into anaerobic.

2297



References

1. NACE Recommended Practice RP-01-69.

2. K. Kasahara and H. Adachi, "A Proposal for Cathodic Protection Criterion
for Buried Steel Pipelines", 8th International Corrosion Congress on
Metallic Corrosion, paper no.49 (Mainz, Germany: International Corrosion
Council, 1981).

3. C. A. H. von Wolzogen Kuhr and L.S. van der Vlugt, Water, 186
(1934):p.147-165.

4. J. Hovarth and M. Novak, Corrosion Science, 4 (1964): p.159.

5. K. P. Fischer, Material Performance, 20 10 (1981): p.41.

6. K. Kasahara and K. Kajiyama, "Electrochemical Aspects of
Microbiologically Influenced Corrosion on Buried Pipes", International
Congress on Microbiologically Influenced Corrosion and Biodeterioration
(Knoxville, TN: National Association of Corrosion and Engineers,1990):
p.2-33.

7. F. Kajiyama, K. Okamura, Y. Koyama and K. Kasahara,
"Microbiologically Influenced Corrosion on Ductile Iron Pipes in Soils",
International Symposium on Microbiologically Influenced Corrosion (MIC)
Testing (Miami, FL: American Society for Testing and Materials, 1992).

8. K.Kasahara, F.Kajiyama and K.Okamura, Zairyo-to-Kankyo, 40 12
(1991): p.806 (in Japanese).

9. J.R.Postgate, The Sulphate-reducing Bacteria, (Cambridge University
Press, 1979): p.26.

10. Handbook of Classification of Microorganisms, R and D Planning, Japan
(1986).

2298



Table 1 Action of bacteria implicated in the soil corrosion'.

Species Oxygenr pH Temperature Actio,

equirement range range (.C)

IB Aerobic 7.5-9.5 20-30 Oxidize Fe` to Fec'

Gallionella Promote tuberculation
IOB

Thiobacillus Aerobic 0.5-6.0 10-40 Oxidize Fe2` to Fe" in

ferrooxidans H2S0 4 and HCI environments

SOB

Thiobacillus Aerobic 0.5-7.5 10-40 Oxidize S and sulfides to

thiooxidans form H2SO4

SRB

Desulfovibrio Anaerobic 5.5-7.5 25-45 Reduce SO'- to S`

MPB Anaerobic 4-8 25-45 Consume acetic acid to

form methane

Table 2 Change in bacteria counts observed in the laboratory cathodic protection testing.

Time/Days Location Applied potential/V Number of bacteria / Cell g -'
vs. CuICuSO, 4B lOB SOB SRB MPB

Before test Bulk ++ 0 4 x 10' 2 X 102  1 x 102
90 Interface Free corrosion ... 0 5 X tO 7 X 10 2 X 10
90 Interface -0.65 ... 0 1 X 10, 3 X 10 1 X 10
90 Interface -0.95 + 0 0 3 x 10 0

Interface: Electrodelsoil interface
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Abstract

Disbonded coatings on steel can interfere with the current distribution from cathodic protection.
Shielding the current under disbonded coatings can affect the level of protection for steel. Steel
can be protected by modifying the corrosion environment via a cathodic protection system.
Recent work completed in low conductivity electrolytes as well as strategies for continued
investigation of hydroxide generation and distribution beneath disbonded coatings will be
discussed. The experimental results will be related to the corrosion behavior of steel as well as
to possible defects in pipeline coatings. Further work will focus on the mechanistic processes
and guiding issues within the disbonded region which determine the level of protection to the
steel.

Key Words: cathodic protection, disbonded coatings, hydroxide, passivation

Introduction

Corrosion beneath damaged and disbonded coating systems on pipelines is a concern. In
high conductivity soils and waters, the ability of cathodic protection systems to distribute current
and protect the steel in crevices beneath a disbonded coating system has been examined. The
effectiveness of cathodic protection for steel beneath damaged coatings has not been clearly
demonstrated under conditions of low solution conductivity. The premise of this work is that the
corrosion rate of the steel will be negligible if an alkaline, deaerated environment can be
generated and maintained beneath the damaged coating system by using cathodic protection
techniques.

The goal of this program is to determine if the chemical changes which occur during cathodic
protection can protect crevices created by damaged coating systems. In low conductivity
solutions, penetration of cathodic current into crevices is reduced. The concept of mitigating
corrosion of steel by altering the corrosion environment is illustrated in Figure 1. By increasing
the local pH and reducing the level of dissolved oxygen within the crevice, the corrosion rates
can be significantly reduced and the steel can be protected without penetration of cathodic
currents under the coating system.
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The goal of this work is to develop a total picture of the local chemistry and electrochemistry

of cathodically protected steel beneath disbonded coatings.

Background

It is well documented that where access to the inside of a crevice is restricted, a significantly
different chemistry may be present than found in the bulk electrolyte.

These altered chemistries have been observed in crevice studies for cathodic protection
technology in laboratory experiments and in the field. An increase in local pH has been noted
and results from the consumption of hydrogen ions and generation of hydroxyl ions during
cathodic protection. Most of the available literature documents work using high conductivity
solutions. Parkin's (et al) work showed that cathodic protection currents were able to penetrate
deeply into disbonded tape crevices when conductive solutions were filled beneath the tape 1 .

Several groups working on pipeline protection issues in Saudi Arabia have attempted to make
measurements on segments of pipe buried beneath the soil in Saudi Arabia 2 -4 . These groups
identified the electrolyte present as very conductive (20 ohm-cm). Tencre and Ahmad2

conducted testing in brackish, high conductivity waters and showed that a degree of cathodic
protection can be obtained within a crevice. Clean crevices with large openings were easier to
polarize than those containing mill scale or corrosion products. These results were measured on
:est cells submerged in electrolyte. The cell's plastic top contained reference electrodes for
measurements. The crevice opening was 0.40 mm wide. The pH was also measured during the
tests by removing solution from the crevice and using pH paper. The results showed alkaline
pH's inside the crevice of 8-12 while the bulk solution just outside the crevice remained neutral.

Additional work on pipe sections in the field in Saudi Arabia has been reported by Orton3 .
!nstrumented pipe sections were buried in the Saudi Arabian soil, and the pipe potential was
measured via internal reference electrodes. Results indicated that cathodic protection can be
achieved for crevice ratios of 1:6000 in highly conductive soils. Attempts were made to measure
the pH within the crevices, and values of pH 8-12 were measured in the crevice while the bulk
remained constant at pH 6-7. These measurements were made with pH paper.

Toncre4 discusses the cases for and against effective cathodic protection of pipelines. In the
case for, Toncre presents the theoretical arguments and laboratory studies which indicate that
cathodic protection should provide effective protection of steel. The case against consists of a
series of field studies which show either good CP survey data and corroded pipe or poor survey
data and good condition pipe. Areas where the cathodic protection data indicated good
protection, corroded steel was found beneath disbonded tape during excavation. In other regions,
the cathodic protection data indicated an inadequate protection level and steel with insignificant
corrosion was found. In this case, an alkaline environment was present beneath the disbonded
tape. The paper concluded that standard pipeline surveys are not solely adequate for determining
the level of protection of the pipeline.

Cherry and Gould 5 indicated that maintaining a high pH environment will help to protect the
steel beneath a disbonded coating by passivation of the steel. Interruption or removal of the
cathodic protection system may cause a decrease in the alkaline environment and cause the
crevice potentials to shift to more positive rest potentials. At the more positive potentials, pitting
corrosion may result in carbonate environments.

The test cells used for the Cherry and Gould project were based on a cell design published by
Fessler et al. 6,7. Fessler tracked potential shifts inside a crevice due to applied potentials at a
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holiday in tape. Their cells were constructed of Lucite and were 20cm in length. The group used
a 2N sodium carbonate/bicarbonate solution. They found that 20cm crevices (0.13mm thick)
were polarized to -0.780V-SCE after 1000 hours even if the holiday potential was set at -0.850V-
SCE. Bubble formation was also studied using the same cells. The applied potential had an
effect on the formation of hydrogen bubbles. At potentials above - 1.2V-SCE, hydrogen bubbles
caused blockage of the crevice. The potential distribution was monitored during the test and the
bubble formation within the crevice was photographed through the acrylic crevice cell cover. As
the crevice potential equilibrated, bubble formation became uniform throughout the crevice.
Reproducibility was a problem with small crevice thicknesses.

Thompson and Barlo 8 studied changes in solution chemistry within crevices due to cathodic
protection, with particular emphasis on pH changes. They found a significant increase in pH due
to the applied potential by reduction of oxygen or water depending on the state of aeration. The
initial pH and the pH of the bulk solution had little effect on the final pH attained, while the
polarized potential only indirectly influenced the final pH. Their work showed a rapid increase
in pH after the applied potential was activated. The chloride and sodium ion concentration of the
solution were also monitored; however they showed no significant change during the tests.

Work done at The Case School of Engineering 9 has shown that alkalinity can be generated at
,i crevice using a cathodic protection system and that this alkalinity will proceed down the length
I•f a narrow crevice to protect the steel beneath disbonded tape. The work showed rapid pH
increases during the first several days of testing, tapering to a more gradual increase to a steady
state after 15-20 days. Movement of the alkalinity was also studied and showed a rapid spread of
the hydroxyl ions beneath the crevice.

In summary, the literature shows that there are chemical changes within crevices. The pH
can shift to more alkaline values and it is anticipated that the oxygen concentration will decrease
within a crevice, both in the lab and in the field. The conductivity of the solution has a major
effect on current penetrating the crevice. Also, the geometry of the crevice may have a major
effect. The objective of this work is to continue to explain these changes in low conductivity
solutions.

Experimental Procedures

Several different cell variations were developed for the experiments. The material chosen for
:he electrochemical cells was clear polyvinyl chloride (PVC) covering a 1/4" steel plate. 9

A general schematic of the test cell is shown in Figure 2 and is discussed in detail in a
previous publication 9 . The crevice was formed with an FEP spacer shim. Other variations to
this cell will continue to be developed.

For tests with applied potentials, an anode chamber was bolted to the holiday end of the test
:ells as shown in Figure 2. Two long screws were used to secure the anode chamber to the cell.
A 1. 1cm hole was drilled into both the cell and the anode chamber to connect the two sections.
A\n ion permeable membrane was inserted between the chambers to prevent solution transfer.

An ASTM 516 steel plate was used for all tests. Cutting of the plates was done by band saw
to minimize metal distortion along the edges. The plates were grit blasted with a fine glass bead
blaster to remove all mill scale, and the grit blastd plates were stored in a dessicator. Before
testing, the plates were cleaned with methanol and abraded with a wire brush. The plates were
rinsed again with methanol and force air dried before assembly into test cells.
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Three different solutions were used for testing in the disbonded tape simulation cells as
well as for the corrosion coupons and polarization tests: 0.01M Na2SO4, 0.IM Na2SO4 and
1.0M NaOH All solutions were prepared with distilled water and reagent grade chemicals. The
conductivity of the 0.01M Na 2SO4 solution was 1900 g.S/cm, while the 0.1M solution had a
conductivity of 15,000 p.S/cm.

In order to monitor the pH beneath the crevice, metal/metal oxide pH electrodes were
prepared and inserted into the cells. The pH electrodes were calibrated before each test.
Potentials of the steel and the pH electrodes were measured against external Ag/AgCI reference
electrodes.

Two additional cells have been designed to complement the cell described above in further
work. The microcell shown in Figure 3 will be used to study the spatial distribution of chemical
species during testing. This will be done with pH electrodes for both the vertical direction into
the environment as well as for the horizontal plane along the steel plate. Oxygen probes will be
distributed as needed around the 3 mm holiday in the coating system. A flow through cell design
is shown in Figure 4. This cell will be used in conjunction with two electrode linear polarization
resistance specimens to determine the effects of solution changes on the instantaneous corrosion
rate of the steel sample. The crevice width will be varied over a range from greater than several
millimeters to a very snug, tight crevice.

Results

I. Generation of Alkalinity.

A potential was applied to the steel at a holiday using the cell shown in Figure 2 and changesin local pH and potential were monitored within the crevice. Measurement sites were located at
dhe holiday and continued every 5 cm to the rear of the crevice. The data from these tests are
presented as two graphs, one for changes in pH and the other for changes in steel potential. Each
iine on the graph represents the data set collected at the stated distance from the holiday.

The applied potential at the opening for this test was -1.0 V-SCE, and the crevice was filled
,%,ith 0.01 M Na2 SO 4 solution. The applied potential was controlled at the holiday opening with a
standard laboratory saturated calomel electrode and a potentiostat. A micro reference electrode
and pH electrode were also present in the holiday next to the crevice opening for pH
measurements. All data are presentea standardized to the Ag/AgC1 electrodes. The equivalent
value for -1.000 V-SCE is -0.932 V-Ag/AgCI.

The data for a 0.8 mm thick crevice are shown in Figures 5 and 6. The pH data in Figure 5
shows a rapid increase in pH within the crevice with values greater than pH 11 recorded within
the first day. After the initial increase, the pH remained essentially constant throughout the
remainder of the 15 day test. Figure 6 shows the steel potential data for the 0.8 mm crevice test.
The potentials within the crevice dropped 75-80 mV within the first day, followed by a positive
shift from -0.700 V-Ag/AgCI to -0.500 V-Ag/AgCI at all locations in the crevice after 9 days,
after which a steady state condition was reached.

1I. Transport of Alkalinity.

In order to measure the transport of alkaline solution within a crevice, a series of tests were
run with cells similar to those described above, however, no potential was applied at the holiday
nor was there an anode chamber. The crevice was filled with a solution of predetermined pH and
a second solution with different pH was filled into the holiday chamber to start the test. Two
,eries of experiments were run: (a) to measure the transport of alkalinity into a neutral crevice

2305



,."nd (b) to measure the transport rate out of the crevice by an alkaline solution when neutral water
is added at the holiday. The pH and the potential were monitored in the crevice as described
above. Tests for type (a) began with neutral 0.01M Na2SO 4 solution in the crevice and IM
NaOH solution added to the holiday to start the test, and type (b) experiments began with IM
,aOH solution in the crevice and 0.01M Na2SO 4 solution was added and dripped into the
toliday. Data from electrochemical polarization tests were used to aid in interpreting the

potential data generated from the transport experiments.

The pH changes in a test of type (a) where alkaline solution was added to a neutral crevice
are shown in Figure 7 for a test with disbonded tape. The disbonded tape test cell had electrodes
mounted at the 2.5 cm, 12.5 cm and 20 cm locations. Immediately after filling the alkaline
.Solution into the crevice at 1 hour, the pH began to increase in the holiday as well as in the
c:revice. The initial pH rise to pH 10 when the alkaline solution was added is due to mixing of
neutral solution in the holiday with the more alkaline fill solution. The pH leveled off at greater
than pH 9 within the crevice after the 18 hour test. The potential data for this test are shown in
Figure 8. The data indicated a shift in potential within the crevice which corresponds to the
increased pH measured.

In order to investigate the retention of alkalinity within the crevice with fresh neutral solution
Mn the holiday, a dripping reservoir was added above the holiday. The drip rate for the
experiments was fixed at 5 cc/min throughout the 34 hour test. The crevice was filled with IM
NaOH. Figure 9 shows the pH data over time with solution dripping into the holiday chamber
and a test crevice opening of 0.8mm. The alkaline condition established before the test began
was reduced within hours of startup, even deep in the crevice. The pH equilibrated at pH 9.5 in
this test, which was terminated after 80 hours. Data are shown for the first 20 hours. The
potential data for the test is shown in Figure 10. The shift of pH and potential corresponded
within the crevice. The shift to more negative values occurred in the same time frame as the pH
decrease. The potential data indicated that the pH shift at the rear of the crevice was from pH 13
:o pH 11 and at the holiday the pH shifted from pH 13 to pH 7-8.

Discussion

Cathodic protection systems can modify the electrolyte chemistry to protect the steel surface
from corrosion in addition to polarizing the steel into a protective potential regime. Two benefits
were observed: (a) an increase in alkalinity at the holiday, followed by transport of hydroxyl ions
beneath the disbonded coatings and (b) the deaeration and reduction of dissolved oxygen in the
solution within the crevice. Under these conditions, a low corrosion rate will be maintained.

The increase in hydroxyl concentration is due to the electrochemical reduction of oxygen in
solution, followed by the reduction of water and is governed by the general reaction:

02 + 2H 20 + 4e --* 40H (1)

Polarization tests showed that the free corrosion potential of the steel shifts to significantly
more positive values as the pH was increased above pH 9. Also, corrosion coupon tests showed
Sdecreased corrosion rate above pH 9.

All experiments performed in the generation of alkalinity experiments showed an increase in
alkalinity to pH 10 or greater during the test period. The results also showed that the applied

•otential did not penetrate deeply into the crevice. The crevice was not polarized to the potential
at the holiday. Since no difficulty was encountered in polarizing the holiday, modification of the
environment did not require polarization current down the crevice.
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If the rear of the crevice is to be protected, the alkalinity generated at the holiday must be
rransported into the crevice and/or local processes within the crevice must alter the environment.
lhe alkalinity from the holiday was transported down the various crevice geometries to protect

'ie steel beneath the tape and the local reduction of dissolved oxygen also increased the pH.
ihrotective pH values of greater than '2 were measured in many tests with the insitu pH
:lectrodes and verified manually by pH paper measurements after testing. Visual observation of
]he steel plates after test completion showed samples free of significant corrosion, even at the
rear of the 25-30 cm long crevices.

It is possible to generate increased alkaline conditions at a holiday in a coating, and this
alkalinity will move beneath the disbonded regions of the coating. The hydroxyl ions cause the
local pH within the crevice to shift significantly, and the testing has shown protective conditions
can be established beneath the disbonded coating.

Several issues remain to be investigated with respect to the changes in local conditions
*,eneath disbonded coatings. Further testing will examine several other important variables such
is temperature, effects of prior corrosion products and crevice geometry. Tests will be run at 50

*.!d 60'C to determine if significant differences exist under these conditions.

Wet/dry cycles beneath disbonded tape are an important issue. With an increase of oxygen
during air exposure. It is anticipated that any magnetite corrosion products on the steel surface
.vill oxidize to hematite. After rewetting, the corrosion reaction will cause the solution to
deaerate and the hematite to transform back to magnetite. In order to investigate the changes in
:-orrosion products and their effects on the generation and movement of alkalinity, two
r[Pproaches will be used. First, the crevices in the test cells will be filled with predetermined
.orrosion products. The effects on generation and movement of alkalinity will be measured
• rder these conditions. To quantify the changes in the corrosion products themselves, samples
if the post test corrosion products will be analyzed using X-ray Photoelectron Spectroscopy

* XPS) and Fourier Transform Infrared Spectroscopy (FTIR).

FUrther work willl investigate the processes which control the solution chemistry beneath a
4isbonded coating section. The work will examine the relationship and effects of chemical and
-iectrochemical reactions and transport, hydrolysis, generation of corrosion products on the steel
-urface, consumption of oxygen, precipitation of calcareous deposits as well as the effects of
-'Oluble gases. Coating interactions such as permeability by gases and water as well as organic
md inorganic species will be considered.

Summary

The corrosion of steel and the effectiveness of a cathodic protection system is determined by
he chemistry and electrochemistry near the steel surface. Much of the prior work has

*:rnphasized the determination of potential by measurements and predictive modeling. In
iddition to the work described above in which the solution pH was monitored under CP
.onditions, further work will continue to examine the changes in solution chemistry
.imultaneously with potential measurements beneath crevices. The results of these tests will
,rovide useful information for development of improved coatings, surface treatments, and CP

technology. As models for the cathodic protection of pipelines become more sophisticated, a
,.nowledge of the local chemical and electrochemical conditions at holidays and disbonded areas
,,ecomes essential. Similarly, knowledge of these conditions is essential to the rational
..-stimation of the conditions present and the expected life of pipelines.

The re,,ults of this research project demonstrated the feasibility of protecting a steel substrate
",eneath unbonded and disbonded coating. The theoretical concept for corrosion transport
,eneath disbonded coatings is to apply sufficient current to the pipeline to modify the corrosive
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:flvironment at the holiday and to reduce the corrosion rate of steel to acceptable levels. Two
,eneficial modifications were (a) to increase the alkalinity of the environment and (b) to decrease
ie concentration of oxygen in the environment.

The results demonstrate that beneficial changes occur to decrease the corrosion of steel by the
local generation of alkalinity and the transport of alkalinity with and without external
polarization of the steel. Where the solution is trapped and there is little or no exchange with
fresh solution, the corrosion rate of steel can decrease rapidly and remain at low values. Where
eýxchange of solution (flow of water beneath the coating) can occur, a frequent or continual
generation of alkalinity by external polarization may be required.

Planned work will identify other critical areas of research. Also, the work will increase the
electrochemical database for steel under cathodic protection, This will aid efforts to create more
Oýphisticated models of the system. Also, the knowledge base used to make decisions regarding

:nonitoring of CP systems and useful life assesments of the pipelines will be enhanced.

Acknowledgements

We wish to gratefully acknowledge the support of the Alyeska Pipeline Service Co. for
*'Utnding this research. Also, we thank the Technical Advisory Committee; Ed Burger
:chairman), Lee Bone, Steve Smith, Ernie Klechka, Jim Nunn, John Hotchkiss, Ed Pierson and

oiom Widin for their guidance and support during the project. Ken MacPherson and William
Gerhart assisted with the experimental work at Case.

References

SR.N. Parkins, A.J. Markworth,, J.H. Holbrook, and R.R. Fessler,, Corrosion Vol 41, No.7, (1985)
;-389-397
2. A.C. Toncre, and N. Ahmad,., Materials Performance, p. 39-43 June (1980).
3. M.D. Orton, Materials Performance, p. 17-20 June (1985).
-. A.C. Toncre, Materials Performance, p. 22-27, August (1984).
5. B.W. Cherry, and A.N. Gould, Materials Performance, p. 22-26, August (1990).
,. R.R. Fessler, A.J. Markworth, and R.N. Parkins, Corrosion Vol 39, No.1, p. 20-25, (1983).
7. R.N. Parkins, A.J. Markworth, J.H. Holbrook, and R.R. Fessler, Corrosion Vol 41, No.7, p3 8 9 -39 7 ,,
i 985).

8. N.G. Thompson, and T.J. Barlo, 1983 International Gas Research Conference Proceedings, p2 7 4 -2 8 3 ,
r983.
1* K. Fink and J.H. Payer, Corrosion'93, Paper #93578 (Houston, TX NACE, 1993).

2308



Scvcrc Corrosion

Mod*

0Light Corrosion _________________________j

pH 7 PH 9 PH 11PH 13 Figue2 -MarC eUfor tudofCheal and Electrceia hne
beneath Disbonded Tape Section

lncreased Alkalinity

Figure 1 - Modify the Corrosion Environment

Sensor Ports

a ,Holiday

13 0 3 a
o IElD12ectrolyte Reaervoir

Duisbonded Are

Seaeeio Pleel
SteelPlateInterrogation

Sensor Ports

Electrolyte Reservoir

Figure 4 -Flow Through Cell for lnSitu Steel Polarization and
Monitoring Chemical Changes.

Steel Plate

Figure 3 - MicroCelJ for Studying Chemical and Electrochemical
Changes Beneath Disbonded Tape

2309



- ~CL'!

(dar)

Figure 5 Geeato and Migration of Alkalinity; Figure 6 - Generation and Migration of Alkalinity:30cm xl0cm x 0.Smm; .1.000 V-SCE applied; pH 30cm xl~cm x 0.8mm: -1.000 V-SCE applied:plot;, potential ploL

10 1--s~ -o.:& _ _ __ _ __ _ __ _

9.5..--.-.45 F___ 9________________________

d*

C-8-5

_ ~. -0 .7 ___

7-1OS

J0 2 4 6 8 10 1ý i4 i6 A8 20 020 2 4 t * 10 1! 14 115 i
r" (his) rffe Mlvs

FIGURE 7 - Migration of alkaline solution into neutral FIGURE 8 - Migration of alkaline solution into neutral
crevice; 30cm x 10an disbanded tape; pH plot. crevice; 30c~m x 10cm disbanded tape; potential plot.

10

10.5-0.4

FIGURE 9 - Migration of dripping neutral solution into FIGURE 10 -Migration of dripping neutral solution
alkaline crevice; 30cm x 10cm x 0.8mm; pH plot. into alkaline crevice; 30=n x l0cm x 0.8mm; potential

plot.

2310



PIPELINE INSPECTION AND REHABILITATION
An Overview

Garry Matocha
Corrpro Companies, Inc.
P. O. Box 100
Spring, Texas 77383

Abstract

A pipeline system is capable of operating for an indefinite period of time provided it is
properly maintained. In most instances, government regulations dictate specific
maintenance standards but do not detail how they should be met. This paper describes
several inspection techniques developed by industry to determine the condition of the
pipeline, as well as methods that have been developed to resolve any problems found.
These inspections techniques include close interval pipe-to-soil surveys, bell hole
inspections, hydrotesting and the running of smart pigs. The results of one or more of these
inspection techniques dictate whether remedial actions such as additional cathodic
protection or recoating is necessary.

Introduction

The leading oil and gas pipeline companies in the United States operate over 630,000 miles
(1,013,670 km) of pipeline consisting of natural gas transmission (361,000 miles or 580,850
km), liquids pipelines (179,000 miles or 288,011 km)), and gathering pipelines (90,000 miles
or 144,810 km). These pipelhies represent an investment of over $52.5 billion and
generated operating revenues in excess of $46.6 billion in 1991.1 Therefore, there is a
large incentive for the pipelire industry to properly operate and maintain their systems. In
addition to the obvious economic factors, regulatory and environmental concerns
throughout the world have also become major factors when decisions are made concerning
the pipeline systems.

Due to the economic, regulatory and environmental factors involved in operating a pipeline
system, it is necessary and often required by government regulations that the pipeline
systems be inspected to determine their integrity. It is estimated that over 50% of the
above mentioned pipelines are over 40 years old, thyrefore, there is no inspection
technique which will be suitable for all circumstances. However, a combination of
techniques can provide the pipeline operator with information to make an intelligent
decision regarding the appropriate actions to take to correct any deficiencies found.

Based on the results of the inspection, follow-up action may often need to be taken to
correct any deficiencies found. These actions could involve additional cathodic protection
or recoating. In 1993, it has been estimated that such remedial action will result in over
2,600 miles (4,183 km) of pipeline (UnitedrStates only) being either repaired, replaced, or
rehabilitated at a projected cost of $342 M.
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Justifications for Inspection and Rehabilitation

Pipelines are primarily protected from external corrosion by first coating the pipeline and

then using cathodic protection to protect any bare areas or holidays on the pipeline.
However, over a penod of time the coating may lose its integrity and fail to provide the
protection for which it was intended. As this happens, the amount of cathodic protection
current needed for adequate protection increases. In some instances the coating will
disbond from the pipe and shield the cathodic protection from the pipe surface. Because of
the economic, environmental and safety consequences of a failure a prudent operator
should have an inspection program in place to determine the pipeline's condition and its
suitability for service.

Economically a dependable delivery system is essential. It has been estimated that in 1991
the top pipeline companies in the US moved over 43.081 Tcf (1.22 Tcm) of natural gas and
12.5 billion barrels of liquid product. This translated into an operating income of over $5.3
billion.' Therefore, with this tremendous amount of money involved, it is easy to see why
prudent operators should be concerned about the condition of their pipeline system.

In addition to economic concerns, safety, regulatory and environmental issues have become
very important in determining how companies operate. In many areas, the pipeline right-of
ways were in rural areas 30 years ago but are now part of the yards of many suburban
homeowners The results of a pipeline failure could now be catastrophic.

Regulations within the United States and Canada are pushing the pipeline companies
toward even greater use of internal inspection tools. In October, 1988 the US Congress
passed the Pipelines Safety Reauthorization Act law requiring the Department of
Transportation's Research and Special Programs Administration (RSPA) to establish
minimum federal safety standards so that all new and replacement pipelines would be able
to accommodate smart pigs. In 1992, the new reauthorization of the pipelines safety law
allowed the Office of Pipeline Safety to require transmission pipelines be modified to
accommodate smart pigs. A recent General Accounting Office report stated that "Due to
the effects of corrosion over time, pipelines tend to have more ruptures and leakage as they
age. These incidents can result in fatalities, injuries and property damage. Considering
smart pig's potential to improve pipeline safety, RSPA needs to complete the mandated
feasibility study and regulations."'

In Canada the Canadian Standards Association has established standards for smart pigging
of hazardous liquids pipelines and natural gas transmission pipelines. The Canadian
National Energy Board intends to adopt these standards this year to make them
enforceable as regulations on smart pig inspections.

Worldwide, countries are becoming more environmentally aware and are requiring
pipeline operators to take on additional responsibilities to insure the integrity of their
systems. Even in remote areas, the consequences of a hazardous liquid spill can be very
great due to the environmental havoc it can create. The effects of such a spill can be even
further magnified if the spill should get into a body of water. A river or stream can expand
the area effected and bring the consequences into the public eye even further.
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Inspection Techniques

Determining the suitability of a pipeline for continued operation and/or rehabilitation may
require a variety of inspection techniques. They consists of:

* Close Interval Surveys (CIS)

* Bell Hole Inspections

* Hydrotesting

* Smart Pigging

These techniques complement each other and do not preclude the use of the others. Each
technique can provide a piece of information on the condition of the pipeline which an
operator can use to prioritize line segments for rehabilitation. Pipeline operators are then
able to direct their resources to those critical areas where the probability of failure is the
greatest.

Close Interval Surveys.

Close interval pipe-to-soil surveys involve taking a reading at 2.5 foot (0.76 meter)
increments with the data and distance being recorded on a field computer. These surveys
allow the pipeline operator to evaluate the level of cathodic protection and to locate
anomalies in the potential profile that can be caused by:

* Coating Defects

* Localized Soil Conditions

* Foreign Contacts

* AC/DC Interference

* Current Shielding

When evaluating the level of cathodic protection it is necessary to consider all voltage (IR)
drops in the circuit including those caused by current flow through the soil and along the
structure. These IR drops should be compensated for when determining the polarized
potential of the structure and evaluating the level of corrosion protection. This is
particularly true in the case of buried pipelines when the reference electrode is placed at a
distance from the point of electrical connection to the pipeline during the close interval
survey.

The most common method involved in eliminating the IR drop in the readings involves
installing electronically synchronized current interrupters in all the cathodic protection
rectifiers affecting the area under test. The Instant Off potential is recorded, which, when
all current sources are off, is equivalent to the polarized potential of the pipeline. The
interrupters continuously switch the rectifiers on and off during the survey at cycles
determined by the operator. The on/off cycle frequently used is a 3:1 ratio. This results in
a saw tooth type graph showing both the on and off potentials on the same graph (Figure
1). The appropriate on/off ratio must be used so that an instant off potential can be
determined but also a short enough interval so that the pipeline is not allowed to
depolarize.
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A variation of the standard CIS survey involves taking remote (side drain) potential
readings at the same time the over the line potentials are being obtained. The remote
readings are taken ten to twelve feet (three to four meters) perpendicular to the over the
line readings. The difference between the two potential readings is automatically recorded
in the field com puter. The resultant graph has two separate lines. The first set of data
shown is the on off potential readings taken during a conventional survey. The second set
of data shown is the difference between the over the line and the side drain readings. The
differential data will remain fairly constant for a well coated pipeline. If there is a holiday
in the coating, there will be a peak in the line showing the difference between the two
potentials (Figure 2). This is a result of the increased current flow to the location from the
cathodic protection system. Both the on/off and the side drain readings are used in order
to differentiate between holidays and metal objects which may be in the immediate vicinity
of the pipeline. This type of survey has proven to be very successful in locating holidays not
only on older lines but in locating holidays during the commissioning of new pipelines.

Bellhole Inspections.

A limitation of the CIS survey is that it can only determine the condition of the pipeline
coating and measure the level of cathodic protection on the line. It cannot determine the
integrity of the pipe. Bellhole inspection is the only method available for the operator to
visually confirm the condition of the coating and the condition of the pipe surface.
Locations which are likely candidates for bellhole inspections include:

Areas with low pipe-to-soil potentials

Areas with possible coating damage.

Areas of low soil resistivity

Areas of possible corrosion determined by smart pigging.

Areas with interference problems.

Although bellhole inspections are the best method of determining the condition of the
pipeline, only a small percentage of the pipeline is inspected at any one time because of the
costs involved. It is also very difficult or impossible to perform bellhole inspections
through wetlands, swamps or other continuously wet area. In addition, pipelines running
through cities and other urban areas are becormng increasingly difficult to inspect because
of the right-of-way limitations.

Hydrotesting.

Hydrostatic testing is used and often required on pipelines to substantiate the maximum
operating pressure, to locate any potentially hazardous leaks or to uprate the operating
pressure on a pipeline. More companies are now hydrotesting their older pipelines to
simply verify the integrity of the line by detecting and destructively removing all defects on
the pipeline. The hydrotest pressure is determined by the operator and is often related to
the maximum operating pressure and to the specified minimum yield strength of the pipe.
The US Department of Transportation requires that new pipelines be hydrotested from 1.1
to 1.5 times its maximum operating pressure depending upon the population density along
the pipeline.
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Hydrostatic testing of pipelines has been used for many years to test pipelines. Companies
have become very proficient with the testing and are able to monitor the test pressures and
the factors affecting the test through the use of computers. It is a good method of certifying
to the operator the immediate pressure-carrying capacity of the pipeline. It is also the only
means capable of assuring the integrity of the pipeline against cracking such as fatigue-
crack growth or stress-related cracking. However, it does not locate any anomalies which
do not fail. It is possible for very deep pitting to survive the test and then to develop into a
leak shortly after a test.

Smart Pigging.

Smart pigging of a pipeline is used to detect anomalies such as corrosion, dents or gouges
in the pipe wall. There are various types of pigs used for in-line inspection. The three
types of pigs used for determining the wall thickness of pipelines include the low resolution
magnetic-flux pig, the high resolution magnetic-flux pig, and the ultrasonic pig. These pigs
are the most accurate and economical tools available to determine the metal loss along a
pipeline segment. A recent GAO report has concluded that the widespread use of smart
pigs could save lives and protect property by improving the safety and reliability of
pipelines.

The magnetic leakage technique is able to survey pipelines in either gas or liquid service.
This is done by inducing a magnetic flux into the pipe wall between two magnets. Any
metal loss which occurs in the wall results in the flux lines being distorted; this distortion is
sensed by a detector, which then generates an electrical signal, indicating metal loss. These
signals are passed through microprocessors and the resulting data is stored for detailed
analysis upon completion of the run.

The low resolution tools are able to provide an accurate count of the number of corrosion
damage sites, their location, and an approximate indication of the length and depth of
damage. They do this by grouping sensors to form inspection bands. The sensor data is
stored in analog form and a graphical report is generated upon completion of the survey. It
is then necessary to interpret the data so as to determine the location and size of the
defects found. Because the data obtained from the smart pig is relative and not absolute,
the defects are graded by categories such as light, moderate or severe.

The high resolution tool is similar to the low resolution tool but improvements were made
in the resolution as a result of microelectronics advances made in the 1980's. One of the
results of these developments was the reduction in the size of the sensors while their
number increased. This was necessary because the smaller the sampling area of the sensor
the greater the resolution of the data. The large amount of data gathered from the
increased number of data channels also required significant advances in data storage and
processing. This is typically done by digitizing the data and storing it on a data tape prior
to it being processed. The additional data available makes it possible for the pigging
companies to provide the pipeline companies with a comprehensive report on the status of
the pipeline. It is now possible through the use of a personal computer to scan the length
of the pipeline and zoom in on suspect areas or individual defects of particular interest. It
is also possible to accurately size the defects and make a determination to allow the
operator to calculate the failure pressure for each corrosion damage feature. This has
given the high resolu'ion tool the following advantages over the low resolution tool:

* It can give the operator an accurate baseline condition of his pipeline.

* The data gathered is sufficient to develop long term maintenance plans.
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* Corrosion growth rates can be determined from subsequent inspections.

* The number of correlation digs and subsequent repairs can be minimized.

* Environmentally sensitive areas or those with limited access can be inspected
with minimal damage.

The disadvantage to the high resolution tool is that the cost is 2 to 4 times greater than the
low resolution tool. Also, because the data must be processed, immediate data analysis is
also not always available. These factors must be factored in when deciding which type of
tool is appropriate for an operator's pipeline inspection program.

The most accurate of the inspection tools is the ultrasonic pig. It has a greater number of
sensors than even the high resolution tool and each sensor measures the wall thickness and
continuously records the sensor stand-off. This allows the tool to easily distinguish between
internal and external corrosion, since the stand-off function will not respond to external
defect but will fully display internal defects. The measurements are acquired at sufficiently
small intervals, so that the pipe wall is mapped like a contour map. Also because the pipe
wall thickness is being measured directly, corrosion in and around the girth welds can be
more effectively picked up than with the magnetic flux tools.

The data from the numerous sensor channels are assessed and condensed by a multi-
microprocessor system and then stored on digital tape. The ultrasonic pig, like the
magnetic flux pigs, carries several odometer wheels to measure distance, a marker system
to provide additional zero points for distance measurement, a method for determining
circumferential orientation, and a master system to pre-program and monitor the survey
run. This entire system is typically powered by a lithium battery system.

The data from the ultrasonic pig is interpreted with a personal computer. Defects can be
displayed on the screen in graphical format to aid in interpretation. Three dimensional
representations of the defects are often available.

"The quality of ultrasonic data is superior to the high resolution tools but the inspection
costs are also higher than the cost of a high resolution tool run. Also, the tool can only be
run in a liquid line or within a liquid slug because a couplant is needed for this technique.
Therefore, the pipeline operator must make a cost-benefit analysis as to whether the
quality of data is worth the additional costs.

It has to be recognized that the smart pigs are only looking for changes in the pipe wall
thickness, are not able to directly determine the condition of the coating or the level of
cathodic protection along the pipeline. Also, no inspection tool is 100% accurate and it is
always possible that an unidentified defect may remain on the line.

Rehabilitation Techniques

Using the results of the various inspection techniques, the pipeline operator should be able
to determine next course of action. The most drastic action an operator can take is to
replace the portion of pipe which no longer meets the required safety criteria. However, in
the majority of the cases, rehabilitation of the pipeline can often be done economically to
extend the operating life of the pipeline system. The appropriate method of rehabilitation
is often dictated by the condition of pipeline coating and the amount of corrosion present
in the bare areas. The two methods primarily used for rehabilitation are additional
cathodic protection and/or recoating.
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Cathodic Protection

Additional cathodic protection is needed if the pipeline coating has deteriorated to the
point where the cathodic protection levels as defined in NACE Standard RPO-169-92 are
no longer adequate to protect the pipeline. On those areas with low pipe-to-soil potentials
and no extensive corrosion, additional cathodic protection is often the answer. This
additional protection can be achieved through the use of sacrificial anode systems,
impressed current systems, or conductive polymer anode systems.

Sacrificial Anodes Systems. These systems are most often used where the cathodic
protection current demands are small. This is often the case for well coated lines, small
diameter lines, or for localized hot spots. The anodes are typically made of either a
magnesium alloy or zinc. These anodes are often used because of their relatively low cost,
low maintenance and because they do not need a source of electrical power. However,
they are limited in their current output and their service life is dependent upon the quantity
of anode material.

Impressed Current System. These systems are used where the cathodic protection current
demands are very large or a single point source is desired for long lengths of pipeline. The
current output can be controlled and is limited only to the capacity of the source of power.
Many different types of anode materials can be used as anode material such as graphite,
silicon iron and mixed metal oxide.

One of the main drawbacks of impressed current systems is the fact that access to electrical
power is often limited. In such cases solar powered units are used. The amount of current
available from these units is limited by the amount of solar panels that can be erected on
the site. At night or during cloudy periods batteries which are charged during the daylight
hours are used as the power source. A system has even been developed whereby
magnesium anodes are used in the system to provide the necessary cathodic protection
current during the night, thus, not allowing the line to depolarize.

Conductive Polymer Anode Systems. In areas where it is hard to get good current
distribution or where there are concerns with hydrogen overvoltage, a conductive polymer
anode system can be used. The polymeric cable is simply plowed in over or next to a
pipeline with a coke breeze backfill. To further assist in current distribution, the positive
lead from the rectifier can be laid in the ditch above the coke backfill and tied into the
anode cable at various locations. The costs for this system are normally greater than a
typical impressed current system but less than those for recoating the pipeline.

Recoating

Pipeline recoating becomes an alternative to cathodic protection where additional cathodic
protection is no longer economical or where shielding is a problem. Shielding results when
the coating disbonds from the pipe but "shields" the cathodic protection current from
reaching the pipe.. This can lead to severe corrosion or even stress corrosion cracking.

The pipeline recoating process can be broken into five parts:

* Coating Selection

* Cleaning
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* Blasting

* Application

* Inspection

Coating Selection. Selecting a suitable coating to recoat a pipeline in the field is often a
series of compromises. Preferred coating systems for new pipelines such as fusion bond
epoxies and extruded polyethylenes do not lend themselves to field application. Some of
the factors which affect the coating selection are:

Weather
Rain
Wind
Temperature
Humidity

Logistics
What is the length of pipe to be recoated?
Is the pipe to be recoated in the ditch or cut and taken out of the ditch?
Is the pipe to be recoated while it is in service?

Coating Quality
Cathodic Disbondment Characteristics
Resistance to Soil Stress
Moisture Permeability
Resistnace to Handling Damage
Adhension

Because of the varying factors on each operator's pipeline numerous coatings have been
used for recoating. A few will be discussed briefly.

Coal tar enamel has been successfully .sed for many years in the pipeline industry. It is a
four component system consisting of a primer, the coal tar enamel, an inner reinforcing
material consisting of a glass fiber mat and an outer wrap consisting of a coal tar saturated
mineral felt or a coal tar impregnated fiber glass mat. This coating has been applied in the
field for many years but the lack of adequate surface preparation has led to failures of the
system. It has also been found to be susceptible to soi stress.

Tape systems are probably the most common systems used for recoating. They are
relatively easy to apply, typically use a primer and due not require surface preparation
beyond a commercial blast. Some of the tape systems used are:

Polyethylene Tapes

Hot Applied Tapes

Shrink Sleeves

Fabric Strengthened Tapes
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Although the surface preparation requirements are not as stringent for tapes as for other
types of coatings, it is still a very critical factor. Inadequate surface preparation can often
lead to premature failure. The failure of a polyethylene tape system can lead to shielding
problems which could result in problems greater than if the pipeline was bare.

Coal tar epoxy is also a good coating which has been used for recoating purposes. It is
relatively hard and has a high resistance to soil stress. However, as with most spray applied
coatings, there are several areas which can hamper its use in the field.

Surface Preparation - Most of the existing coal tar epoxies require a white metal

blast which can be difficult to attain and maintain in the field.

Mixing - A proper mixture of epoxy and the curing agent must be maintained.

Cure Time - Many coal tar epoxies require from 8-24 hours of cure time before they
can be handled and backfilled. This often requires the company to set the pipe on
skids and then to come back and coat the skid marks.

Spray applied coal tar polyurethanes have been developed and used to alleviate some of
the problems associated with the cure time of coal tar epoxies. However, adequate surface
preparation and mixing are still crucial.

Cleaning. Rehabilitating the pipe involves the removal of the old coating prior to
recoating. The cleaning of the old pipe can be critical since the old coating may or may not
be compatible with the new coating system. Severa. cleaning methods used are:

Manual cleaning with hammers and scrapers.

Mechanical cleaning with machines that use knives and brushes.

Water blasting with pressures from 12,000 to 30,000 psi.

Mechanical cleaning with machinery that utilizes a serieds of rotating chains.

Only the water blasting method can remove all of the old primer and surfvce contaminants.
The amount of pressure required varies with the type and condition of the old coating.

Blasting. The prepa:ation of the pipe surface by blasting is critical no matter V,!Iat type of
coating system is used. It is possible with the water blasting technique to get a near white
metal surface provided the pressure is adequate (This pressure varies according to the type
of coating previously on the pipe). Manual air blast systems have been used for surface
preparation for many years but this method has proven to be too slow for long sections of
pipe. The use of mechanical processes to provide the necessary surface preparation is a
much more attractive alternative. The wheel blast system utilizes either a metal shot or grit
for cleaning the pipe surface. The air blast system has also been automated for line travel
purposes and uses grit or sand as a blast medium. Both systems recycle the shot or grit to
reduce the amount of material consumed.

The choice of what type of machinery to use for surface preparation is partially dependent
upon whether the pipeline can be taken out of service and cut into long sections. Some of
the machinery must be slipped onto the end of a pipeline while others can "clam shell" onto
a pipeline that is still in service or one that cannot be cut.
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Application. Although it is preferable to choose the type of coating and then to determine
how the coating will be applied, this may not always be possible. If a pipeline cannot be cut
and taken out of the ditch, machinery must be chosen that will "clam shell" onto the
pipeline. For those pipelines that can be cut and taken out of the ditch, there is a greater

exibility on the types of coating that can be applied.

Tape systems can be applied on a pipeline that is either in service or out of the ditch. For
long sections of line, hand wrapping is not economical. Motor driven line travel machinery
is available that can be clam shelled onto the pipeline It is possible to achieve coating rates
of up to 1 mile (1.6 km) a day depending upon the type of machine used and the diameter
of the pipeline

If a pipeline must be recoated in the ditch, spray a pplied coating are normally applied by
coating applicators with spray equipment specified by the coating manufacturer. There is
machinery available for spray applied coatings but the pipeline must normally be taken out
of service, cut and taken out of the ditch. Machine application rates can reach 1 mile (1.6
kim) a day with the limiting factors being material cure time and the machine reliability.

Unless adequate padding is provided under the skids, the pipe should be lowered into the
ditch and buried as soon as possible. This is because air temperature changes will cause
the pipe to move and could possibly cause holidays at the skid locations.

Inspection. An operator must have the proper procedures in place throughout the process
to insure an adequate recoating job. These procedures should include having an inspector
(in-house or third party) on the job to insure that the specifications were followed. A
failure in any part of the process could result in holidays in the new coating and eventually
to corrosion problems. A set of specifications must be agreed upon by all parties involved
in the rehabilitation process and provisions must be made to insure that they are followed.
Provisions should be made on how to repair holidays as they will happen no matter the
amount of care taken. The inspector is needed to not only provide expertise in areas that
the contractor is not comfortable or unfamiliar with but also to provide a different
perspective on the project.

Summary

As a pipeline system ages, decisions must be made on how best to preserve this valuable
asset. Proper inspection of the pipeline will often dictate the appropriate measures to be
taken. The type of inspection techniques available include close interval pipe-to-soil
surveys, bell hole inspections, hydrotesting and intelligent pigging of the pipeline. Just as
critical to the maintenance of the pipeline are the decisions on how to handle problems
found on the line. Each particular situation will dictate whether cathodic protection,
recoating or even replacement is appropriate. Ultimately the pipeline operator must make
a decision as to what course of action is feasible based on safety, environmental and
economic consideration.

2320



References

1 & 4. Jim Watts, 'The 12th P&GJ 500 Report, Pipe Line & Gas Journal, September,
1992, p. 12.

2. J. D. Lormand, "Pipeline Rehabilitation - A Contractor's Perspective", Proceedings of
the Pipeline Rehabilitation Seminar, Houston, Texas, January, 1992, p 206.

3. Jim Watts, "US/Canada Pipeline Work Remains At High Level", Pipe Line & Gas
Journal, January, 1993, p. 23

5. Greater Use of Instrumented Inspection Technology Can Improve Safety, General
Accounting Office, GAO/RCED 92-237, September, 1992, p. 3.

Bibliography

1. General Accounting Office, Greater Use of Instrumented Inspection Technology tan
Improve Safety, GAO/RECED 92-237, September, 1992

2. D. H. Kroon, "Electrical Surveys in Pipeline Rehabilitation", Proceedings of the Pipeline
Rehabilitation Seminar, Houston, Texas, September, 1990.

3. J. D. Lormand, "Pipeline Rehabilitation - A Contractor's Perspective", Proceedings of
the Pipeline Rehabilitation Seminar, Houston, Texas, January, 1992.

4. Daniel P. Werner, " State-of-the-Art in Anti-Corrosion Coatings", Proceedings of the
Pipeline Rehabilitation Seminar, Houston, Texas, January, 1992.

5. Jim Watts, 'The 12th P&GJ 500 Report", Pipe Line & Gas Journal, September, 1992.

6 Jim Watts, "US/Canada Pipeline Work Remains At High Level", Pipe Line & Gas
Journal, January, 1993.

2321



Pipe/Soil Potential (my)

7 - ---I

43A _3_

36+00 CRPEDGE 77
36+53 WREý I

q + R3l 36463 M. GRAVEL WC._____ _ _ _

37406 CROP EDGE

I _

A5 J__ _

4n+Rq

4A+R3 ,

A4+R• l

CIl I I

2322



Pipe/Soil Potential (mv)

ru ii

10+00 0 0>

12+38 N&f&E BIIC FEMCE

1&+26 crw

C-)

CD

IIN.

2 288__3__

.26+839 _

±832



PREDICTION OF DYNAMIC CURRENT DENSITY ON CATHODICALLY

PROTECTED STEEL IN SEAWATER AT DIFFERENT DEPTHS

R. B. Griffin

Department of Mechanical Engineering

Texas A&M University

College Station, Texas 77843

L-F. Yan

Department of Chemical Engineering

North Carolina State University

Raleigh, NC 27695-7905

R. E. White

Department of Chemical Engineering

University of North Carolina

Columbia, SC 29208

ABSTRACT

A first principle mathematical model was developed to predict the dynamic current density
developed on cathodically protected steel in seawater at different depths. The results show that
the decrease in the current density is associated with the formation of the calcareous deposits

on the steel surface. The formation rate of calcareous deposits is governed by the pH at the
metal surface, which is controlled by electrochemical reactions, especially oxygen reduction.
The predictions from the model showed that the formation rate of calcareous deposits is much

slower in deeper water than in the water near the surface. Consequently, it would take more
time to reach a steady-state residual current density in deeper waters.
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INTRODUCTION

Cathodic protection has been recognized as an effective method for preventing immersed
offshore structures from corroding. Under cathodic protection, the oxidation of iron can be
prohibited by supplying electrons to the metal structure to be protected by means of sacrificial
anodes or impressed current (1). One feature associated with the marine cathodic protection is

the formation of calcareous deposits at the metal surfaces (2-4).

Calcareous deposits are the minerals precipitated on the structure's surface due to the

increased alkalinity resulting from the cathodic polarization process. It is believed that these

porous films act as resistant layers and reduce the transport rate of oxygen to the metal surface,
where the electrochemical reactions occur. Consequently, the current density required to protect

the structure is reduced.

In the first part of this research, a first principles mathematical model was presented for the
formation of calcareous deposits on cathodically protected steel in seawater (5). The results from
the model are helpful in understanding the mechanism of the formation of calcareous deposits
on cathodically protected steel in seawater and their effects on cathodic protection systems. The
model is also capable of predicting the changes in current density and composition of the deposits
with time. The model has been used to examine how the physical and chemical properties of
seawater and cathodic protection parameters influence the formation of calcareous deposits and
their ability to lower the cathodic current density (6).

The development of offshore energy resources is rapidly moving into water depths greater
than 300 meters (3). Results from Ref. (6) show that the formation of calcareous deposits is
sensitive to the chemical and physical properties of seawater, which vary at depth. Whether the
calcareous deposits can form in deep cold water and whether these deposits will adhere to the
steel surface under high hydrostatic pressure are still unclear. Therefore, the main objective of
this research is to predict the dynamic current density on cathodically protected steel at depth
due to the formation of calcareous deposits.

SUMMARY OF THE MODEL

Observations from SEM pictures (5) showed the main change on the electrode surface was
the increasing surface area covered by the calcareous deposits not the increasing thickness.

Therefore, the model that is derived in detail in Ref. (5) is based on the fact that calcareous

deposits block the active surface area available for the electrochemical reactions and consequently

the current density is reduced.
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The main electrochemical reactions occurring during the corrosion of steel structures in

seawater are the oxidation reaction of iron:

Fe --+ Fe2 + + 2e- [1

the oxygen reduction:

02 + 2H20 + 4e- --- 40H- [2]

and the hydrogen evolution:

2H20 + 2e- --* H2 + 20H- [31

The proposed mechanism for the formation of calcareous deposits on cathodically protected
steel in seawater is presented below. The higher concentration of OH- ions generated by the
reduction reactions at the metal surface causes the precipitation of Mg(OH) 2 to occur:

Mg2+ + 20H- --+ Mg(OH)2 1. [4]

Meanwhile, the production of OH- ions changes the inorganic carbon equilibria in seawater and

facilitates the following buffering reaction (7):

OH- + HCO . H20 +CO- [5]

As a result, CaCO3 also precipitates:

Caa2+ + C02- -- CaC03 . [61

Diffusion, migration, and convection have been taken into consideration for the mass transfer of

the components in seawater inside the diffusion layer.

The model equations will be cast in the finite difference form and solved using Newman's
BAND(J) subroutine (8) with an implicit time-stepping technique to obtain the surface coverage
of the calcareous deposits, the concentrations, and potential distributions throughout the diffusion
layer. Once these values are known, the current density due to the individual electrochemical
reaction can be determined using the Buder-Volmer equation (9-11). The details of the model

were reported in Ref. (5).
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RESULTS AND DISCUSSION

Before presenting the results in deep waters, a case study based on the parameters at sea level
is used to explain quantitatively the mechanism of the formation of calcareous deposits. The
primary driving force for the formation of calcareous deposits is the electrochemical reactions,

particularly the oxygen reduction. This causes the pH in seawater to increase from 8.2 in bulk

solution to 9.9 at the metal surface as shown in Fig. 1. Meanwhile, the high pH facilitates

the buffering reaction and produces CO2- ions on the electrode surface. As a result, the

concentration of CO2- ions increases about eight times higher than that in the bulk solution

as shown in Fig. 2, and the precipitation rate of CaCO 3 is increased.

The surface area occupied by the calcareous deposits (surface coverage) was found to increase

with time as shown in Fig. 3. This leads to a decreasing cathodic current density. Figure 3 also

indicates that the decrease in the current density on marine structures under cathodic protection

is associated with the formation of the calcareous deposits at the metal surface. After the metal

surface was almost covered, the current density became nearly constant. However, the residual

current density was never equal to zero due to the porous nature of the calcareous deposits.

Instead of doing experiments of growing the calcareous deposits under different environmen-

tal conditions, the model has been used to predict the dynamic current density on cathodically

protected steel in seawater at different depths. The temperature, salinity, oxygen concentration,

and pH at different depths in the northern half of the Gulf of Mexico were obtained from Ref.

(12). The vertical changes of oxygen concentration and temperature are plotted in Fig. 4. The

detailed methods of predicting depth-dependent parameters used in the modeling were reported

in Ref. (6).

Figure 5 shows the computed surface coverage on cathodically protected steel in seawater

at different depths. The surface coverage of calcareous deposits decreases with depth; however,

below 500 m, the change of surface coverage increases with depth. As shown in the above

mechanism, the formation rate of calcareous deposits is related to the pH at the metal surface,
which is controlled by electrochemical reactions, especially by oxygen reduction. Since oxygen

reduction is mass-transfer controlled, a higher oxygen concentration in the bulk solution leads

to a faster oxygen reduction rate, which causes a higher pH at the metal surface. In the Gulf

of Mexico, a minimum value of oxygen content occurs about at 400-500 m. Therefore, the

predictions in Fig. 5 can be explained from the vertical change of oxygen concentration as

shown in Fig. 4.

Another reason for smaller formation rate of calcareous deposits at depths is contributed to

the lower temperature of the seawater, which results in an increase in the solubility constant
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(Ksp) and a decrease in reaction constant (k) of CaCO3 , as shows in Fig. 6. The solubility
constant of CaCO 3 is also influenced by the higher hydrostatic pressure.

The formation of calcareous deposits results in the decrease of the cathodic current density
as shown in Fig. 7. Therefore, it would take longer time to reach a residual current density
in deeper waters.

CONCLUSION

From the results and discussion, the following conclusions are presented:

1. The decrease in the current density on marine structures under cathodic protection is associated

with the formation of the calcareous deposits at the metal surface.
2. The seawater pH increases from 8.2 in bulk solution to 9.9 on the cathodically protected steel

surface. The higher pH causes the precipitation of Mg(OH)2 to occur and also accelerates
the precipitation rate of CaCO 3.

3. The formation rate of calcareous deposits would be expected to be smaller in deep water.

ACKNOWLEDGMENT

The authors are grateful for the financial support of this work by Offshore Technology
Research Center (OTRC) at Texas A&M University.

REFERENCES

1. M. G. Fontana, "Corrosion Engineering," 3nd. ed., McGraw-Hill, NY (1986).

2. W. H. Hartt, W. Wang and T. Y. Chen, Paper No. 576, CORROSION/89, National
Association of Corrosion Engineers, Houston, TX (1989).

3. K. P. Fischer and W. H. Thomason, Paper No. 577, CORROSION/89, National Association

of Corrosion Engineers, Houston, TX (1989).

4. W. H. Hartt, C. H. Culberson and S. W. Smith, Corrosion, 40, 11, 609 (1984).

5. J.-F. Yan, T. V. Nguyen, R. E. White, and R. B. Griffin,, J. Electrochem. Soc., 140, 733

(1993).

6. J.-F. Yan, R. E. White, and R. B. Griffin, "Parametric Studies of the Fcmation of Calcareous
Deposits on Cathodically Protected Steel in Seawater," J. Electrochem. Soc., will be published

in May (1993).

7. A. Turnbull and D. H. Ferriss, Corrosion Science, 26, 601 (1986).

8. J. S. Newman, Ind. Eng. Chem. Fundam., 7, 514 (1968).

2328



9. Ken-Ming Yin and R. E. White, AIChE J., 36, 187 (1990).

10. H. Gu, T. V. Nguyen, and R. E. White, J. Electrochem. Soc., 134, 2953 (1987).

11. T. Yeu, T. V. Nguyen, and R. E. White, J. Electrochem. Soc., 135, 1971 (1988).

12. A. D. Goolsby and B. M. Ruggles, Corrosion, 47, 5, 387 (1991).

10.0

/t 0.8 1.0 50.0 0~

Fig. 1. Variation of pH inside the diffusion layer (ykE=1.5 x 10.2 cm).

10.0

o.0

4.0

2. 0

0. 4 Aft to

500 00

Y/Yt 0. ..0-1 1

Fig. 2. Concentration profile of CO2- ions inside the

diffusion layer (yRE=1.5x 10.2 cm, ctbk=l.8 x 10-7 mol/cm 3).

2329



300.0 . .. -. 1.0

250.0 V-#K=-0.9 V(SCE)

"N 200.0
7. , Total reaction -

"Oxygen reduction . 0.6 •
>1 Hydrogen evolution >
""0. Surface coverage --
M~ 150.0 Q

,.• •0.4 ~
Ci2S100.0•

------------------ - 0 .2

50.0

0.01 '.0
0.0 30.0 60.0 90.0 120.0 150.0

Time (hr)

Fig. 3. Changes of current density and surface coverage
on cathodically protected steel in seawater with time.

2.5. . .................................. 25.0

20.0

E 2.0 ,

15.0

0

" ',10.0

o 1.5

"'-A.. 5.0

1.0.. 0.0
0.0 500.0 1000.0 1500.0 2000.0

Depth (m)

Fig. 4. The vertical changes of oxygen concentration and temperature in seawater.

2330



1.0 - 20.0 . 2.0

R =c,- 1)t'•

0.8
1.5

0 m O

15.0 k

0.6
oCC.
0Q • q: <- 1.0

* 0.4

C/ 10.0"

40.5 ..

0.2 .... -

-- 500/ ~~ .. .. .. ..-r ..- ........ " 5.

0.0 5.0 . 0.0
0.0 50.0 100.0 150.0 0.0 500.0 1000.0 1500.0 2000.0

Time (hr) Depth (m)

Fig. 5. Effect of depth on the change of surface coverage Fig. 6. Effect of depth on the change of solubility

on cathodically protected steel in seawater with time. constant, reaction constant, and reaction order of CaCO3 .

280.0

V-42=-0.9 V(SCE)

00

S210.0

CC

t140.0 - ---- Q
S[ 300

500 .. . . . . .. . . ..-- - -

70.0 - 1---

0.0 50.0 100.0 150.0

Time (hr)

Fig. 7. Effect of depth on the change of current density

on cathodically protected steel in seawater with time.

2331
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Mechanical Aspects
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Abstract

Hydrogen embrittlement is the mechanism responsible for environment-assisted
crackii g of various materials such as medium and high strength steels under static
or cyclic loads. The present paper illustrates some mechanical aspects of
environment-assisted cracking with emphasis on stress corrosion cracking. Various
testing methods are presented and the conditions for crack branching and leak
before break under stress corrosion are shown.

Key terms: hydrogen embrittlement, stress corrosion cracking, crack branching

Hydrogen Embrittlement versus Stress Corrosion Cracking

Environmental degradation can be defined as the initiation and the subsequent
growth of cracks under the simultaneous action of stresses and an aggressive envi-
ronment. Hydrogen has been found to be the predominant embrittling and thus
degrading species for various materials. The severity of environmental degradation
of a material depends on the supply of atomic hydrogen generated by its interaction
with a wide range of environmental wonditions. Indeed, for a number of materials,
e.g. medium and high strength steels, hydrogen embrittlement has been accepted to
be the mechanism for stress corrosion cracking. Therefore, both concepts, hydrogen
embrittlement and stress corrosion cracking, can be interpreted and treated as the
same process which is affected by at least three different groups of parameters:
metallurgical, environmental and mechanical. Out of these groups, this paper
concentrates on the effect of various mechanical aspects that influence hydrogen
embrittlement and/or stress corrosion cracking.

Loading Modes and Environmental Cracking

There are two extremes of a continuum considering the applied loading mode which
may cause environmental cracking in an aggressive environment: the sustained load
yielding pure stress corrosion cracking and cyclic load yielding pure corrosion
fatigue. It is impossible to draw a strict boundary between these two extremes, as
indicated in Figure 1. The transitions between load wave shapes underlying stress
corrosion cracking and corrosion fatigue are illustrated. It is obvious that there exist
load wave shapes which clearly would cause stress corrosion cracking and there are
load wave shapes which clearly would cause corrosion fatigue. However, in
addition, there are loading modes which could cause either stress corrosion cracking
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or corrosion fatigue, such as, for example, ripple effects and large start-stop cycles
which are common and known to adversely affect the growth of environment-
induced cracks. Some elements of the latter loading modes are frequently encounter-
ed on various components in service. Often, however, the stresses responsible for
stress corrosion cracking are not service stresses but residual stresses originating
from various sources, for example the production or manufacturing process.

Figure 1 also shows possible ways of testing and quantifying the susceptibility of a
material to environmental cracking. Starting with sustained loads, one can distin-
guish between the testing of smooth and precracked specimens exposed to the envi-
ronment. For smooth specimens, time-to-failure curves are measured in a given
environment. As a matter of fact, by using this testing method, often the crack incu-
bation time is consuming the major part of the specimen life time. Therefore, a more
conservative way of testing is to measure the stress corrosion crack growth rate of a
precracked specimen as a function of the applied stress intensity. The result of such
tests arc stress corrosion crack growth curves (Aa/At versus K curves) which are
characterized by a threshold value KISCC below which no crack growth is observed
and a characteristic shape of the curve, often revealing a plateau-region where the
crack growth rate is independent of the applied stress intensity. More details will be
discussed later in this paper.

Another way to investigate and to present the stress corrosion properties of a mate-
rial is to perform slow strain rate tests or constant extension rate tests. Here, smooth
or notched tensile specimens are pulled apart slowly in an aggressive environment.
Two different effects of the applied strain rate on stress corrosion resistance are ob-
served, as indicated by the two curves in the respective diagram of Figure 1.
Depending on the material/environment combination, extremely low strain rates
may cause high susceptibility to stress corrosion cracking, e.g. there is time enough
for the environment to degrade the material by forming cracks. At the same low
strain rates, however, a different material/environment combination may show very
good stress corrosion resistance because the material passivates continuously at
locations where bare metal is produced by straining. At higher strain rates, how-
ever, passivation cannot be completed rapidly enough, therefore the susceptibility to
stress corrosion cracking increases. At even higher strain rates, there is not enough
time for the environment to affect the material, thus no environmental degradation is
observed. Slow strain rate testing is a typical situation between true stress corrosion
cracking and true corrosion fatigue: the load is slowly increased. This can also be
interpreted as onc half of a fatigue cycle at extremely low frequency.

True corrosion fatigue is measured by applying cyclic load on either smooth or pre-
cracked specimens. In the former case, the number of cycles to failure under a given
stress range is measured. This number is usually considerably smaller when - at a
given stress level - an aggressive environment is prcsent. Fatigue and corrosion
fatigue crack growth is illustrated in Figure 1. Here the fatigue crack growth rates
are plotted as a function of the applied cyclic stress intensity range. The environment
typically increases the propagation rates in the linear range of the log Aa/AN versus
log AK plot compared to inert environment. This effect is frequency dependent, due
to similar reasons as for slow strain rate loading. In summary, Figure 1 gives a
systematic overview of the various aspects of loading and environmental cracking,
the two extremes being stress corrosion cracking ,ond corrosion fatigue, respectively.
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The Effect of Stress Intensity

Stress intensity may have a major effect on the growth of stress corrosion cracks.
Only a complete crack growth curve of a particular material/environment combi-
nation gives sufficient information on this influence. It is an important advantage of
fracture mechanics that the stress intensity at the tip of cracks can be calculated for
different geometries, as indicated in Figure 2, provided the geometry correction fac-
tor is known as well as the crack depth and the nominal tensile stress. In principle,
stress corrosion crack growth curves can be experimentally determined by following
the steps that are illustrated in Figure 3. A notched and fatigue-precracked specimen
is stressed to a well-defined stress intensity by either inserting a wedge or by
mounting the specimen into a loading frame. Then the specimen is exposed to the
environment for a certain period of time. By dividing the crack elongation due to
stress corrosion by the testing time, the stress corrosion crack growth rate is cal-
culated and plotted as a function of the stress intensity. The results of such tests are
stress corrosion crack grow 'h curves which are characterized by a threshold value
KISCC below which no crack growth is observed, and, eventually, by a so-called
plateau crack growth rate where the crack velocity is independent of the applied
stress intensity. Whether such a plateau occurs usually depends on the mate-
rial /environment combination.

As an example, Figure 4 shows a number of stress corrosion crack growth curves of a
quench and temper steel used for springs. This steel has been heat treated to
different strength levels, as indicated in the figure. The crack growth curves
measured in room temperature water differ from each other in various ways: most
important, the shapes of the curves are not identical. For example, with the lower
strength steels, there is a distinct plateau region, where an increase of the stress
intensity does not result in higher crack velocities. The crack growth rates are
independent of the applied stress intensity. The actual velocities, however, differ
from each other: higher strength steels suffer faster crack growth rates. With even
higher yield strength levels, the crack growth curves do not exhibit distinct plateaus
anymore, but the crack growth rates increase with increasing stress intensities. As to
th,. threshold stress intensities KISCC, these values are lowest for high strength
steels, as obvious from Figure 4.

There is a general relationship between KISCC and the yield strength of a steel'
threshold stress intensities are usually low in high strength steels and higher whe:,
the yield strength is lowered. This is shown in Figure 5. For a number of steels the
thresAhold stress intensities observed in pure water and in H2S-solution are plotted as
a function of the yield strength. In both environments, there is the same trend
obvious: the higher the yield strength, the lower is KISCC. In absolute values, KISCC
not only depends on the yield strength but also on the environment. Therefore, at a
given yield strength, KISCC has been measured to be considerably lower in the
aggressive environment H2S-solution than in pure water.

Branching of Stress Corrosion Cracks

Stress corrosion cracks can - and often do - develop branch cracks. Two types of
branching can be distinguished: microbranching, in which the crack front splits into
several local cracks with separation distances of the order of a grain diameter, and
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macrobranching, in which the crack separates into two or more macroscopic com-
ponents that tend to diverge or continue to grow in parallel. Three conditions are
necessary, but not always sufficient for macrobranching to occur with stress corro-
sion cracks, as indicated in Figure 6 1. First, the crack growth rate must be (almost)
independent of the crack tip stress intensity, i.e. the crack velocity versus stress in-
tensity curve must exhibit a plateau. Second, the crack tip stress intensity KB, above
which macrobranching may occur, must be equal to or larger than 1.4 times the
stress intensity Kp (where the plateau region starts), as illustrated in Figure 6. This
precondition is necessary for each branch crack to respond to a high enough stress
intensity to be driven further, even though the stress intensity at each crack tip is
reduced by 1/4Pn with n being the number of branch cracks, as illustrated in Figure 7.
Third, the fracture path must be relatively isotropic 1.

Microbranching can occur under less restrictive conditions. The crack velocity does
not have to be stress independent, but the stress intensity limit for microbranching is
a certain multiple of KISCC. At extremely low stress intensities, no microbranching
is observed.

Leak Before Break

This section gives an example for how important it is to know the influence of me-
chanical parameters on environmental cracking in practical life. For pressure
boundary components which contain liquids or humidity, the question arises, which
path eventual stress corrosion cracks would take, e.g. would there be a leak before
break or a break without leakage, as illustrated in Figure 8. In other words, are there
conditions that can guarantee leak before break? In order to answer this question, it
is again a precondition to know the exact stress corrosion crack growth curve of the
material in the given environment.

Break before leak in cylindrical pressure boundary components can be excluded only
if at least one of the following preconditions is fulfilled: First, if there is no possibility
for stress corrosion to occur. Second, if stress intensities at the inner side of the
component are smaller than KISCC or even negative. Third, if unsymmetric crack
initiation can be guaranteed. Fourth, if the stresses at the inner side differ highly
from each other and, in addition, the stress corrosion crack growth rate is strongly
stress-dependent, e.g. there exists no plateau region in the crack growth curve. Fifth,
if stresses along a sufficient part of the inner circumference are compressive rather
than tensile, such as may be the case in pipe bending. If none of these preconditions
is met with, a leak before break due to stress corrosion cracking cannot be gua-
ran teed.

References
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Crack Branching on the Residual Lifetime of Machine Components Containing
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Abstract

Hydrogen embrittlement, that is hydrogen-related, slow, subcritical crack growth,
occurs with high-strength steels in at least three different forms: cracking due to the
presence of hydrogen-containing gases such as H2 or H2S, cracking due to the
presence of hydrogen in the steel, and cracking due to the presence of hydrogen-
containing liquids such as water or hydrocarbons. This paper illustrates some of the
major metallurgical influences on hydrogen embrittlement of steels in water, a
phenomenon which is also known as stress corrosion cracking. The major
metallurgical influences are exerted by the strength of the steel, the strengthening
mechanism, the concentration of major alloying elements, the carbon and the sulfur
content of the steels. These influential parameters, however, cannot be measured in a
meaningful way or be modeled by theory unless the effect of stress intensity and
temperature is systematically taken into account.

Key terms: hydrogen embrittlement, stress corrosion cracking, steels.

Hydrogen Embrittlement versus Stress Corrosion Cracking

Environmental degradation can be defined as the initiation and the subsequent
growth of cracks under the simultaneous action of stresses and an aggressive envi-
ronment. Hydrogen has been found to be the predominant embrittling and thus
degrading species for various materials. The severity of environmental degradation
of a material depends on the supply of atomic hydrogen generated by its interaction
with a wide range of environmental conditions. Indeed, for a number of materials,
e.g. medium and high strength steels, hydrogen embrittlement has been accepted to
be the mechanism for stress corrosion cracking. The similarity between gaseous
hydrogen embrittlement, internal hydrogen embrittlement (after electrolytic
charging) and stress corrosion cracking in water is obvious in Figure 1. Therefore,
both concepts, hydrogen embrittlement and stress corrosion cracking, can be
interpreted and treated as the same process which is affected by at least three
different groups of parameters: metallurgical, environmental and mechanical. Out of
these groups, this paper concentrates on the effect of various metallurgical aspects
that influence hydrogen embrittlement and/or stress corrosion cracking.
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Yield Strength and Threshold Stress Intensity

The yield strength of a quenched and tempered steel depends, of course, strongly on
the tempering temperature. This is illustrated in Figure 2. It is evident from the same
figure that either tempering temperature or yield strength have a strong influence on
the threshold stress intensity, KISCC, below which environment-assisted cracking is
not observed. In contrast, it can be seen from Figure 3 that different high strength
steels may have quite different plateau crack growth rates, yet their threshold stress
intensities are all between 10 and 20 MPa 4m. These observations are reconciled in
Figure 4 which illustrates the fact that at ambient temperature the threshold stress
intensity KISCC depends markedly on the yield strength only when the strength is
below about 1200 to 1300 MPa. A further surprising observation revealed in Figure 4
is that KISCC does not depend on the yield strength in the high temperature regime
above about 100'C. This high temperature regime is to the left of the maxima in
Figures 1 and 5. Obviously, theories modeling the effect of strength on KISCC 3 must
take into account two different temperature regimes.

Crystal Structure: Ferritic versus Austenitic

Direct comparisons of austenitic versus ferritic steels are presented in Figures 3 and
5. Quite generally, austenitic steels exhibit lower crack growth rates than ferritic
steels in water, but care must be taken not to draw too far-reaching conclusions from
such a general statement. For example, steel X5MnCrN1818K may have similar yield
strength as the steel D6AC it is compared to in Figure 3 but it contains 18 weight
percent chromium and has therefore much higher corrosion resistance than all the
other steels mentioned in Figure 3. On the other hand, in Figure 5, two steels with
vastly different yield strengths are compared. The austenitic steel 304 which exhibits
two orders of magnitude slower crack growth rates has a yield strength of 240 MPa
while steel D6AC has a yield strength of 1425 MPa. It would be extremely difficult to
find two steels, one austenitic, the other ferritic with otherwise identical
compositions and yield strengths. Thus, an ideal comparison of ferritic versus
austenitic is impossible. Nevertheless, the analogy shown in Figure 5 permits the
notion that similar temperature dependencies and maybe similar mechanisms are
responsible for subcritical crack growth rates of austenitic and ferritic steels in water.
Figure 1 permits the thought that there is a parallel to gaseous hydrogen
embrittlement, internal hydrogen embrittlement and stress corrosion cracking of
high strength ferritic steels. A very similar argument can also be made for austenitic
stainless steels, when one considers not only the stress corrosion data of Figure 5 but
also the fact that internal hydrogen embrittlement (after electrolytic charging) and
crack growth in hydrogen gas have been observed 4, 5.

Yield Strength and Crack Growth Rates

The strong effect of the yield strength on the crack growth rates of various ferritic
steels exposed to water is illustrated in Figures 6 and 7. Obviously, meaningful
comparisons of crack growth rates at a given temperature are possible only in the
temperature ranges where all steels are below or above the drop-off in crack growth
rates which occurs at intermediate temperatures, Figure 6. Naturally, a meaningful
comparison also presupposes that all crack growth rates to be compared are
measured in the plateau range where, according to Figures 2 and 3, the effect of
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stress intensity is negligible. Such a comparison is illustrated in Figure 7 primarily
for low alloy steels. Yet, a great difference in crack growth rates is observed at any
given yield strength. This indicates that either the microstructure or the minor
alloying elements or both are of prime importance. In fact, both are, as will be seen
from Figures 8, 9 and 11.

Carbon and Sulfur Content in Steels

The widely scattering observations of crack growth rates at any given yield strength
in Figure 7 cluster together along specific trendlines if one separates them into
groups of similar carbon and sulfur content. The effect of carbon and sulfur is
illustrated in Figures 8 and 9 for specific strength levels. It is now clear that
meaningful experimental comparisons and theoretical predictions of crack growth
rates - for example to elucidate the effect of yield strength - can be made only for
fixed carbon contents and sulfur contents since these can affect the crack growth
rates by three to four orders of magnitude. Moreover, the effect of sulfur and carbon
in the steels needs to be addressed specifically in models and theories of stress
corrosion cracking or hydrogen embrittlement of steels. Figure 9 gives a clear danger
signal concerning the enhanced susceptibility of resulfurized steels to environmental
cracking. Naturally, the strong effect of sulfur content of the steel will in some way
be related to the strong effect of H2S in the environment which is well known from
oilfield tubular goods and which is also observed in laboratory tests of KISCC 6 and
which is also addressed theoretically 7.

High Temperature Water

It is often believed that hydrogen embrittlement disappears at elevated
temperatures, and such belief is supported by observations such as those shown in
Figure 1. However, it is quite clear from Figures 5 and 6 that there are also extensive
high temperature regimes where water as an environment can result in
environment-assisted subcritical cracking and the question may then be asked
whether this is also a form of hydrogen embrittlement. In Figure 10 we have
illustrated the combined effect of material yield strength and temperature on the K-
plateau crack growth rates of steels in high temperature water. It is well known that
the mere existence of such cracking in low alloy steels has caused huge service
failure problems, for example in the power generating industry.

Maraging Steels

The salient point of Figure 11 is that the growth rates of the subcritical cracks in
water environment do n=t parallel the yield strength as a function of the annealing
temperature. This means that the yield strength is not the decisive factor controlling
the stress corrosion (hydrogen embrittlement) crack growth rate. This is evident
from the fact that the crack growth rates peak below 4000C annealing temperature
while the yield strength peaks near 5000C. Consider in Figure 11 a yield strength of
1300 MPa. In the underaged condition this entails a crack growth rate of 5x10 6- m/s
while in the overaged condition this entails a crack growth rate of 5 x 10-11 m/s, a
difference by a factor of 100'000 at identical yield strengths ! Clearly, it is not only the
strength level but also the microstructure responsible for the strength which controls
the crack growth rate.
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Discussion and Conclusions

The metallurgical parameters which influence hydrogen embrittlement (and there-
fore stress corrosion cracking) of steels are many and effective. Yield strength, crystal
structure, carbon content, sulfur content, and strengthening mechanism, all can
influence the crack growth rate by several orders of magnitude. These influential
parameters in turn can only be properly assessed if they are determined
systematically as functions of temperature and stress intensity. At present we do not
have a reasonably complete quantitative knowledge of all the major influences on
crack growth rates. It is thus impossible to compare theoretical predictions to the
experimental results. A continuing major research effort is therefore necessary in
order to obtain both the quantitative experimental basis and the quantitative
modeling or theory which can explain such observations and thus help with steel
development and with failure prevention in actual service. The results of such efforts
will be valuable to all concerned.
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Electrochemical Aspects of Hydrogen Embrittlement in Steels: (i) IPZ Model of
Hydrogen Permeation (ii) IR Voltage-Induced Hydrogen Charging

Howard W. Pickering
Department of Materials Science and Engineering
The Pennsylvania State University
University Park, PA

Abstract

This paper reviews results of the past decade in the author's laboratory on (i) the Iyer, et. al. (IPZ)
model of hydrogen absorption and permeation into metals from aqueous solution for studying the
hydrogen absorption mechanism and factors such as H2S that modify the absorption rate, and (ii)
the IR (ohmic) voltage within recesses and holidays, and its impact on the tendency for hydrogen
evolution and hydrogen charging inside the cavity for both open circuit corrosion and the protected
(anodic protection or cathodic protection) surface.

Key terms: environmentally assisted cracking, hydrogen absorption, hydrogen permeation,
H2 S poison mechanism, hydrogen evolution reaction, h.e.r./entry rate constants,
IR-induced cracking, hydrogen charging within cracks and holidays, cathodic
protection, anodic protection.

Introduction

The problems of environmentally assisted cracking (hydrogen embrittlement, stress corrosion,
corrosion fatigue) are interdisciplinary and varied, and the resulting economic loss and safety
aspects are a major concern in, for example, the power generation and petrochemical industries.1
All these forms of environmentally assisted cracking start with the entry of hydrogen into the
metal. This paper focuses on (i) the study of mechanistic aspects of hydrogen entry from aqueous
solution using the Iyer, et. al. (IPZ) model2 ,3, and (ii) the role of IR voltage in modifying the
tendency for hydrogen charging and evolution from within cavities (cracks, crevices, holidays).

Electrochemical Aspects of Hydrogen Entry

Experiments in the Penn State Corrosion Laboratory are providing information as to why certain
solution species (the so-called poisons) promote hydrogen entry into steels, e.g., H2S. The key to
this improved understanding is the recent development by lyer, et. al. 2 of a rigorous, quantitative
steady-state model of the hydrogen evolution/hydrogen permeation process. This section of the
paper briefly describes this model and then illustrates an impressive application of the model for
analyzing one of the most encountered deleterious poisons (H2S)4 .

For aqueous hydrogen charging, the charging conditions can be precisely varied and very high
fugacities on the order of 106 atm. (corresponding to pressures of 104 atm.), can be achieved5 .6.
The first step of H3 0+ reduction is now fairly well understood to take place by a single electron
transfer

H3 O+ + e- = Hx + H2 0 (1)

where x refers to the state of the reduced hydrogen atom on the metallic phase. The electron
transfer reaction is followed by two parallel processes which are the evolution of gaseous
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hydrogen that forms from the adsorbed hydrogen atoms on the surface and the entry of other
adsorbed hydrogen atoms into the metallic phase itselL7 1 0 These are:

Hads + Hads = H2  (2a)
or

Hads + H3O+ + e- = H2 + H20 (2b)
and

Hads = Habs (3)

Although widely debated a few decades ago, it is now accepted that hydrogen attains an adsorbed
state on the metallic surface, immediately following the discharge step (Reaction 1)I 1.12. But
controversy exists as to whether hydrogen atoms are on, or interstitially in, the surface11 , 13- 15 and
whether hydrogen adsorption can cause rearrangement of surface metal atoms, such as occurs in
vacuum as shown for a nickel surface by low energy electron diffraction (LEED) 16. Much of the
work in this area strongly suggests an intermediate step in which the discharged hydrogen
dissolves just under the metallic surface and equilibrates with hydrogen covering the surface
itselfl2,16 ,17. This is termed the absorption-adsorption reaction, which if in equilibrium means,
the permeation process itself is the slow step in the overall permeation process. But for very thin
membranes or for high values of hydrogen diffusivity, this equilibrium is not achieved and the
overall permeation process becomes interface controlled 3,18. Both the h.e.r. and the hydrogen
permeation characteristics of a metal cathode are easily measured by using an electrochemical
hydrogen permeation procedure, in which protons are reduced at one surface of a foil specimen,
and the frac,-, -n of the discharged hydrogen entering the metallic material and permeating through
the foil is oxidized back to the proton at the exit surface, with the oxidation current being a measure
of the hydrogen flux. Details of the set-up and circuitry for this procedure are widely available in
the literature 19-21. Models 8, 9,22 developed to understand the relationship between the h.e.r. flux
and hydrogen permeation flux that predate the lyer, et. al. model, are not sufficiently detailed to
evaluate the various rate constants, surface coverages, and other kinetic parameters relating to
hydrogen discharge, evolution, and permeation. These earlier models have even less value in
tLose cases of significant absorption of hydrogen into metallic materials, such as in poisoned
electrolytes 9 since the assumption in these models that hydrogen permeation is negligible is
invalidated. It is in this background that the more rigorous model (referred to as the IPZ model) by
Iyer, Pickering and Zamanzadeh 2 was developed.

In a hydrogen permeation cell the hydrogen discharge reaction rate is given by the cathodic
current density, ic. The relationship between ic and the cathodic overvoltage, Tl, is given by the

Butler-Volmer equation for a well polarized electrode: ic = io" (I -OH) e-awTl. Here, io0 = io/(1-

0e), io = the exchange current density; OH = the surface (hydrogen) coverage, which depends on

11; 0 e = the equilibrium surface (hydrogen) coverage (at )i = 0); a = F/RT = 19.4 V- 1 at 25 'C; a =

the hydrogen discharge transfer coefficient; P, = E - E ; Ec = the electrode potential duringhydoge dichrge an Ec eq c
hydrogen discharge; andeq = the equilibrium electrode potential. The hydrogen recombination

reaction rate is given by ir = F kr (OH) 2 , wiiere, kr is the chemical recombination reaction rate
constant. The hydrogen permeation rate (at steady state) is given by i.- = F (DI/L) cs. Here, L =
the membrane thickness, cs = the charging (sub)surface hydrogen concentration and D! = the
hydrogen diffusivity in the metal. If the hydrogen absorption-adsorption reaction is assunied to be
in local equilibrium, cs = k" OH, where k" = the absorption-adsorption constant that is thickness-
dependent.

2347



The IPZ Model

Assumptions in the IPZ model2,3 that combines hydrogen evolution and hydrogen
permeation are the following: (a) The reactions are at steady state and the only reactions occurring
on the cathode surface are hydrogen discharge (Reaction 1), chemical recombination(Reaction 2a),
and hydrogen absorption (Reaction 3). (b) The cathode surface is sufficiently polarized so that no
oxidation of hydrogen or any other oxidation reaction can occur at this surface. (c) The
absorption-adsorption reaction is in local equilibrium. (d) The hydrogen permeation process
involves simple diffusion of hydrogen atoms through the bulk metal. (e) The surface coverage by
hydrogen is low enough to follow Langmuir conditions, i.e., the free energy of hydrogen
adsorption is coverage independent. This is generally true for OH Z 02 and OH 5 0.8.

One of the major relationships of the IPZ model2 ,3 is between the steady state permeation
flux, io., and the hydrogen recombination flux, ir. Another is the relation between the charging

flux, ic, overvoltage, TI, and permeation flux, i.. These two equations are2 .3

i.= (F kr)"0"5 qir (8)

and
i. eaor (b io" /k") i** + io" (9)

Equation 8 states that i.. is proportional to qir (rather than q'ic as in less rigorous models 8,22 ) for a
coupled discharge-recombination process; ir is obtained by subtracting the value of i,. from ic
(using Assumption a). Equation 8 is an important relationship enabling one to determine the
fraction of the discharged hydrogen that goes off as hydrogen gas and the fraction that actually
enters the metal. The constants in Equation 8 consist of the rate constant for the hydrogen
recombination reaction, kr, the rate constant for the hydrogen absorption-adsorption reaction, k",
the Faraday constant, F=96485 C/equiv. and b = L/(FDI).

Equation 9 is derived by considering some electrochemical details of the polarization of the
cathode 2 and is needed because OH = - cannot be determined by a direct experimental method.

The IPZ model is the first of its kind to include such a useful relationship. For derivation of
Equation 9, the transfer coefficient, (x, has to be determined by a procedure described elsewhere2 .

Accurate determination of a is very important since it is in the exponential term. Construction of

the true a plots at constant OH is discussed in detail elsewhere23. The various kinetic parameters

such as kr, k" and i'o can be evaluated by plotting i., versus 4/ir (Equation 8) and ic eawl versus
i., (Equation 9) and performing regression analyses of these equations (if these plots are linear).

Subsequently, OH (=bik") can be plotted as a function ofr1 and by extrapolating this plot to 1 =

0, 0e can be obtained and, thus, io[= i'o 01-0 e)] evaluated. The io values for various metal
electrodes are generally available in the literature for comparison with the io values determined
using the IPZ model.
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Determination of io, ax, and the various rate constants is important for understanding the
electrolytic hydrogen discharge and permeation process and for determining the parameters that

control the process. For example, the discharge reaction rate constant, k' (= i'o/(aH+ e'aaEeq

gives the rate of proton reduction (aH+ = the hydrogen ion activity and Eeq = the equilibrium

potential for the h.e.r.). kj' is directly proportional to the proton jump frequency and exponentially

related to the activation energy for proton discharge, while ac is related to the symmetry factor
describing the ease with which a proton can get to the top of the activation energy barrier24 . The
chemical recombination kinetics are characterized by kr which describes the surface diffusion of
hydrogen, mean displacement for hydrogen recombination and site specificity, if any.

In order to understand the h.e.r. mechanism and rate controlling step, the intrinsic

(coverage-independent) rates (i.e., the rate constants) of the discharge ('ud = kI (all)

and of the recombination (iUr = kr) reactions have to be compared. If ud and Iur are within one
order of magnitude of each other, then the discharge and recombination reactions are considered to
be coupled2 ,24 . If the reactions are coupled, any factor that changes the rate of one reaction will
affect the rate of the other reaction as well as the rate of the overall reaction. For example, if the
pH of the electrolyte or the cathodic potential is changed it will directly affect ud and in a coupled

discharge-recombination process, it will also affect ur.

The hydrogen absorption-adsorption rate constant, k", (obtained from Equations 8 and 9)
is a very important parameter characterizing hydrogen absorption and adsorption. It contains
quantitative terms describing surface and subsurface kinetic properties of the metal-hydrogen
interaction. If k" is increased, hydrogen absorption is enhanced and if k" is decreased, hydrogen

evolution is enhanced. The k" values can be altered by the presence of films or adsorbed species
on the surface, or impurities in the metal.

If the absorption-adsorption reaction is in local equilibrium, a complete steady state flux
balance at the subsurface will yield1 7,18 : i. = F kabs OH - F kads cs, where kabs is the hydrogen

absorption rate constant and kads is the hydrogen adsorption rate constant, and (i.)- 1 -

[kads/(FDlkabsOH)I L + (FkabsOH)- 1 . Under diffusion controlled permeation conditions, i.e., io,

is inversely proportional to L, the latter relation becomes 2.18 : i. =_ F(DI/L)k'0H, where k' =

kabs/kads. This steady state criterion will thus serve as an additional check for the diffusion
controlled condition, apart from the transient stage condition of the square-root of time lag being
proportional to L. Furthermore, tc ivercome grain boundary effects L has to be much larger than
the average grain diameter for a polycrystalline membrane.

The IPZ model provides an analytical means of evaluating both kabs and kads using a range of

membrane thicknesses that avoid the above-mentioned problems. The relationship is given by2 ,3:

(k)-= (kads/kabs) + (DI/kabs) (L)-1  (10)
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Thus, by determining k" as a function of L, kabs and kads are easily found [if the (k")- 1 versus
(L)-1 plot is linear]. The L values have to be chosen within a small dimensional window, typically
ten to a few tens of the grain diameter since, in addition to avoiding the above mentioned grain
boundary effects, if the membrane is too thick, (k")- 1 _ (k')-1 = (kads/kabs), and so k" becomes
thickness independent. If the permeation experiments are also carried out as a function of
temrnrature, T, kabs and kads, which are respectively proportional to e-(AGabs/RT), and e"
(AGads/RT) where AGabs and AGads are the activation energies of hydrogen absorption and

adsorption, then AGabs and AGads can be determine if the plots of log (kabs) versus (T)- 1 and log

(kads) versus (T)- are linear. At present, there are no alternative ways of determining kabs and

kads. However, the activation energies can be determined from pseudocapacitance1 2 and

B.E.T. 15,25 measurements. Such determinations can also be compared with those obtained in gas
pbase hydrogen charging, correcting for the fugacities involved. These approaches may offer
unique means of not only correlating aqueous charging data with gas phase charging data but also
provide a broad unification of the entry and embrittlement by hydi,)gen originating from two
independent hydrogen sources.

Modified IPZ Model for Poisoned Electrolytes

When metallic materials encounter poisoned environments, the hydrogen permeation is
significantly enhanced indicating significant coverages of the surface by hydrogen in which case
the Langmuir condition (OH Z 0.2) may no longer hold. For higher coverages (0.2 Z OH Z 0.8)
Equations 8 and 9 were modified to include the Frumkin-Temkin correction12 for the discharge and
chemical recombination rate equations to give3,4

loge (4qi/i,*) = (afb/k") i + loge[b(Fkr)0 "5/k"] (11)

loge (fic,i.) = - x a rl + loge( io") (12)

where

fic,i,. = ic e(Xfbi*dlk")/(1-bi./k") (12a)

Here f = y/RT, where y is the gradient of the apparent free energy of adsorption with
coverage and the value of f = 4.5 has been assumed. However, an accurate value of f has to be
obtained for each specific metal-solution system for a more rigorous analysis; techniques such as
the adsorption pseudocapacitance measurements 12 can be utilized for evaluating f. Once f is

known, Equations 11 and 12 will unambiguously yield the values of a, k", kr and io0 . A detailed

evaluation procedure is described elsewhere4 . Essentially, log (ýir/ij) versus i. is plotted, and if

this plot is linear, the slope and intercept will contain the values of ax, k" and kr Then, in Equation

12, k" can be expressed in terms of a and iteratively solved for a. If at values converge to a fixed

value, it will indicate that log(f i i) is linear with T1. But if a does not converge, it will indicate

that the system is not following these relationships and that one or more of the assumptions may
not be valid Such cases can arise if the recombination reaction becomes rate limiting or if it
involves electrochemical desorption (Reaction 2b). If a does converge, then k", kr and io0 are
easily evaluated by regression analyses of Equations 11 and 12. These quantities provide very
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useful information about the way in which poisons promote hydrogen entry. For example, it is
well established that a large hydrogen entry into the metal occurs when H2 S is present in highly
acidic solutions, but the hydrogen overvoltage is reduced. Analysis with the modified IPZ model
showed that the increased hydrogen entry is largely due to the recombination stcp being slowed
considerably, probably in conjunction with the reaction:

H2 S + e- -- H2 S-mh (13)

This side reaction can occur quite fast at the cathodic metal surface and affect the discharge and
recombination steps in various ways4 :

1. H2 S can work as a bridge for hydrogen discharge through H2 S', as originally proposed by

Kawashima, et .al .26:

H2Scathode + H30+ + M -- M-H + H2 S + H2 0 (14)

Reaction 14 leads to a decrease in the overvoltage for the discharge reaction.

2. The recombination reaction can be poisoned by the (H1...H 2 S) intermediate forming on the
cathode and slowing the diffusion of H adatoms and/or blocking the recombination sites (if
the recombination reaction is heterogeneous) on the metallic surface.

The value of ox obtained using the IPZ model, slightly increased with small additions of H2 S,

consistent with the Kawashima, et .al .bridge mechanism. Thus, the primary function of H2 S-
acting as a bridge is to facilitate transfer of protons across the double layer and, thus, decrease the
overvoltage necessary for hydrogen discharge. But the intermediate product (H ...H2 S) poisons
the recombination reaction and this has been quantitatively illustrated by the precipitous decrease in
kr with small additions of H2 S. This is further quantified by the increase in 9H with increasing

[H2 S] at a particular r1 showing the build up of H adatoms due to slowing down of the

recombination reaction. The model evaluations also showed that k" increased with increasing
[H 2 S], although not significantly. In order to attain yet a clearer picture of the role of H2 S in
enhancing hydrogen entry into metallic materials, the absorbates have to be experimentally
analyzed.

Hydrogen Entry from Within Cavities

For a decade in the Penn State Corrosion Laboratory, the IR (ohmic) voltage within cavities
(crevices and artificial pits) has been systematically investigated. In principle, the explanation of
stable localized corrosion as a shift of the cavity electrode potential out of the potential region of
stable passivity, is well founded on potential theory, and a computational model with the ability to
quantitatively predict geometrical features has already been derived.27 Nevertheless, the
importance of the IR voltage in stabilizing localized corrosion has not been considered by the
corrosion science community and so this study was designed to see how important the IR voltage
is in practice. One result (large ohmic voltages) stands out by its reproducibility and novelty.
Reproducibility refers to the every-time observation (out of many tens of experiments) that crevice
corrosion in iron, nickel and stainless steel only occurs when the voltage difference between the
anodic site inside the crevice and the cathodic site on the outer surface (where the oxidant is
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plentiful) is so large that the electrode potential at the corroding anodic site is below (less noble
than) the potential region of stable passivity. 28-32 This same result has been obtained also for pit
growth in nickel. 3 3 In brief, these experimental results, which are documented by simultaneous
in-situ measurement of several parameters using a powerful, new crevice design, 28-31 show that
the IR voltage in cavities is an essential ingredient in at least some forms of localized corrosion.
The results go further in that they show how the IR mechanism can explain the roles of
acidification and chloride ion buildup in promoting localized corrosion and the role of some
inhibitors in decreasing its occurrence. Readers can learn more about the IR voltage as it pertains
to localized corrosion in this writer's other paper in this volume. 34 In what follows in this paper,
the role of the IR voltage in promoting the hydrogen evolution reaction (h.e.r.) and hydrogen
absorption into the metal is evaluated.

Whenever the anodic and cathodic sites are separated, the IR voltage accompanying current flow
between these sites can be an appreciable fraction of the cell voltage, in which case the IR voltage
must be taken into account in a mechanistic analysis of the cell process. This situation is typically
encountered in localized corrosion and in anodic and cathodic protection of surfaces that contain
recesses (crevices, cracks, holidays, etc.). The resulting electrode potential distribution and its
relation to the IR voltage is given by

Ex - Esurf + IR (15)

and depends on the direction of current flow within the cavity as follows: If the current flow
direction is from the cavity electrolyte to the bulk electrolyte, as in the case of localized corrosion or
anodic protection, the electrode potential in the cavity, Ex where x increases with distance into the
cavity, is less noble than the surface potential, Esurf, since the current, I, flows in the negative x
direction; thus I is negative in Equation 15 for anodic protection or open circuit corrosion.t During
anodic protection with Esurf in the passive region, the measured current can be cathodic as a result
of reduction of dissolved oxygen. Since the dissolved oxygen is not readily replenished inside the
cavity, the cavity surface, beyond the deepest point of oxygen transport into the cavity, can support
only the anodic reaction. Consequently, regardless of whether or not an oxidant is present in the
bulk electrolyte, current flows in the negative x direction through the cavity electrolyte, i.e., from
the anodic sites on the cavity wall to the cathodic sites on the outer surface (oxidant present) or to
the counter electrode in the absence of an oxidant during anodic protection.

On the other hand, if the current flow is in the opposite direction (positive x direction) within the
cavity electrolyte, as in the case of cathodic protection, the electrode potential in the cavity, Ex, is
more noble than the set potential at the outer surface, Esurf, where now I is positive in Equation 15
since I flows in the positive x direction. For more description of these factors in establishing the
potential distribution within cavities for cathodic and anodic polarization, the reader is referred to
References 28-31, 35-41.

We are now ready for an evaluation of the tendency for hydrogen evolution and absorption into the
metal from within the cavity, relative to the same tendency at the outer surface for both a protected
and unprotected surface. In the case of open circuit corrosion or an anodically protected surface,
the tendency for the h.e.r. and hydrogen absorption increases with increasing distance x into the
cavity. Very often, this means the situation changes from a condition at the outer surface where no

t In previous papers28 -3 1,35 "41 , Equation 15 was sometimes given as Ex = Eurf - IIRI for open circuit corrosion or

anodic protection, and as Ex = Esurf + IIRI for cathodic polarization except that the absolute magnitude of IR was
only implied. Equation 15 as presented above in the text is equivalent but can be used for all three situations since it
considers that the current I is negative when it flows out of the cavity (negative x direction) as in the case of anodic
protection and open circuit corrosion, and is positve when it flows into the cavity as in the case of cathodic
protection.
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hydrogen absorption occurs because Econ. or Esurf is more noble than the h.e.r. equilibrium

potential, Eeq, to a condition beyond some distance into the cavity where Ex is less noble than Eeq,

i.e., Ex < Ehq, and the h.e.r. occurs and hydrogen is charged into the metal from within the

cavity. Thus, the larger the IR in Equation 15, the greater is the tendency for hydrogen charging
into the metal from within the cavity during open circuit corrosion or anodic protection. On the
other hand, in the case of cathodic protection, the opposite tendency is encountered, i.e., with
increasing distance, x, into the cavity, the tendency for the h.e.r. and hydrogen charging into the
metal decreases compared to the tendency at the outer surface (whereas the tendency for oxidation
reactions, including metal dissolution, increases). This follows again from the basic criterion
expressed in Equation 15 which shows that E. > Esurf, i.e., Ex is more noble than Esurf, for
cathodic protection. It follows (for cathodic protection) that the driving force, Tl for the h.e.r. for

constant Eheq is less (a less negative value of 11) at Ex than at Esug, where Tj is defined as the

eq
departure of the electrode potential from Eh , and the converse is true for anodic protection or

open circuit localized corrosion.

Conclusions

Theoretical and experimental results of the past decade in the authors laboratory have provided new
insight into two aspects of the hydrogen embrittlement issue, as follows:

(i) The Iyer, et. al., (IPZ) computational model has put the hydrogen permeation experimental
technique on a more rigorous basis than was previously available. As a result information about
the details of the hydrogen evolution and hydrogen permeation process can now be obtained from
the application of the model to the measured steady-state permeation rate as a function of charging
current density and membrane thickness. Thus, new understanding should be forthcoming on
how different variables affect the hydrogen charging process, such as the so-called poisons,
compressive stress in the surface, segregates in the surface layer, temperature, etc.. The first
application of the model for understanding how H2S promotes hydrogen entry nicely supports this
prognosis.

(ii) Applying the IR voltage concept of localized corrosion to the hydrogen entry question shows
that the tendency for hydrogen evolution and entry into the metal is affected by IR voltages in
cavities: For open circuit corrosion and anodic protection, the hydrogen charging tendency is
greater inside cavities and holidays than on the outer surface. The converse holds during cathodic
protection.
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Predicting the Susceptibility to Hydrogen Embrittlement
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Abstract
The susceptibility of an alloy to hydrogen embrittlement (HE) is critically affected by the

trapping of hydrogen at microstructural defects, so a knowledge of the trapping characteristics is
crucial in predicting the susceptibility to HE. Hydrogen trapping in various high-strength steels,
precipitation-hardened and work-hardened nickel-base alloys, and titanium has been investigated
using a technique referred to as hydrogen ingress analysis by potentiostatic pulsing (HIAPP).
HIAPP was found to be effective in evaluating the irreversible trapping characteristics of alloys
containing both single and multiple principal traps. The results showed that a range of
microstructural features can be identified as the principal irreversible traps and so demonstrated the
ability of HIAPP to provide a basis for explaining differences in the resistance of alloys to HE.
Furthermore, it was established that the irreversible trapping capability of the alloys can be
correlated with the susceptibility to embrittlement. Hence, HIAPP appears to provide a convenient
means of quantitatively characterizing the propensity of an alloy to undergo HE.

Key terms: hydrogen embrittlement, hydrogen trapping, potentiostatic pulse, high-strength alloys.

Introduction

The susceptibility of an alloy to hydrogen embrittlement (HE) is highly dependent on the
interaction of hydrogen with microstructural defects such as precipitates, grain boundaries, and
dislocations. These defects provide potential trapping sites for hydrogen and so critically influence
the series of events leading to failure. The accumulation of hydrogen at second-phase particles and
precipitates, for example, is generally considered to promote microvoid initiation via the fracture of
particles or the weakening of particle-matrix interfaces. Traps with a large saturabiligy and a hgh
binding energy for hydrogen are highly conducive to HE, 1,2 whereas metals containing a high
density of well-distributed strong traps (high binding energy) that have a low specific saturability
should be more resistant. Accordingly, a knowledge of the trapping characteristics is crucial in
predicting the susceptibility to embrittlement.

The approach currently used to assess HE susceptibility is based on time-to-failure results
from mechanical cracking tests. The disadvantage of these tests is that they require exposure times
typically of days or longer and are often laborious. Furthermore, the results are at best only semi-
quantitative, and it is frequently difficult, if not impossible, to discriminate between more resistant
alloys that do not fail within the given test period.

Over the last few years, hydrogen trapping in various high-strength alloys has been
investigated in our laboratory by using an electrochemical technique referred to as hydrogen
ingress analysis by potentiostatic pulsing (HIAPP).3"6 As the name indicates, the alloy of interest
is subjected to a potentiostatic pulse and the resulting current transients are analyzed by using a
model for hydrogen diffusion and trapping. 7,8 Test data can be acquired rapidly (typically within a
few hours) for a range of charging potentials using only small bulk s.mples of an alloy. In
addition, the data yield both the hydrogen trapping constants and the rates of hydrogen entry into
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the alloy. A crucial finding was that the hydrogen trapping constants represent an index of HE
susceptibility, and so it was shown that HIAPP can provide two key parameters required to
characterize the performance of an alloy in an environment conducive to HE.

HIAPP has been applied to high-strength steels,3 ,4 precipitation-hardened and work-
hardened nickel-base alloys,4, 5 and titanium,6- and was found to be effective in evaluating the
trapping characteristics of alloys containing both single and multiple principal traps. In this paper,
we review the use of HIAPP as a technique for examining hydrogen ingress, particularly in terms
of irreversible trapping. The research was aimed at not only characterizing the susceptibility to HE
but also, wherever possible, identifying the dominant type of irreversible trap in different alloys.
In essence, the goal was to use the data provided by HIAPP as a basis for explaining differences in
the resistance of these alloys to HE.

Role of HIAPP
Techniques

Membrane permeation methods have been used extensively to determine diffusion and
trapping characteristics but they suffer from several disadvantages, as discussed elsewhere. 9 Long
charging times (of the order of days) may be required for hydrogen to diffuse through many
metals, especially those with a fcc lattice, thereby increasing the likelihood of changes in the
surface condition. If a surface film is present, progressive thinning of the film may result from
reduction, and the bare metal may eventually be exposed. Prolonged charging times may also
result in deposition of significant amounts of impurities on the cathode surface.

A further disadvantage is that most, if riot all, diffusion/trapping models for permeation
techniques are based on an input boundary condition of constant concentration, which implies that
they are strictly applicable only for charging conditions without any entry limitation. Hence,
existing permeation models may well yield incorrect values of diffusivity and trapping parameters,
if the prevailing boundary condition involves a constant or time-dependent flux. Unfortunately,
the limitations of the constant concentration condition are not always recognized, even though it
underlies virtually all permeation analyses involving trapping.

In the potentiostatic pulse technique, the metal is cathodically charged with hydrogen for a
certain time, and the potential is then stepped to a more positive value, resulting in an anodic
current transient associated with the reoxidation of H atoms as they diffuse back to the same
surface. Pulse methods are suitable for bulk specimens, sluce only a single surface need be
exposed to the electrolyte. Hence, they offer practical advantages over permeation methods in
terms of specimen shape and charging times. Also, diffusion in bulk specimens can be treated in
terms of a semi-infinite boundary condition, which is mathematically appealing.

Diffusion/Trapping Model For Pulse Technique
A model has been developed to allow for the effect of trapping on diffusion without or with

surface constraints; that is, for cases involving either constant concentration or constant flux at the
input surface. These two cases are characterized by the kinetics of hydrogen entry into the metal:
(1) pure diffusion control, in which hydrogen entry is assumed to be fast enough that equilibrium
is rapidly achieved between adsorbed and subsurface hydrogen; and (2) interface-limited diffusion
control (referred to simply as interface control), in which the rate of hydrogen ingress is controlled
by diffusion but the entry flux of hydrogen across the interface is restricted.

The interface control model s found to be applicable for all alloys studied to date.
According to this model, the total charge passed out is given in nondimensional form by7

Q'(*4) = (1R 1- e-R/4(nR) - [I - l/(2R)]erf'R} (1)
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The nondimensionai terms are defined by Q = q/[FJ\,(tc/ka)l and R = katc where q is the
dimensionalized charge in C cm"2, F is the Faraday constant, and J is the ingress flux in mol cm-2
s"1. The ct-,'rge q'(-o) corresponding to Q'(-) is equated to the charge (qa) associated with the
experimental anodic transients; the adsorbed charge is almost invariably found to be negligible, so
qa can be associated entirely with absorbed hydrogen. ka is an apparent trapping constant measured
for irreversible traps in the presence of reversible traps and can be expressed by k(Da/DL) where k
is the irreversible trapping constant, Da is the apparent diffusivity, and DL is the lattice diffusivity
of hydrogen in the metal.

Eq. (1) was fitted to data for qa as a function of tc to obtain values of ka and J such that J
was constant over the range of charging times and ka was independent of charging potential, as is
required for the diffusion/trapping model to be valid, since the traps are assumed to be unperturbed
by electrochemical variables and remain unsaturated. The values of ka and J can be used to
calculate the irreversibly trapped charge (qT) given nondimensionally by

Qr = IR1/2 - 1/(2R 1/2)lerf(Rl/ 2) + e-R/,tl/ 2  (2)

The charge associated with the entry of hydrogen into the metal (qin) can be determined from its
nondimensional form of Qin = "qR by using the value of ka. The data for qin, qT, and the cathodic
charge (qc) can then be used to obtain two ratios: (1) The trapping efficiency (qT/qin),
corresponding to the fraction of hydrogen trapped in the metal; and (2) the entry efficiency (qin/qc),
representing the fraction of hydrogen entering the metal during charging.

Trap Density
The density of particles or defects (Ni) providing irreversible traps can be obtained from the

apparent trapping constant by using a model based on spherical traps:4'sa

Ni = kaa/(4ntd 2Da) (3)

where a is the diameter of the metal atom and d is the trap radius, which is estimated from the
dimensions of heterogeneities that are potential irreversible traps. The value of a for an alloy is
taken as the mean of the atomic diameters weighted in accordance with the atomic fraction of each
element. The predominant irreversible trap can be identified by comparing the calculated trap
density with the actual concentration of a particular heterogeneity in the alloy.

The assumption of spherical traps is an approximation in most cases. However, for
various alloys studied to date, the calculated trap densities have shown close agreement with the
concentrations of potential trap particles that are clearly not spherical, suggesting that use of a more
applicable trap geometry would make little difference in identifying the principal traps.

Experimental

The composition and yield strength of each alloy are given in Tables I and 2, respectively.
Also shown in Table 2 is the thermo-mechanical treatment used for each alloy. A number of the
alloys contained micrometer-size particles such as carbides or, in the case of 4340 steel, sulfide
inclusions. The characteristic dimension of these particles was determined as the mean of the linear
dimensions in the exposed plane.

The test electrodes of each alloy consisted of a length (1.3-3.8 cm) of rod press-fitted into a
Teflon sheath so that only the planar end surface was exposed to the electrolyte. The surface was
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polished before each experiment with SiC paper followed by 0.05-g.m alumina powder. The
electrolyte was an acetate buffer (1 mol L- 1 acetic acid/i mol L-1 sodium acetate) containing 15 ppm
As20 3 as a hydrogen entry promoter. The electrolyte was deaerated with argon for 1 hr before
measurements began and throughout data acquisition. The potentials were measured with respect
to a saturated calomel electrode (SCE). All tests were performed at 22 + 2*C. Details of the
electrochemical cell and instrumentation have been given elsewhere. 3

The test electrode was charged with hydrogen at a constant potential Ec for a time tc, after
which the potential was stepped in the positive direction to a value 10 mV negative of the open-
circuit potential Eo.3,7,8 Anodic current transients with a charge qa were obtained over a range of
charging times (0.5-60 s) at different overpotentials (Ti = Ec - Eoc). The open-circuit potential of
the test electrode was sampled immediately before each charging time and was also used to monitor
the stability of the surface oxide; reduction of the film was evident from a progressive shift of Eoc
to more negative values with each tc at a sufficiently high charging potential. A typical transient is
shown in Figure 1. Experimental and fitted values of qa for various charging times are compared
in Figure 2, which illustrates the level of agreement obtained for the alloys in this work.

Initial Application of HIAPP

The application of HIAPP to alloys was explored initially with a high-strength steel -
AISI 4340 (UNS G43400), and two nickel-containing alloys - Monel K-500 (UNS N05500) and
MP35N (UNS R30035). 3 The aim was to determine their hydrogen ingress characteristics and
compare them in relation to differences in their HE susceptibility.

Hydrogen Ingress Characteristics
The values of ka and k are shown in Table 3. ka was found to be independent of heat

treatment in the case of 4340 steel. Initial results3 for alloy K-500 indicated that there was no
apparent difference in trapping behavior between the unaged and aged alloy, but improvements in
data aquisition have since revealed that the trapping constant of the aged alloy is a little higher than
that of the unaged alloy. 10

The values of both k and J are higher for 4340 steel than those for alloys K-500 and 35N.
Hence, both of these parameters are consistent with the steel being more susceptible to HE than the
two nickel-containing alloys. The reduction of H+ and subsequent entry of H atoms into alloys K-
500 and 35N occurred on an oxide-covered surface, which undoubtedly explains the lower
hydrogen flux for these alloys. Perhaps of more significance in terms of susceptibility is the nature
of the irreversible traps reflected by the values of k. This issue was explored further by calculating
the density of irreversible trap defects (commonly second-phase particles and precipitates) from ka
IEq. (3)1 and comparing it with the actual defect concentration in the alloy.

Identification of Traps
4340 Steel. The trap density was calculated in terms of MnS inclusions and was found to be in

reasonable agreement with the actual concentration of inclusions, indicating that they did indeed
provide the primary irreversible traps in this alloy. The lack of change in ka and therefore Ni with
heat treatment was further evidence that the irreversible traps were asoociated with some stable
species such as MnS inclusions.

Alloys K-500 and 35N. HE in Ni-Cu base alloys and alloy 35N is known to be assisted by
sulfur and phosphorus segregated at grain boundaries.11 ,12 Since hydrogen also probably
segregates to the grain boundaries as in Ni, 13 grain boundary S and P were assumed to provide the
irrcversible traps predominantly encountered by hydrogen in alloys K-500 and 35N. However, a
lack of data for S and P segregation in these alloys makes it difficult to verify the nature of the traps
by the approach used here.
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The density of irreversible traps provided by atomic S and P is three orders of magnitude
less than the overall S and P content determined from the alloy composition (Table 1). Hence, it is
clear that, providing that S and P are the principal irreversible traps, any useful comparison of Ni
must be made with respect to grain boundary concentrations. Subsequent work5 on Hastelloy C-
276 (UNS N10276) has shown that it is possible for the trap density to agree closely with the
amount of grain boundary P distributed per unit volume of the alloy. Hence, it does seem
reasonable in the case of alloys K-500 and 35N to consider S and P at grain boundaries, rather
than in the bulk alloy, to be the primary irreversible traps.

Rationale for HE Susceptibility
Two significant findings emerged from this work in terms of rationalizing differences in the

HE susceptibility of the three alloys. First, values of k and J for 4340 steel were higher than those
for alloys K-500 and 35N. Second, the irreversible traps in the steel appeared to be associated
with inclusions, whereas those in alloys K-500 and 35N were considered to be elements
segregated at grain boundaries. The difference in both the nature of the irreversible traps and the
interfacial flux must play a major role in the different susceptibilities of the steel and the two Ni-
containing alloys. The sulfide inclusions, in particular, can be linked to the susceptibility of 4340
steel, since they are strong traps with a large hydrogen capacity; in other words, these inclusions
possess the two characteristics that are most detrimental.

Further Application of HIAPP

The application of HIAPP was extended to alloys of various groups: Precipitation-
hardened alloys - Inconel 718 (UNS N07718), Incoloy 925 (UNS N09925), and l8Ni maraging
steel;4 work-hardened alloys - Inconel 625 (UNS N06625) and Hastelloy C-276;5 and pure
(99.99%) and grade 2 (UNS R50400) titanium. 6 In the case of pure Ti, the anodic charge was
invariant with tc, indicating that negligible hydrogen enters the metal. The resistance of pure Ti to
hydrogen entry was attributed to the surface film, which is known to be a highly effective barrier.

Hydrogen Ingress Characteristics
The mean values of ka and k are summarized in Table 3. The maraging steel has the

highest value of k, followed by alloys 718, C-276, 925, Ti grade 2, and alloy 625. Stress-rupture
tests during electrolytic charging have shown that 18Ni (1723 MPa) maraging steel undergoes
severe embrittlement, whereas alloy 718 exhibits negligible susceptibility.-14 In addition, test
results suggest that Incoloy 903 (UNS N09903) 15 and, by implication, alloy 925 are less sensitive
than alloy 71814 to HE. Hence, the irreversible trapping constants for the precipitation-hardened
alloys are consistent with their relative susceptibilities to HE.

A similar comparison of the susceptibilities of alloys C-276 and 625 is complicated by their
sensitivity to the amount of cold work performed in each case. However, the ranking of these
alloys can be assessed indirectly from previous studies of alloys C-276 and G (UNS N06007).16
The composition of alloy G is comparable to that of alloy 625, and it can be reasoned 5 that, for the
degree of cold work involved, alloy C-276 should be more susceptible to embrittlement, as indeed
indicated by the trapping constants. The susceptibility of alloy C-276 relative to the other alloys,
as reflected by its trapping constant, is subject to some question because of the uncertainty in k.

Titanium grade 2 exhibited two values of k, depending on the level of hydrogen present in
the metal. The similarity in trapping constants for Ti grade 2 and alloy 925 fits their relative
resistance to HE in that long exposure times are required for the concentration of hydrogen to
exceed the level necessary to result in a loss of mechanical properties. 15 ,17 Furthermore, the
higher trapping constant coincides with the increasing susceptibility to embrittlement with
hydrogen concentration due to hydride precipitation.
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Identification of Traps
Alloy 718. The irreversible traps were assumed to be niobium carbide particles, and the

density of trap particles was calculated to be 2.0 x 1013 m-3, as compared with 2.2 x 1013 m-3 for
the actual concentration of carbide particles. This close agreement was remarkable in view of the
spherical shape assumed for the traps and carbides, but it indicates clearly that large traps with both
a high surface area and a high trapping energy can overwhelmingly dominate the irreversible
trapping behavior of an alloy.

Alloy 925. TiC particles were assumed to provide the irreversible traps in Incoloy 925, and the
density of trap particles was calculated to be 4.1 x 1013 m-3. The actual concentration of carbide
particles (4.6 x 1013 m-3) and the trap density were again found to be in close agreement, despite
treating both the traps and carbides as spherical.

18Ni Maraging Steel. A combination of irreversible traps and quasi-irreversible traps appeared
to be present in this alloy. The quasi-irreversible traps were difficult to identify, although
autoradiography studies have shown that trapping occurs at grain boundaries and martensite
boundaries in maraging steel. 18 Both sites appear to be moderately strong traps. However, grain
boundaries are generally considered to be reversible traps in ferritic steels, and so the martensite
boundaries may well be stronger traps. The martensite boundaries, like grain boundaries 19 were
assumed to have an influence diameter of 3 nm, which gave a trap density of 9 x 1017 m-3.

The irreversible traps were able to be identified more closely with qualified support from
the comparison of Ni with particle concentration. Trapping has been observed at carbo-nitride
interfaces in maraging steels, 18 and so the density of irreversible traps was calculated on the basis
of TiC/Ti(CN) particles. Ni was found to be 3.4 x 1011 m-3, as compared with (1.1 ± 0.6) x 1013
m-3 for the actual concentration of particles. The two values differ by a factor of -30, which can
largely be accounted for by uncertainties in both the concentration of particles and the value of Da
assumed for the maraging steel. In view of these uncertainties, the calculated trap density and
carbide/nitride concentration were considered to correlate moderately well.

Alloy 625. NbTi carbide particles were assumed to act as the principal irreversible traps, and
the density of trap particles was calculated to be 2.5 x 1013 m-3. Since there was some uncertainty
in Da for this allo-, the trap density was regarded as being in good agreement with the actual
concentration of particles (7.4 x 1013 m-3).

Alloy C-276. The trapping behavior can be interpreted on a similar basis to that for 18Ni
maraging steel, in which both irreversible and quasi-irreversible traps exist. The quasi-irreversible
trapping was consistent with the formation of an unstable hydride during charging. In the
irreversible case, the traps were clearly different from those in the other cold worked alloy (625),
since carbide particles appeared to be absent in alloy C-276. The HE susceptibility of this alloy,
like that of alloy 35N, has been correlated with the concentration of phosphorus segregated at grain
boundaries.20 Hydrogen probably segregates to the grain boundaries also in this case, so grain
boundary P was again assumed to provide the irreversible traps. It should be noted that although P
may play a role in alloy 625, the carbide particles appear to dominate the irreversible trapping.

The concentration of grain boundary P was estimated on the basis of a simple
microstructural model involving cubic grains of length b (in m).5 By using data for P enrichment
at grain boundaries in alloy C-276,20 it was shown that the amount of grain boundary P per unit
volume (Cb) is given by 9 x 1016/b atoms m-3. The value of b for the C-276 alloy was estimated
to be 10 gim, and therefore, Cb was calculated to be -9 x 1021 P atoms m-3. In contrast, the total P
content of the alloy corresponded to 8.6 x 1024 atoms m-3, while the trap density calculated on the
basis of atomic P was found to be 1.9 x 1022 m-3 . The close agreement between the values of Cb
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and Ni was somewhat fortuitous but demonstrated that grain boundary P can in fact provide the
primary irreversible traps.

Titanium Grade 2. The increase in trapping constant at a high enough overpotential can be
ascribed to an additional type of irreversible trap participating concurrently with the irreversible
traps detected at low overpotentials. The trap density at low hydrogen levels was calculated in
terms of the minor elements (C, N, 0, and Fe), and it was found that all of them except nitrogen
could be discounted as the principal irreversible trap. Interestingly, among the interstitials,
nitrogen is particularly effective in reducing the ductility of titanium,2 1 which coincides with its
apparent role as the principal trap. Hence, nitrogen may strongly affect the susceptibility of Ti
grade 2 to HE through its combined influence on brittleness and hydrogen trapping.

The additional trapping constant obtained at high hydrogen levels [Ec <-0.93 V(SCE)I is
probably associated with the accelerated formation of hydrides reported 22 to occur at potentials
more negative than -1.0 V (SCE). A decrease observed in the entry efficiency (Figure 3) in this
potential region is consistent with the presence of a partial barrier to hydrogen entry and so
provides support for the formation of a thick hydride layer.

Rationale for HE Susceptibility
Two key features marked the work extending the use of HIAPP. First, the trapping

capability of the individual alloys was shown to be consistent with their relative susceptibilities to
HE. Second, a range of microstructural features were identified as the predominant irreversible
traps, present as either a single type or multiple types.

Alloys 625, 718, and 925 were each characterized by a single type of irreversible trap -
(NbTi)C, NbTi(CN), and TiC particles, respectively - whereas alloy C-276 and 18Ni maraging
steel were characterized by both an unidentified quasi-irreversible trap and an irreversible trap
thought to be grain boundary phosphorus in the case of alloy C-276 and TiC/Ti(CN) particles in
the case of the steel. Ti grade 2 exhibits two types of irreversible trap - probably involving
interstitial nitrogen and hydride formation - depending on the concentration of hydrogen in the
metal. The type of trap defect tends to be reflected by its size, so the type, together with the defect
concentration (No) and the hydrogen diffusivity, determines the magnitude of k.4 Thus, in view of
the diversity of microstructural features that act as the predominant traps, it is not surprising that
the HE susceptibility varies considerably between alloys.

Ranking Susceptibility to Hydrogen Embrittlement

The irreversible trapping constants for all the alloys tested in this work are listed in Table 4
in descending order. Clearly, there is a strong correlation between the HE susceptibility and the
trapping capability of the alloy as represented by k. The trapping constants, as might be expected,
indicate that the 4340 steel is the most susceptible, followed by the maraging steel, which is
predicted to be somewhat less so on the basis of its k. The sequence of k values for the two steels
is in agreement with experimental results, which showed that 4340 steel was more susceptible to
hydrogen-induced cracking than 18 Ni(250) maraging steel.23 At the other extreme, the low
trapping constant for alloy 35N is consistent with the high resistance to HE found in practice for
this alloy.24

It is difficult to determine whether the two cold-worked alloys follow the observed pattern
for the trapping constants because of a lack of relevant results for HE. Moreover, some
uncertainty in the values of k for alloys C-276 and 625 compounds the difficulty in evaluating the
position of these alloys in Table 3, other than noting that, as discussed above, the C-276 alloy in
this study is somewhat more susceptible to embrittlement than alloy 625. The position of alloy 625
is comparable to that of alloy 35N within the uncertainty of k. Failure tests24 indicate that alloy
625 with 17% cold work should be at least as resistant to HE as alloy 35N in the condition (40%
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cold reduced and aged) of interest in our work. In fact, the Inconel may be more resistant than the
alloy 35N specimen, as implied by their different values of k. Hence, the trapping constants of
alloys 625 and 35N appear to be consistent with the relative HE susceptibilities.

Summary
A correlation was shown to exist between trapping capability and HE susceptibility for a

wide range of alloys. In the case of 4340 steel and 18Ni maraging steel, the trapping constants
reflect their relatively high susceptibility, whereas the nickel-base alloys display less trapping
capability than the two steels and, as expected, are found to be more resistant to HE. Differences
in the resistance of the nickel-base alloys are smaller than those for the steels, but they can still be
resolved from the trapping constants. In particular, the trapping constants for alloys within groups
defined by thermo-mechanical treatment (precipitation- and work-hardening) are consistent with
their relative susceptibilities to embrittlement. Thus, HIAPP appears to provide a convenient
means of quantitatively characterizing the susceptibility of an alloy to HE. In addition, a range of
microstructural features can be identified as the predominant irreversible traps, either singly or in
the presence of multiple principal traps.
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Table 1

ALLOY COMPOSITION (wt %)

Alloy Al C Co Cr Cu Fe Mn Mo NI P S SI TI Other

4340 Steel 0.031 0.42 0.89 0.19 bal 0.46 0.21 1.74 0.009 0.001 0.28 0.005 N. 0.001 0. 0.05 Ca

18Ni Steel 0.13 0.009 9.15 0.06 0.11 bal 0.01 4.82 18.42 0.004 0.001 0.04 0.65 0.003 B, 0.01 W. 0.02 Zr
K-500 2.92 0.16 29.99 0.64 0.72 64.96 0.001 0.15 0.46

35N 0.003 bal 20.19 0.34 <0.01 9.55 35.88 0.003 0.002 0.02 0.85

718 0.60 0.03 0.16 18.97 0.04 16.25 0.10 3.04 54.41 0.009 0.002 0.11 0.98 0.003 B, 5.30 Nb+Ta

925 0.30 0.02 22.20 1.93 28.96 0.62 2.74 40.95 0.001 0.17 2.11

C-276 0.002 0.83 15.27 584 0.48 16.04 57.5 <0.005 <0.002 <0.02 3.90W

625 0.18 0.03 22.06 4.37 0.17 8.70 60.33 0.012 0.001 0.38 0.27 0.12 V,3.5ONb+Ta

Ti grade 2 0.021 0.17 bat 0.007 N, 0.16 0. <0.006 H

Table 2
Thermo-Mechanlcal Treatment of Alloys

Alloy Heat Treatmenta Test Condition Yield Strength (MPa)

4340 Steel Annealed Austenized/Tempered 1206
to HRC 41 and 53 &1792

18Ni Steel Aged (482"C, 4 hr) As received 1954

K-500 Cold drawn, unaged As received 758
Aged (6000C, 8 hr) 1096

35N Cold drawn and aged As received 1854

718 Hot tinish, solution treated As received 1238

925 Hot finish, annealed, aged As received 758

625 Hot finish, annealed 17% cold work 1195

C-276 Hot rolled 27% cold work 1237

Ti Grade 2 Annealed (620"C, 1 hr) As received 380

a Provided by producer.
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Table 3

Trapping Parameters

Alloy ka (s"1) DL/Da k (" 1 )

4340 Steel 0.008 ± 0.001 500 4.0 ± 0.5

K-500 Unaged 0.017 ± 0.003 2.0 0.034 ± 0.006
Aged 0.021 ± 0.003 2.0 0.042 ± 0.006

35N 0.026 ± 0.002 1 0.026 ± 0.002

718 0.031 ± 0.002 4.0 ± 0.5 0.124 ± 0.024

925 0.006 ± 0.003 4.6 ± 0.6 0.034 ± 0.004

18Ni Steel 0.005 ± 0.002 300 ± 90 1.50 ± 1.05
0.010 ± 0 .0 05 a 300 ± 90 3.00 ± 2.40

625 0.004 ± 0.002 2.6 ± 0.8 0.014 ± 0.010

C-276 0.025 ± 0.003 2.6 ± 0.8 0.090 ± 0.030
0.019 ± 0 .0 10 a 2.6 ± 0.8 0.068 ± 0.051

Ti pure nab 1 na

Ti grade 2 0.028 ± 0.002 1 0.028 ± 0.002
0.012 ± 0.006c 1 0.012 ± 0.006

a Quasi-irreversible trapping; b na - not available; C Hydride formation.

Table 4
Irreversible Trapping Constants

Alloy k (s01)

4340 steel 4.0 ± 0.5

18Ni (300) steel 1.50 ± 1.05

718 0.128 ± 0.024

C-276 (27% cwa) 0.090 ± 0.030

K-500 0.040 ± 0.010

Ti grade 2 (high H) 0.040 ± 0.008

925 0.034 ± 0.004

"Ti grade 2 (low H) 0.028 ± 0.002

35N 0.026 ± 0.002

625 (17% cw) 0.014 ± 0.010

acw - cold work
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Abstract

The purpose of this investigation was to evaluate the effects of three different types of surface
modifications on the hydrogen embrittlement (H.E.) of 4130 steel. The surface modification processes
employed here were laser surface hardening, cold rolling and shot peening. The specimens were fully
annealed before the test, and then subjected to the surface modifications listed above. To assess the
degree of H.E., slow strain rate tensile test (C.E.R.T.) and constant load rupture test (C.L.R.T.) were
carried out in NACE H2S-saturated solutions. Under external stress application, cracks were found
near the interface of the hardened zone and the base metal. Consequently, the ductility of the specimens
was severely degraded. In the case of cold rolling, the results in this work suggest that cold rolling
increased the resistance to H.E. under all types of loadings. It was mainly because of the compressive
stresses on the surface and the amount of uniform trapping sites produced by cold rolling. The critical
amount of rolling under which no cracking was found, however, depended on the steel composition,
heat treatment as well as the service conditions. Shot peening resulted in a residual compressive stress
on the surface, thus retarding the formation of crack induced by hydrogen. The amount of loading was
found to have a significant effect on the H.E. susceptibility of steel after shot peening. For instance, it
was sensitive to H.E. when the external stress applied was higher than the yield strength of material.
However, when the applied stress was lower than the yield strength, the compressive stress resulted
from shot peening can resist H.E..

Keyterms: AISI 4130 Steel, hydrogen embrittlement, laser surface hardening, cold rolling, shot
peening
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Introduction

There are many failure modes in petroleum refining processes. Figure I illustrates examples of
failure for furnace tubes : oxidation, external crack, degradation, creep, corrosion, hydrogen attack and
carburizationI. Thus ways to prevent premature failure of steel induced by hydrogen are always
emphasized in the petrochemical industry. The purpose of this investigation was to study the effects of
surface modification on the hydrogen embrittlement (H.E.) of AISI 4130 steel. A high power CO 2 laser
provided a controllable, precise energy source for phase transformation of steels to produce a
martensitic layer on the steel surface. The existence of this martensitic layer delays the hydrogen
diffusion into the steel. Many reports 2,3 state that shot peening and cold rolling also increase the
resistance of a stccl to hydrogen embrittlement. This is because these types of cold deformation
increase the dislocation density, produce a compressive stress on the steel surface, and change the
hydrogen diffusion path. However, adverse effects of cold working have also been reported on
spheroidized 1045 4 , and 1095 5,6 steels. It is possible that the cold working can enhance hydrogen-
induced failures by facilitating the particle-matrix separation, void initiation and growth, local stress
concentration caused by plastic incompatibility and particle cracking. These contrasting results illustrate
the complexity of the effect of cold working, and that different types of steel, because of their chemical
compositions and microstructures, might behave differently after surface treatment. This paper focuses
on the evaluation of the above different surface modification techniques for resisting hydrogen
embrittlement in the 4130 steel.

Experimental Procedure

The chemical composition of AISI 4130 steel used in this work was determined by XRF analysis
(Table 1). Before surface modification, specimens were austenised at 870 0 C for 1 hour, then furnace-
cooled to room temperature. The resulting microstructure was a ferrite/pearlite banded structure(figure
2), with a hardness around Hv 200. The specimens were then subjected to different kinds of surface
modifications. In order to increase the absorptivity of specimen during the laser surface hardening,
black paint was coated on the surface before the laser surface treatment. The laser power, traveling
speed and defocused distance were 1200 watts, 2500 mm/min and 15 mm respectively. Careful
controlling of the laser treating process was followed in order that the surface layer of the material
exceeded the austenising temperature. Overheating the specimen which might give rise to melting was
avoided. In the cold rolling process, the specimens were subjected to different degree of rolling
reductions (10%, 20% and 30%). To avoid specimen distortion, each pass of the cold rolling was less
than 2% reduction. Shot peening conditions used in this work are shown in Table 2. Shot peening for
10 minutes was found to be the best condition after preliminary testing on H.E., it was then chosen to
evaluate the effects of shot peening treatment. Hydrogen charging following the specifications of
NACE TM-01-77 (5% NaC1 +0.5% acetic acid ) was used to evaluate the degree of H.E.. During
tensile testing, H2 S was charged continuously into the solution to ensure that the solution was
saturated with the gas. Both constant extension rate tensile testing (CERT) and constant load rupture
testing (CLRT) were employed. In CERT, three different extension rates (5*10-6, 10*10-6 and 20* 10-
6 sec- 1) have been used. Figure 3 shows the dimensions of the tensile specimens . The loss in
elongation of specimens with hydrogen charging, as compared to that of the hydrogen-free specimens,
was chosen as the index on H.E. susceptibility. For CLRT, a load corresponding to 70%, 80% and
90% of the tensile yield stress of materials was applied to the specimen while being hydrogen charged.
The time to failure (ITF) was recorded as an indication of the H.E. susceptibility.

Results and Discussion

Laser Surface Modification

Martensitic layers were produced by the laser treatment. The interaction time between laser beam
and specimens was so short that banding was retained after the hardening. Figure 4 shows the cross-
sectional hardness of a specimen after laser treatment. An average hardened layer of about 0.5 mm was

2368



formed. Figure 5 shows the load-elongation curves of specimens. When the specimens were charged
with H2 S, the U.T.S. and elongation decreased significantly. On application of an external load,
microcracks were formed in the martensitic layer. When the stress level increased, the cracks
propagated through the specimen. At the same time, hydrogen was transported to the cracks. So
U.T.S. and elongation were decreased by the action of hydrogen in the crack tip. The same
phenomenon was also observed under constant load rupture testing. Figure 6 shows the micrographs of
failure specimens. There were several cracks on CERT and CLRT specimens if H2S-charged. Figure 7
shows the elongation loss under different strain rate tensile testing. Figure 8 shows the time to faihare
under different applied stress. When an external stress was applied, cracks were produced quickly in
the martensitic layers. These cracks propagated through the specimens and failure occurred shortly.
Thus under external stress condition, laser hardening was found to be detrimental to the H.E. resistance
of 4130 steel.

Cold Rolling Treatment

Figure 9 shows that without hydrogen charging, the U.T.S. of cold-rolled specimens increased
with increasing amount of cold deformation, and that it also decreased slightly with increasing strain
rate. It is very obvious from the CERT and CLRT studies that the susceptibility of steel to hydrogen
embrittlement was significantly reduced by cold working. In Figure 10, where the results of elongation
losses of the hydrogen-charged specimens is plotted against the degree of cold rolling, it is evident that
under constant extension rate, the specimens suffered more elongation loss when a slower extension
rate was used. This was as expected since with a slower extension rate, more hydrogen was allowed to
diffuse to the stress concentration sites, hence allowing hydrogen embrittlement to take place. Figure
10 also shows that the elongation losses decreased with increasing degrees of cold rolling, a result that
was different from that obtained in CLRT (Figure 11). Thus in CERT, a specimen with 30% rolling
reduction was more resistant to H.E. than that with 20% or 10% reduction, while the opposite result
was observed in CLRT. An explanation for this apparent discrepancy is given as follows. Cold rolling
increased the dislocation density, created heterogeneity, and depending on the degree of deformation,
some voids or small cracks were formed in the steel. For CERT, the testing duration was less than 6
hours. Taking into account the relatively short charging periods, only a limited amomint of hydrogen
can diffuse into the specimens. With increasing degree of cold deformation, hydrogen diffusion was
slow, and the hydrogen was evenly distributed in traps such as deformed grain boundaries, microvoids
or microcracks, dislocations etc. Thus a critical hydrogen concentration, C, which gave rise to
hydrogen embrittlement, could not be achieved easily. Consequently the degree of H.E. for 30%
reduction specimens was reduced. On the other hand, for un-deformed or lightly deformed specimens
(e.g.. 10% reduction), hydrogen diffusion in these specimens was high, and there were relatively less
number of defects available for innocuous hydrogen trapping. In this case hydrogen diffused to the
cracking zone easily and induced failure. However, for CLRT the situation was different. The
hydrogen charging period was ten times or more than that in the CERT. Diffusion of hydrogen was no
longer a problem and all the traps were filled with hydrogen. Thus the specimens with 30% reduction,
which have more defects and microvoids with a large amount of hydrogen within these traps, were
more prone to hydrogen embrittlement than those lightly deformed specimens. In a study on the
stepwise cracking (SWC) of cold-rolled steel, where the stress-free specimens were immersed in
NACE H2 S solution for 96 hours, it was found that the cold rolling increased the SWC resistance of
the specimens, but the resistance diminished as the degree of cold rolling exceed 15%(7). In summary,
the above results of CERT and CLRT can be explained by the trapping theory, and the effect of cold
rolling varied with the form of stress application and the hydrogen charging period.

Shot Peening Treatment

Figure 12 shows the results of CERT of specimens after shot-peening. Elongation loss of these
specimens was higher than that of the as-received specimens. Figure 13 shows the results of CLRT of
shot peened specimens. The result obtained was different from that obtained in CERT. In CLRT, a
specimen after shot peening treatment was more resistant to H.E. than the as-received one. Shot
peening treatment created localized deformation and increased heterogeneity in the steel. It also induced
a compressive stress on the surface. In CERT, the treatment could change the surface stress
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distribution, destroy the compressive stresses on the surface, and allow hydrogen to reach stress
concentration areas easily . The higher stress level in CERT, as compared with that in CLRT, may also
reduce the critical hydrogen concentration levels required for hydrogen embrittlement. In any case both
factors increased the H.E. susceptibility of the specimens. For the CLRT results, hydrogen transport
by dislocation was not so obvious when applied stress was lower than yield stress of material. The
movement of dislocations at these stress levels was very much restricted, and diffusion was the main
mechanism for hydrogen transport. This is the reason why the shot peening specimen could help in
resisting hydrogen embrittlement. Figure 14 shows the fracture mode of charging-free and charged,
shot peened specimens. Under a charging-free condition, the specimens shows ductile failure with a
dimple pattern that can be seen clearly. After H2S charging, metals were embrittled severely by
hydrogen, the fracture mode of the base metal changing from ductile to quasi-cleavage failure.

Conclusions

For the safe and economical operations, it is necessary to investigate the effect of different types
of surface treatment on the hydrogen embrittlement of the AISI 4130 steels. Three major conclusions
were obtained which provide some information on the prevention of material failure in hydrogen
charging environment:

1. For the laser-hardened specimens, cracks were found near the interface of the hardened zone and the
base metal under tensile stress in hydrogen charging environment. The mechanical properties were
severely degraded. Thus suggests that laser surface hardening is not a suitable way for improving the
hydrogen embrittlement resistance of steels under external stress.

2. Cold rolling can reduce the sensitivity of AISI 4130 steel to hydrogen embrittlement. This is due to
the increase in dislocation density and defects which delays the hydrogen diffusion in the steel. The
defects may act as innocuous trapping sites for hydrogen. The optimum degree of cold rolling may
depend on the service conditions such as the stress state, hydrogen contents etc.

3. Shot peening made the steel more resistant to hydrogen embrittlement than the as-received condition

if the applied stress was lower than yield strength of material.
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Table I. Chemical composition of AISI 4130 steel by XR1F. analysis

Material Fe C Si mil P S Ni Cr Mo

F41'3(0 -Bal- .3 15 0.26 0.49 .004 .003 0.27 0.99 0.16
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Abstract

The transport of hydrogen through low carbon sheet steels has been studied using
the electrochemical permeation test. When high current densities (> 50 mA/cm2) are
used, the anodic current maximum is followed by a decrease in current to a plateau
level. This nonsteady state behavior has been attributed to the formation of hydrogen
damage and trapping in the material. An empirical model has been developed which
considers the hydrogen entry and exit reactions and surface effects. The nonsteady state
conditions have been evaluated in model simulations.

Key terms: hydrogen, steel, modeling

Introduction

There has been recent interest"'2 in hydrogen absorption by low carbon sheet
steels (< 0.04 % C) during the industrial process of electrogalvanization. During this
process the steels are subject to high current density (100-500 mA/cm2) alkaline
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electrocleaning, acid electropickling, and electroplating. The hydrogen absorption
behavior during these conditions is of interest.

The interaction between hydrogen and steels has been well documented in several
reviews3',',. Specific studies have emphasized the effects of pH 6'7, cathodic
current',"",", electrolyte agitation12, surface finish"3 or hydrogen diffusion"4 '".
However, most of these studies have been conducted under benign conditions (i.e., low
current densities and minimal agitation). Commercial electroprocesses associated with
electrogalvanizing (the electrocleaning, electropickling and electroplating steps) operate
under severe conditions of electrolyte pH, high current densities (100 to 500 mA/cm2),
vigorous agitation (line speeds of 90 to 150 m/min) and moderate temperatures (55 -
719C). Under these extreme conditions the hydrogen that enters the steel sheet can cause
damage, and the damage may affect subsequent hydrogen absorption behavior.

The phenomenon of nonsteady state hydrogen permeation has been previously
reported by Beck and Bockris'6 . Figure 1 illustrates two permeation curves that were
obtained under different charging conditions (100 and 0.5 mA/cm2 respectively). In
both cases ultra low carbon steel was tested. The high cathodic charging (100 mA/cm2)
resulted in a maximum in the anodic current versus time curve, followed by a decrease
to a plateau. This "hump" is the nonsteady state behavior attributed to hydrogen
damage and trapping. The permeation curve obtained at the low charging current
conditions resulted in no such "hump." For studies on iron it has been recommended
that cathodic currents < I mA/cm2 be used in permeation testing to prevent the
occurrence of damage in the material."7 These low current densities are far below those
used commercially.

It has been hypothesized"6 that the decrease in permeation current is due to
subsurface damage. Such damage is thought to result from a high and non uniform
distribution of dissolved hydrogen in the metal lattice. The non uniform expansion of
the lattice could lead to the formation of a significant dislocation density. The high
degree of hydrogen in solution could also lead to void formation. From a
phenomenological point of view during charging under high current density conditions
the surface of the metal is undergoing changes as a function of time. These changes
limit hydrogen transport across a generalized electrolyte/metal interface. This paper will
explore the effect of changing the resistance to hydrogen transport across the cathodic
electrolyte/metal interface on the permeation current measured during a permeation test.
A model will be used to examine this effect that represents the interfacial resistance by
a single parameter called the mass transfer coefficient (Kc).

Modeling Overview

An analytical model was developed which describes the hydrogen entry and
transport during the extreme conditions of the industrial processes used during
electrogalvanizing. The details of the development of the model are described
elsewhere'8, but a summary of the model will be given. Figure 2 illustrates several
parameters utilized in the model. The model is applied to the geometry of a permeation
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experiment. The parameters cl and c2 are the hydrogen concentrations predicted by the
Nernst equation and Hirth's19 equation for the absorption of hydrogen in iron. The
actual concentrations of hydrogen beneath the metal surfaces at x=O and x=L are c(0,t)
and c(L,t) respectively. J is the hydrogen flux through the sheet. The motion of the
hydrogen through the sheet is controlled by Fick's second law with D as an effective
diffusivity as described by McNabb 2

1. The parameters Kc and K2 are constants termed
mass transfer coefficients. These terms define the deviation from Sievert/Nernstian
behavior.

The deviation from Sievert/Nernstian behavior is described in the following
manner. When K is large (e.g., approaching -) the deviation from Sievert/Nernstian
behavior is small. Conversely, when K is small (e.g., approaching 0) deviations from
Sievert/Nernstian behavior are significant. The steady state permeation current is
given by the following expression:

where J- is the steady state permeation current and the other parameters are as
previously defined. The effect of varying the diffusivity and the two K values was
demonstrated under constant charging conditions on low carbon steel used for
electrogalvanizing (L = 1 mm, D - 10-_106 cm 2/s)' 8 . It was shown that K1 had the
greatest impact on hydrogen permeation as is shown in Figure 3. As such, the decrease
in permeation current seen in nonsteady state behavior can be described by a situation
in which K1 decreases as a function of time.

Experimental

Using the model, several simulations of permeation experiments were performed.
The diffusivity was kept constant at 6 x 10.6 cm 2/s. The value for K2 was held constant
at 10' cm/s. The value of K, was set at 5 x 10' cm/s initially and decreased at a rate of
108 (cm/s)/s to values of 3.5 x 10-7, 2.5 x 107, and 1 x 10-7 cm/s.

The effect of the rate of variation of K• was also investigated. For the simulation
D and K2 were held constant as before. The value of K1 was changed from 5 x 10-7 cm/s
to 1 x 10-7 cm/s. The rates of change were: A, 1 x 108 (cm/s)/s; B, 5 x 10i9 (cm)/s.

Results and Discussion

The results of the first set of simulations is shown in Figure 4. Each value of K1

represents a different surface state. The most notable feature of the simulations in Figure
4 is the "hump" in the curve. This "hump" is the anomalous behavior which resulted for
all of the curves which had changing K,. Clearly, if there is minimal overall change in
K•, as seen in the curve A (5 x 10.' to 3.5 x 10-7 cm/s), there is negligible "anomalous"

2379



behavior (i.e., only a slight hump in the curve). However, for curves B and C, a
significant hump exists which is typical of the anomalous, non-steady state permeation
noted by Beck and Bockris16.

The results of the simulations with ic1 changing at different rates are shown in
Figure 5. The rate of change of ic1 had a significant effect on the size of hump.
Decreasing the rate of change led to a higher maximum current and a wider hump in
the curve.

These results suggest two ramifications relevant to permeation testing under such
conditions. First, changes in the surface or subsurface can significantly affect the
permeation current. These changes could give rise to a "hump" in the permeation curve.
The size of the hump is dependent upon the initial and final ic1 values and the rate with
which the surface changes from one value to the next. Secondly, KIc values are estimated
from experimental permeation curves. Two values are one for the permeation maximum
and one for the steady-state behavior. The K, value taken from the current maximum
will under estimate its initial value since KI is decreasing as a function of time during
such permeation tests.

Conclusions

A phenomenological model was applied to permeation curves that exhibit
nonsteady state hydrogen permeation behavior. The nonsteady state behavior was
studied via changes in the mass transfer coefficient, K1, associated with the metal sheets
entrance surface. Decreasing K1 produced the anomalous "hump" which is characteristic
of non steady state behavior. In addition, the rate of change of ic1 controls the shape of
the "hump."
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Abstract

Hydrogen induced cracking (HIC) of steel is widely present in various industrial processes
with reduction of hydrogen ion as the cathodic reaction. For measuring and evaluating the
HIC susceptibility of steel better than some commercially available hydrogen probe, a fuel
cell type sensor in the shape of a hermetically sealed button was developed and studied. It
is a modified Devanathan-Stachurski(D-S) cell with a fast response (few minutes to tens of
minutes) controlled by a simple measuring system. In this paper, the structural design and
the properties of the sensor are presented. After caliberating/correlating the levels of the
signal output of the sensor with the strength/embrittlement of the steel in the same media,
the HIC/sulfide stress corrosion cracking(SSCC) susceptibility of the steel can be evaluated
comprehensively. The sensor has been successfully used in the following computerized
probe techniques for assessing and judging the HIC/SSCC susceptibilities of the steels:
offshore platform joints, pipeline/vessel for sour oil/gas, boiler/pipe in pickling etc. Some
of these techniques are presented and discussed in detail.

Key terms: sensor, permeation rate, hydrogen atom, hydrogen induced cracking, HIC, HE

susceptibility and in-situ inspection.

Introduction

In the most commercially available hydrogen probe techniques, e.g., the hydrogen patch
probe or hydrogen probe with a barnacle electrode1 ,2 the levels of the signal output of the
sensors are rather low and there is a fairly long time lag of the permeation of hydrogen
atoms (in the order of tens of hours) from the internal surface directly in contact with the
corrosive media to the external surface of the wall of pipe/vessel where the sensor is
mounted. Therefore, if the steel is sensitive to hydrogen damage, by the time a significant
current response is measured by the above-mentioned probes, irreversible hydrogen
damage might be possibly produced. Arup's probe cannot be used in a pressurized
system 3 .

According to the demands of safety inspection from the various industrial or engineering
structures, a fuel cell type sensor in the shape of a hermetically sealed button was
developed and studied for pressurized and corrosive systems by the author and coworkers.
In this paper, the design of the sensor structure and its properties are presented. Some
drobe techniques were then developed to evaluate the HIC/SSCC susceptibility of the steels

* Zheng Lu, Ai-mei Fang, Wei Wei, Chao Fu, Peng Du, Gui-zhi Li and Yu-feng ("heng

(Institute of Corrosion and Protection of Metals, Chinese Academy of Sciences)
successively gave important contributions to the project.
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for diverse uses in offshore platform joint, pipeline/vessel for sour oil/gas, for boiler/pipe

in pickling, etc. Some of these techniques are also presented and discussed

Design and Structure

In the D-S cell 4 , the permeation of hydrogen atoms takes place from the hydrogen charging
side to the other side. The anodic oxidation of hydrogen atoms is proportional to the
concentration of hydrogen atoms on the charging side and inversely proportional to the
specimen thickness. Therefore, in any design of this kind of hydrogen probe, the thinner
the foil and the higher concentration of hydrogen atoms on the charging surface, the higher
will be the output current response and the shorter the time lag of the permeation of
hydrogen atoms across the specimen. Moreover, in the general D-S cell two sets of
potentiostats, a recorder, power supply, reference electrode and counter electrode are
needed. For engineering purposes, the controlling/measuring systems of the hydrogen
probe need to be as simple as possible. Following modifications to the D-S cell make a
simpler probe:

--use a simple galvanostatic power supply to replace one of the potentiostats for cathodic
charging of hydrogen atoms;

--use a stable, non-polarized powder oxide cathode with large specific surface to replace
the reference electrode and the counter electrode on the anodic oxidation side of the
cell;

--use the short-circuited discharge current of the following cell as a measure of the
permeation rate of hydrogen atoms and to remove the other potentiostat:

Anode Electrolyte Cathode
steel foil with alkaline electrolyte powder metallic

catalyst coating in separating membrane oxide electrode

As the two potentiostats and reference electrodes are no longer required, the power supply
and the measuring/recording systems can be simplified. For engineering purposes, the
above-mentioned conversions are more reasonable than the original setup.

Based on the above-mentioned conversions, a fuel cell type sensor in the shape of
hermetically sealed button was designed and constructed for measuring the permeation rate
of hydrogen atoms in steel (Fig. 1)9.

In the sensor (Fig. 2), the steel electrode is made of 08F high quality carbon steel (Table
1), cold- rolled and bright annealed in an argon atmosphere. Its thickness is 0.3 mm.
Powder metallic oxide electrode is used as cathode, in which other metallic oxides are
doped for optimization of its electrochemical properties. Separating membrane of kraft
paper is thoroughly wetted with saturated potassium hydroxide solution to provide a good
contact with the powder oxide cathode and the internal side of the steel foil plated with
catalyst. The geometric area of the dual-electrode in the probe (1 on Fig. 1), both the
cathodic charging and anodic oxidation surfaces of hydrogen atoms, is 1.15 square
centimeters. Thermoplastic polyvinyl gasket is used for sealing and electrical insulation.
Two kinds of catalyst coatings and three cathodes were studied. Therefore, there were six
kinds of sensors to be tested and optimized. They are labelled as PH, PHA, PHM, NH,
NHA and NHM, respectively.

Experimental

The measuring system is shown schematically in Fig. 2.
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Test solutions used were 5% sodium chloride, artificial seawater (ASTM-D 1141-52),
hydrochloric or sulfuric acids with or without hydrogen sulfide or corrosion inhibitor. In
preparing and transferring the test solutions, high grade nitrogen atmosphere (99.999% and
further de-oxygenated with active copper column) was used. In order to avoid serious
corrosion of the surface for hydrogen charging of the sensor was direc:ly contacted with
the corrosive media, and to increase the amplitude of the signal output, cathodic
polarization with a constant current of 1 mA was given. During the experiment, the change
of the anodic oxidation current of the hydrogen atoms within the sensor with time was
measured up till steady output was reached. All tests were carried out in a 25'C thermostatic
chamber.

Pressure-resistant testing of the sensor was carried out as follows: the test sensor was
degreased in organic solvents, washed with distilled water, put into a beaker with distilled
water and then into an autoclave. It was then pressurized with pure nitrogen for two hours.
The pH change of water was measured before and after the test to record any changes.

Service life of the sensor was studied by the following cyclic tests: the NHA sensor was
charged with hydrogen atoms on various levels by dipping the sensor into 0.001, 0.01,
0.05 and 0.1 M sulfuric acid. The anodic oxidation current was measured up till its steady
(maximum) value was reached. The sensor was then taken out of the acid, and rinsed with
water. After drying, the sensor was short-circuited for 30 minutes. The test was then
repeated to observe the cyclic times (service life), over which the original discharge current
could not be sustained. The testing was carried out at temperatures of 10, 20, 30 and 40'C.

Applications of the Sensor

To inspect and evaluate the HIC/SSCC susceptibility of the steel in the corresponding
corrosive media, the levels of the signal output of the sensor were caliberated/correlated
with the strength and the embrittlement of the steel (including its matrix, HAZ and welded
seam) in the same media by slow strain rate tensile technique (SSRT) and SEM analysis of
the corresponding fractograph. Then the HIC or SSCC susceptibilities for various svstems
were correlated and defined with the Index of Hydrogen Embrittlement (F%) of the steels
in media. It is commomly known that, when the stress of the steel exceeds its critical value
and the F% value is larger than 35%, the steel is considered as sensitive to HIC or SSCC.
But for F% values lower than 25%, or for some systems even 20%, it will be safe from
HIC or SSCC. If F% lies between them, there is a latent danger of HIC or SSCC6 -8 .
According to the relationship and the above-mentioned criteria, the probe, the computer on
slice with the specially designed software and the peripheral attachment can be designed
and constructed to fit the various engineering purposes. The schematic is shown in Fig. 3.
By dipping the working surface of the sensor mounted on the front of the appropriate
probe, the relative permeation rate of the hydrogen atoms in the steel in corresponding
media and the HIC or SSCC susceptibility of the steel structure can be measured, judged
and tabulated out on an ultramicroprinter on a peripheral attachment.

So far, following computerized probe techniques for in-situ inspection of the steel structure
have been developed by the author and coworkers:

1. Probe for inspection of the HIC susceptibility for offshore platform joint 9 (Fig.4).
2. Probe for inspection of the SSCC susceptibility of the pipeline for sour oi!/gas 10

(Fig. 5).
3. Probe for inspection of the HIC susceptibility of the boiler/pipe in pickling 11.

Research/development of other probe techniques for in-situ inspection of the HIC/SSCC
susceptibility of the steel concerned are also under the way respectively for following
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systems, acidification of oil/gas wells, acidic cleaning of the water injection well of oil field

and the drilling rod operated in mud with hydrogen sulfide, etc.

Results and Discussion

Optimization of the Catalyst Coating and the Oxide Cathode

For selecting/optimizing the structure of the sensor, the change of the anodic oxidation
current of the permeated hydrogen atoms were measured and compared in sodium chloride
solution with hydrogen sulfide for the sensors (as shown in Fig. 1) with different catalyst
coatings and metallic oxide cathodes. The results are shown on Fig. 6.

It can be seen that, only after 4 minutes, the maximum current response (140 and 120
microampare) was reached for PHA and NHA type sensors. They are much higher than the
other four sensors.

In comparing the various sensors, the NHA sensor is more attractive than the others for
practical applications, as it can give almost the same current output as PHA and uses a
cheaper catalyst coating to decrease the oxidation overpotential of the hydrogen atoms into
water in alkaline solutions.

It is obvious that the structural design of the sensor is acceptable for engineering purposes.
Some peripheral instruments, such as the potentiostats and reference electrodes in the
original D-S cell, can be removed or simplified for practical purposes.

Influence of Cathodic Charging on the Current Response

The current response (with time) of the anodic oxidation of permeating hydrogen atoms,
from cathodic charging and corrosion charging, is shown in Fig. 7 (in seawater polluted by
hydrogen sulfide) and in Fig. 8 (in 0.2N sulfuric acid). It can be seern that the amplitude of
the current output from the sensor will be increased appreciably by cathodic charging of
hydrogen atoms. Not only can the sensitivity of the signal output be increased, but the
sensor is well protected by cathodic protection and serious corrosion of the sensor used in
strongly corrosive media could be greatly diminished so as to avoid its failure in a short
time and prolong its service life. Obviously, this is very important for sensors used in
corrosion monitoring.

In comparison with the hydrogen patch probe and hydrogen probe with barnacle
electrode1, 2 the current output of NHA sensor was fairly higher than obtained with the
former probes. In a hydrochloric acid solution, a signal output less than 6 and 2 tA/cm2

could be measured respectively for the former two probes 1 ,2 . But for the NHA sensor in
sulfuric acid, 300 LA/cm 2 for cathodic charging and 40 jtA/cm2 for corrosion charging
was found (Fig. 8). Additionally, for the forme-r two probes, the time lag of permeation of
hydrogen atoms from the hydrogen charging side to the oxidation side of the wall of
pressurized pipe/vessel, will be in the order of tens of hours. If the structure is sensitive to
HIC and the wrong corrosion inhibitor is selected or is not operated in its optimum
concentration, irreversible hydrogen damage might possibly result.

As far as an ideal sensor for corrosion inspection/monitoring is concerned, the following
characteristics are desirable: fast response, significant signal output, long service life
(without appreciable corrosion), peripheral instruments as simple as possible, and low
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cost. In these aspects, the NHA sensor can satisfy all of these demands for practical

purposes.

Influence of Environment on the Signal Output of the Sensor

In figures 9 and 10, the influence of environment on the levels of the signal output of the
NHA sensor are shown for well-fluid with different hydrogen sulfide contents and in
hydrochloric acid for pickling with different corrosion inhibitors, respectively.

It is obvious that the levels of the signal output of the NHA sensor will be appreciably
influenced by the concentration of hydrogen sulfide in saline water and by the concentration
of corrosion inhibitor. If a wrong inhibitor is selected for pickling, e.g., thiourea in
hydrochloric acid, the permeation of hydrogen atoms and then the signal output of the
sensor will be greatly promoted/increased.

Pressure-Resistance of the Sensor

The results in Fig. 11 show that although the sealed sensors were mounted in atmospheric
pressure, any concentrated alkaline solution was not squeezed out from the sensor under
pressure, at least, up to 3 MPa. This might satisfy the demands in the region of offshore
exploitation in the near future, or of general transportation pipeline for sour oil/gas etc.
without any design as a supplement to balance the working pressure of the system
inspected.

The results of the service life tests show that, even after 20 cycles of high discharge current
in 0.1 M and 40 cycles in 0.001 M sulfuric acid, there is not any discemable decrease on
current output level on the NHA sensor. Obviously, the service life of the sensor is long
enough and acceptable for use of HIC/SSCC inspection.

The Relationship between I (jiA) and F% of Various Systems

As an example of the application of the sensor, the relationship between the signal output of
the sensor (I) and F% of the boiler steels is tabulated in Table 2. SEM analysis of the
corresponding fractograph of the steels is reported elsewhere1 1.

Based on the results for the above-mentioned sour oil/gas system and similar systems, the
microcomputer on slice with the software specially designed for the corresponding system
and the probe techniques could be developed for data sampling, logging, storing,
processing and evaluation/judgement of the inspection result, so as to fulfill the engineering
demands concerned with safety inspection.

So far, the probe for inspection of the HIC susceptibility for offshore platform joint has
been used on the annual and special underwater inspections of five offshore platforms,
located on Bohai Sea and Nanhai Sea, China. SSCC susceptibility of pipeline for sour
oil/gas was measured by in-situ inspections in the sour gas field southwest of Sichuan
Province, China. Nine sour gases with different contents of hydrogen sulfide were tested
from desulfurized gas to that containing hydrogen sulfide contents higher than 1000 mg/L
under ambient pressure in brine.

As revealed by the results taken from practical inspections in-situ by the above-mentioned
probes, 12-14 these hydrogen probes could be successfully used for assessing the HIC or
SSCC susceptibility of steel structures with a fast response (few minutes to tens of
minutes), good working stability, data reproducibility and high resolution to different
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environmental conditions. Based on the inspections, latent hazard of environmental
sensitive cracking could be found and the proper repair/maintenance could be taken.

In recognition of the creativity and utility of these patents, Gold Medals were presented by
the International Invention/New Produc, Exposition (INPEX), Pittsburgh, Pennsylvania
(May, 1992) and by the China Patent Products and Technology Fair (CPPTF), Yantai,
China (Sept, 1992), respectively.

Conclusions

1. Among the six types of the sensors tested for measuring the permeation rate of hydrogen
atoms, the NHA type has the best technical-economic characteristics.
2. Based on the NHA type sensor, computerized hydrogen probe techniques developed by
author and coworkers can be successfully used for in-situ inspection and evaluation of the
susceptibility of HIC/SSCC of steel structure with stable/large signal output, fast response,
pressure resistant, low cost and long service life in corrosive media.
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Table 1. Chemical composition (%, w/ w) of 08F high quality carbon steel

C Si Mn Ni Cr S_ P_
0.08 0.03 0.32 0.25 0.10 0.04 0.04

Table 2. The relationship between the signal output of the sensor (I)

and status and F% of the boiler steels

i (LA) Satus Sensitive Dangerous Safe
__&cel (F>35%) (34%>F>21%) (F<20%)

Carbon Steel Matrix >27 22-26 <22

Carbon Steel Welded >17 13-16 < 13

16Mn Steel Matrix >14 11-13 <11

16Mn Steel Welded >12 7-11 <1

I - dual-electrode with internal catalyst coating;
2-- separating membrane wetted with alkaline solution;
3 - non-polarizing cathode with metallic oxide powder;
4- metal back cover; 5 -- hermetical gasket.

Fig. 1. Schematic diagram of the sensor
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71~ 

10

3

1 i2

1 - zero resistance ammeter; 2-- galvanostatic power supply;
3 - hydrogen probe; 4- test solution;
5 - electrolytic cell; 6- lift pump;
7 - rectangular two-way stopcock; 8- stopcock;

9 - N 2 inlet; 10 - solution inlet.

Fig.2. Schematic diagram of experimental device for measuring
the hydrogen permeation rate

Indicator lamp
R 

C 7

Fig.3. Schematic diagram of hydrogen probe
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-- sensor; 2,4 & 7 -- "0" ring;
3 -- envelope of stainless steel;
5 -- nylon 1010 envelope;
6 -- microcomputer system;
8-- plaxiglass cap; 9 - holder.

99

Fig.4. Probe for inspection of the HIC susceptibility
for offshore platform joint

To microcomputer system
&

periphery attachment box -

/ 2

J9 J 17 6J 4 " '

I pressure gauge; 2 flow meter; 3-- outlet of sour gas; 7
4 -- sampling outlet for analysis; 5- inlet of sour gas;
6-- autoclave; 7 - probe; 8-- brine; ]

9 -- microcomputer system & periphery attachment box.

(a). by-path connected type (b). directly inserted type

Fig.5. Probe for inspection of the SSCC susceptibility

of pipeline for sour oil / gas
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Fig.6. Change of anodic oxidation current of permeating
hydrogen atoms with time in a 5% NaCI

+ 0.0476N H2S solution

1
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100 _ __

3
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I - H2S 800ppm, cathodic charging
2- H 2S 8ppm, cathodic charging
3- H 2S 800ppm, corrosion charging

4- H 2S 8ppm, corrosion charging

5 -- H 2S Oppm, cathodic charging

Fig.7. Influence of cathodic polarization on the current
response of NHA type sensor in seawater
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I - cathodic charging; 2 - corrosion charging

Fig.8. Current output of NHA type probe in
0.2N H 2SO 4, 257C
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Fig.9. Influence of H 2S concentration on the anodic
oxidation current of hydrogen atoms for the

NHA type sensor in well-fluid
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-- thiourea (TU)

* - dodecyldimethylbenzylamine bromide (DDB)

Fig.10. Influence of DDB and TU concentration on the

permeating hydrogen current in the sensor
in HCI solution
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Fig. 11. Change of pH of pressurized water
(with submerged sensor) with time
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Abstract

The effect of inorganic oxygen - containing oxidants (Ox) on
the rate of hydrogen cathodic evolution (iH) on Fe, as well as

on the rate of hydrogen permeation (i p) through a Fe membrane

in acidic sulphate solutions (pH 0.3 - 3) have been
investigated. Depending upon the form of existence in the
solution the oxidant can be both an inhibitor and accelerator
of hydrogen generation. It was shown that at a pH value > pKa
an increase in the concentration of the oxyanions monotonically
decreases the rate of hydrogen permeation into the metal. At pH
values < pKa the reduction of the adsorbed molecules of the

oxyacid increases hydrogen absorption into the metal. The
critical concentration of oxidants (C0oxc) at which the

permeation rate was minimum was determined both theoretically
and experimentally. The degree of the accelerating effect was
determined as a difference between the maximum hydrogen
permeation rate (or gas evolution rate) in the presence of the
oxidant and the rate in the oxidant free solution. The
accelerating effect of oxidants on the discharge rate of
hydrogen ions was found to depend on the following factors: the
electrode potential, the pH of the solution and the nature of
the metal.

Key terms: hydrogen permeation, iron, oxidant.
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Introduction

The cathodic electrode reactions occurring under the corrosion
of iron in acid oxidizing media, namely the hydrogen evolution
reaction and the electroreduotion of an oxidant, are usually

considered to be independent processes ,2. However, the
reduction of oxygen-containing oxidants (Ox) and cathodic
evolution of hydrogen may be interactive processes since the

donor protons in both reactions are hydroxonium ionsd. One
would expect that a alteration in the rate of h.e.r. (hydrogen
evolution reaction) during Ox reduction will lead to a change
in the amount of hydrogen absorbed into the metal. Then, by
measuring the hydrogen permeation rate into metal, one can

obtain information on the change in H3 0+ ions concentration on

the metal surface.

The aim of this study was to examine the effects of
oxygen-containing oxidants on the rates of hydrogen cathodic
evolution and hydrogen permeation into metal and to elucidate
the mechanism of this phenomenon.

Experimental

The experiments were carried out in a two-section cell

(Devanathan's technique)4 using an iron membrane (an area of

4.23 cm2 and a thickness of 0.1 mm). A horizontally flat
membrane configuration allowed the hydrogen permeation and
evolution rates to be determined simultaneously. The latter

5rate was determined using the volume metric technique-. Oneside of the membrane was covered with a layer of Pd, following

the procedure described6 . The diffusion part of the cell was
filled with the 0.1 M NaOH solution and the membrane was
polarized at a potential of 0.45 V (potentials are given
relative to the normal hydrogen electrode). The deaerated
(0.5-x) M Na 2 SO4 + xM H2 So 4 solution (pH 0.3 - 2.0) was the

background electrolyte. After keeping the membrane in the
background solution at a constant potential, oxidant was added
to the cell, and the steady state current due to hydrogen
permeation through the membrane (i p) was recorded.

Results and Discussion

During corrosion of metal in acid oxidizing media two cathodic
reactions occur: reduction of the oxidant and cathodic
evolution of hydrogen:

OX + + me -. ed + nH2  (1)

2H30++ 2e -. H2  + 2 V20 (2)
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where p, mg n are stoichiometric coefficients. If the total
rate of consumption of hydrogen ions is essentially lower than
its transport rate to the electrode surface, reactions (1) and
(2) may be considered independent. But an increase in the
oxidant concentration must lead to the appearance of diffusion
limitations on hydrogen ions and to the decrease in their
surface concentration. As a result, the rate of hydrogen ions
discharge will decrease at a constant electrode potential. When
some critical oxidant concentration is achieved, the hydrogen

evolution rate must be come zero (Fig. 1)3,7.

Assuming that the reduction of the oxidant occurs under the
condition of diffusion limiting current, the rate of hydrogen
evolution (iH) and the value of critical oxidant conoentration

are described by the simple expressions:

ill 0 - F pf D C 0the

C OxO = DH CH / D Op (4)

where - rate of h.e.r. in the background electrolyte, DH and

-O diffusion coefficients of H30+ ions and oxidant,
respectively, H ,COx - concentrations of H3 0 ions and

oxidant, respectively, 6 - thickness of the diffusion layer. In
concentrated sulphate solution the diffusion flow of buffer

substance (1304- ions) must be taken into account and the value

of critical Ox concentration will be determined by the
expression:

C Ox9C CH O+ DSO CSO- ) D Oxp(5

4 4where D HSO 4 and C0HS0 4 are the diffusion coefficient and

concentration of HSO4- ions, respectively. It is known that

part of hydrogen atoms formed during the cathodic evolution are
absorbed by the metal. One can expect that the rate of hydrogen
permeation into the metal will be determined by the oxidant
concentration.

Fig. 2 represents the curves of the charnes in the hydrogen
permeation rate depending on the concentration of the following

oxidants: Fe 3 +, Br3-, Cr20 72- , MnO4- ions. As can be seen,

the increase in the concentration of oxyanions monotonically
decreases the hydrogen permeation rate, while the cation-type
oxidant (ferric ions) does not affect the permeation rate. The
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oxidant concentrations at which ip becomes equal to zero or

attains a minimum value is in good agreement with calculated
values of a critical concentration of the respective oxidants
(Table 1 ). Thus, the reduction of oxyanions was expected to
lead to an increase in the electrode pH and to a decrease in
the hydrogen permeation rate.

One can assume that a layer of the reaction products which

occur after reduction of MnO4- and Cr2 0 72- ions forms on the

membrane surface and as a result, the value of pHs stabilizes

at a level corresponding to the pH of hydroxide formation of
the respective compounds involved. If the hydroxide formation
pH of a reduction product such as Cr(OH) 3 , for example, is

rather low, then the permeation rate does not come zero even at
C Ox > Coxc.

However, the introduction into solution of such oxidants, as
H202, NaN0 3 , Na 2 MoO 4 and Na 2 WO4 increased the permeation rate

(Fig. 3). It should be noted, that in the pH 2 solution the
given oxidants exist partially as undissociated molecules of
oxyacids as can be seen from their respective dissociation
constants:

HOx: H1202 HNO3  H2 MoO 4  H2 WO4  HBrO 3

pKa: 11.6 3.4 3.7 3.7 0.7

As can be seen in Fig.3, small additions of oxyacid (COx <

CoxO ) lead to a significant increase in the value of i . Upon

further increase in the concentration of oxyacid the permeation
rate begins to decrease. The concentration of the oxidant at
which ip becomes equal to zero (in the case of H2 02 and NaNO 2)

or constant (in the case of Na 2 Moo 4 and Na 2 WO4 ) is in good

alreement with the values of the critical concentrations (Table

One can assume that an electroneutral molecule of oxyacid is
able to penetrate through the energy barrier, caused by the
potential drop across the double electric layer, and approach
the metal surface as closely as possible. Supposing oxyacids
dissociate on the iron surface:

HoX + (6)*o=
ads~ + H2 Oad - HSO~d + 0' (6

where HOx is the oxyacid and Ox- is the oxyanion.

As it follows from the elementary act theory8 , only hydrogen
ions which have penetrated into the first layer of water
molecules, are discharged. The major part of cations including
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hydrogen ions are located in the second water mono layer. If
the oxyanion reduction occurs with the participation of
hydrogen ions adsorbed on the outer Helmholtz plane, the
concentration of hydrogen ions on the inner Helmholtz plane of
the double layer should increase as a result of reaction (6).
Hxnou, the oxyaoids reduction occurs with the evolution of more
reactive hydrogen ions and consumption of less reactive ones.
This leads to the acceleration of cathodic hydrogen evolution
and consequently to the increase in the rate of hydrogen
permeation into the metal.

Thus, the oxidant effect depends on the pH of the medium and on
the ionization constant of the respective oxyacids. For
example, the addition of bromate to the pH 2 solution decreases
the permeation rate, because in this medium the bromate exists
in the form of ions. However, in the pH 0 solution bromate
exists in the form of molecules, resulting in an increase in
the permeation rate. Hence, depending on the form of existence
in the solution one and the same oxidant can be both an
inhibitor and accelerator of the hydrogen generation.

The accelerating effect of oxyacids on the discharge rate of
hydrogen ions also depends on the following factors: the
electrode potential value, the pH of the solution and the

nature of the metal 9 . The degree of the accelerating effect was
determined as a difference between the maximum hydrogen

permeation rate imax (or gas evolution rate- m ) in the
pH

presence of the oxidizer and the related rate in the background

solution (i0, iO):

p HAip = max _ 0P~ (7)

AiH = a - (8)

It was found that oxyaoid equally increased both the hydrogen
evolution rate and the hydrogen permeation rate into the iron:

AiH/0 = 0if (9)

Let us consider the influence of the potential and pH of the
solution for the case of change in the hydrogen permeation rate
into iron in the presence of H2C02 . i increases appreciably on
the introduction of small quantities of H2 02 in the solution. A

further increase in H2 02 concentration results in a decrease of

ip and at a certain critical oxidant concentration the hydrogen

permeation rate becomes equal to zero (Fig.3). Fig. 4 shows the
change in the permeation rate at different pH of the solution.
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The maximum accelerating effect of H 202 is observed in pH 2

solution. In electrolytes with pH > 3 and with pH el 0.4 the
accelerating effect is absent. We believe that this is related
to the prevention of the oxyacid dissociation on the metal
surface. In more acidic solutions dissociation of the H2 02 is

suppressed because of the higher coverage of the metal surface
by hydrogen ions. In more alkaline solutions a oxide layer with
good electron conductivity is formed on iron, and the H2 02

molecules reduce on its surface9.

Fig. 5 shows the accelerating effect of hydropen peroxide at
different potentials. As shown, the greatest increase in the
L gydro en permeation rate into iron is observed at the
potentials corresponding to the Tafel part of the polarization
curve of cathodic hydrogen evolution (E = -0.4 - -0.6 V). At
more negative potentials the discharge of hydrogen ions occurs
under the conditions of the diffusion limiting current which
increases the pH of the solution electrode layer and
consequently decreases the accelerating effect of H1202. At

sufficiently positive potentials corresponding to intensive
metal dissolution, ip again tends to zero. If oxidation of the

Fe takes place via formation of hydroxide complexes then the
surface of the anodically dissolving metal may be enriched in
hydroxonium ions formed during dissociation of adsorbed water
molecules:

Fe + 2H2  - Fe(CH)- + H (10)

If dissociation of the iron hydroxo complex takes place on the
outer surface of the electrical double layer, then the
reactions of surface dissociation of water with formation of

H 30 +ads and breakdown of the hydroxo complex involving H30+ are

spatially separate. This is probably a prerequisite for
hydrogen discharge, gas evolution and permeation into the metal
during anodic dissolution of Fe. The higher the dissolution
rate of Fe, the higher should be the surface concentration of
hydroxonium ions. This is consistent with the fact that ip

values in the potential region for anodic dissolution of Fe
increase with a positive shift in potential (Fig.6).

The accelerating effect of oxyacids also increases with

increasing hydrophilicity of the metal surface. Metal

hydrophilicity is known to increase in the series1 0 ,11 -

Ga > Zn > OU > Ag > In > Od > Sn > Ni > Pb > Hg

As can be seen from the Table 2, the increase in the evolution
rate is higher on hydrophilic metals (Cu, Zn, Ga) and is absent
on hydrophobic metals (Hg, Pb, Sn). These data confirm the
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assumptions about dissociative adsorption of the oxyacid
11

molecules

The effect of oxygen on hydrogen permeation into iron have been
investigated. The reduction of oxygen is known to proceed in
two ways: directly to water (equation 11) or with formation of
hydrogen peroxide as an intermediate compound (equation 12):

02 + 4H+ + 4e -- 2H2 0 (11)

02 + 2H+ + 2e -- 202 + 2H++ 2e %0 (12)

Iron belongs to the grouip of metals on which oxygen may be
reduced to water directly1 2  If H202 is not formed, the

reduction of oxygen will be inhibit the hydrogen permeation
into Fe by reason of the alkalification of the solution
electrode layer. Usually a constant oxygen concentration is'
maintained under the conditions of natural aeration. Then, at a
definite pH of the solution the given oxygen concentration will
be critical, and the electrode concentration of hydrogen ions
will decrease abruptly. Let us call the pH value at which
hydrogen permeation rate is expected to decrease ten-fold as
the critical pH (pH.). The value of pH. will depend on the
anionic composition of the solution because not only
hydroxonium ions but also acid molecules and partially
dissociated anions will act as carriers of protons to the
electrode surface. The critical pH values may be calculated
according to the equation that includes the oxygen
concentration in the solution, diffusion coefficients of the
respective particles and dissociation constants of the buffer
compounds. The calculated and experimental pHc values show good

agreement as can be seen in Table 3. In a carbonate solution
oxygen reduction cannot increase the pH of the solution
electrode layer and does not effect on hydrogen permeation rate
into iron. Thus, knowing the oxygen concentration, the anionic
composition and pH of the medium, one can classify the
corrosion media according to the danger of hydrogen
embrittlement of steel.
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Table 1. Critical concentration of oxidants calculated
according to equation (5) and those

experimentally determined.

1 10Oxdn -- C0xIc, 10 -IM
Oxidant calculated experiment

H202 4.4 4.4

NaBrO3  1.8 2.1

Na 2Cr0 1.0 0.9

NalnO4  2.4 2.A

Naa2 MoO4  4.1 4.5
Na2 WO4  4.3 4.0
NaNO2 1.2 1.2
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Table 2. Increase in permeation rate on addition of H.2)02
on various metals.

I I i I I 1 I I I I 1 I I

Me Zn Cu Ag Ga In Cd Fe Sn Pb Ni HgI I I II I I I

AiH 8.9 3.9 3.8 1.7 1.4 1.6 0.65 0 0 0 0
II I I I I I I I I I

Table 3. Experimental and calculated values of pHc in aerated

solutions with different anionic composition.

Solution HAn pHc (calcul.) pHc(experim.)

0.1-x)M NaCi + 3.1 2.8

+ XM HCl

0.1-x1)M Na2 SO4 + HS04 3.7 3.5

Xli H2S04

0.07-x)M CH3C0ON CH30coH 5.9 5.4

IX CH3 COOH

ig.. 0.4 .

-10
0.01 1

a'0. 4

X 2 :ý0.2
* - - " 3

Z, 
5

pH 2

0% 0.0 ....
Cox 0.0 1.0 2.0 3.0 4.0

Cox 10 A

Fig.1. Scheme of the change Fig.2. Dependence of
in h.e.r. rate (1) and in permeation rate on oxidant0_

the electrode pH (2) concentration in 0.5M SO 4
depending on oxidant pH 2.0 at E = -0.47 V: Fe 3 +
concentration. (1), BrO3 - (2), lnO4  (3),

Cr 2 07 c (4).

2403



0.4 0.2

Fi•.3.. Pneio raev.ig. Inoeae i

0.0,E=-0147 0.H0 I) fH02 1safnto f

NaN02 (2), Na2MoO4 (3). of the solution.

Na2WO4 (4).

0.2 - 0 .50 ..

. 1 0. 0

Coxo10.3.3o

0.O0 . . . . . . . . 0.10 . . . . ., . .. .

0.0' ' b.2" .4 .6 o , o- . , . ..... -'••

Fig.3. e. aIncrease in Fig.6. Dependena e of
permeation rate on addition pydrogen permeation rate on
of H202 as a f un (tion of eleatrode potential in 0o5fp
potential. s( 4N2-, pH( .3.

2404



ON HYDROGEN EMBRITTLEMENT OF METALS AMD ALLOYS

Yu. I.Archakov

All-Union Scientific-Research Institute for Petrochemical Pro-

cesses, Zheleznodorozhny Pr. 40, 193148 St.Petersburg, Russia

A great number of works on this problem has been published
in literature. Up to now, however, there is no a common point
of view explaining the mechanism of metal hydrogen embrittle-

ment. To our mind, it is connected with the influence of many
factors, complexity and insufficient exploreness of individual

elementary physico-chemical processes.

In our opinion, it is expedient to subdivide the influence

of hydrogen on metal mechanical properties into two main as-

pects: (a) purely physical hydrogen influence connected with

absorption of gas by metals which is not accompanied by forma-
tion of new phases and by alteration of microstructure and (b)
physico-chemical influence of hydrogen accompanied by chemical
interaction of gas with individual phases and components (re-
duction of carbide and other phases by hydrogen, formation of
hydrides) which provokes alteration of metal microstructure.

The hydrogen embrittlement of the Ist kind is frequently re-
versible: absorbed hydrogen is released when heating metal and

its mechanical properties are restored to initial values. The
hydrogen embrittlement of the 2nd kind is irreversible and no
thermal treatment can restore initial propeties of metal.

Low hydrogen concentrations (5-8 ppm) at comparatively low
temperatures have practically no influence on the resistance

to plastic deformation of carbon, low-alloyed and medium-al-
loyed steels, but sharply decrease plastic limit and resistan-
ce to failure.

Comparative mild oonditions of high-temperature hydrogen
occlusion do not provoke irreversible changes of mechanical

propeties and, when subsequent tempering, properties are comp-

letely restored.

In the case of hydrogen chemical influence on steel, comp-
lete disappearance of physical yield point takes plase (Fig.

1). In this case, even small concentration of hydrogen in
steel (Fig. 2) results in sharp decrease in ductility and
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impact strength of steel. It is confirmed by microscopic inve-

stigations of specimen breakage zones. For the breakage of spe-

cimens having no visible signs of decarburization, the presen-

ce of grain deformation is typical, but the absence of grain

deformation and noticable "crowling" of microcracks along

grain boundaries are typical for specimens which underwent de-

carburization.

Low- and medium-alloyed steels as well as high-alloyed ones

carbide phases of which are more thermodynamically stable as

compared with cementite have higher corrosion resistance in

hydrogen. However, the character of hydrogen content influence

on mechanical properties of steel is analogous to that on car-

bon steels and technical iron. In the case when there is no

noticable decarburization of steel, the hydrogen influence on

mechanical properties is practically reversible. It is confir-

med by the results of steel testing at pressure of 70 MPa and
temperature of 6000C at different exposition times (Fig. 3).

Austenitic steels were tested under the analogous conditions.

In this case, the analogous picture is observed. In the case,
when the steel with 18%Cr, 10%Ni, 0.5*Ti is hydrogen resistant,

the following thermal treatment restores initial mechanical

properties. Austenitic steels with 0.45%C, 18SMn and 3*,AI un-
dergoes strong decarburization under these conditions and no

thermal treatment can restore its properties.

The results obtained shows that to impart hydrogen resistan-
ce to steel the total number of alloying elements and a type

of lattice are not of considerable importance, but the presen-

ce of strong carbide-forming elements, and if their amount is

insufficient to bind all carbon it results in sharp and irre-

versible decrease in all mechanical properties.

It has been determined by means of microscopic study of the

character of failure of the investigated steels that the int-

racrystalline failure of metal took place in initial condition
and after thermal treatment. As a rule, failure of austenitic

steels took place on grain boundaries immediately after hydro-

gen influence. Hydrogen-resistant austenitic steels again dis-

played intracrystalline character of failure after saturation
with hydrogen followed by high-temperature tempering, and aus-
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tenitic steels which underwent decarburization had distinctly
pronouced intercrystallite character of failure in this state.

The microscopic analysis shows that accumulation of absor-
bed hydrogen occurs in general on grain boundaries and it re-

sults in formation of incipient cracks in these volumes and
in premature failure of metal structure. In the case of steel

decarburization,this effect is increased by accumulation of
methane under high pressure on grain boundaries.

The results obtained when investigating long-term strength

under hydrogen pressure are given in Fig. 4. An interesting

behaviour is also observed here. In the case when steel under-
goes hydrogen influence (curves 1,2), the long-term strength

in hydrogen sharply decreases as compared to tests in argon

and the more the longer the test time is. In the case of hyd-
rogen resistance of steel under given test conditions, the

long-term strength in hydrogen does not practically differ

from values obtained in inert medium (Figs. 4,5). The analo-
gous dependences are also observed when investigating long-

term strength of steel containing 18%Cr, 101Ni, 0.5%Ti in
hydrogen and argon at pressures 20-40 MPa and temperatures

600-800 0C. All the values of long-term strength limits are
practically identical. However, the character of specimen fai-
lure is changed when testing this steel in hydrogen. The pla-
stic limit of this steel in hydrogen is significantly lower
than that in argon and it decreases with the increase in hyd-

rogen pressure. When carrying out microscopic investigation
of metal structure, the origin and development of cracks are

observed on inner surfaces of tubular specimens while the
origin and development of cracks in specimens failured by ar-
gon pressure take place on their outer surfaces.

Therefore, not lowering long-term strength limit of hydro-

gen-resistant steel, hydrogen gives rise to appreciable dec-
rease in ultimate strain of specimens. To all appearance, it
is provoked by an increase in hydrogen concentration in metal

which prevents proceeding relaxation processes under condi-
tions of hampered strain, i.e. by an increase in the resistan-

ce to plastic flow of metal.

Thus, sufficiently definite regularities for alteration of
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mechanical properties and long-term strength after hydrogen

influence at high temperatures and pressures have been obtai-

ned for all the individual steels. Steels which possess suffi-

cient hydrogen resistance and do not undergo hydrogen corro-

sion display slight decrease in ductility and impact strength.
In the case of decarburization, the irreversible deordase in

steel properties takes place. The following tempering does

not result in restoring structure and mechanical properties.

P

I 5 4

Fig. 1. Tension diagram of steel with 0.2% C.

I - Initial state; 2 - After high-temperature hydro-

gen occlusion (PH2 = 20 MPa, t = 4500C); 3 - After

tempering at 5500C in vacuo; 4- After normalizing

in vacuo.
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Fig. 2. Alteration of mechanical properties of teohnical iron
(a) and of steel with 0.2% C (b) depending on duration
(T, hrs.) of hydrogen influence (P%2 = 20 MPa, t =

4000c).
I - After hydrogen occlusion; 2 - After hydrogen oo-
clusion and tempering.
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Fig. 3. Alteration of mechanical properties of steels oontai-
ning 0.2% C, 3% Cr, up to 1% of W, Mo, V (a) and 0.15%

C, 12% Cr, up to 1% of W, Mo, V (b) depending on ex-
position time (PH 2 = 70 MPa, t = 6000 C).
I - Immediately after hydrogen occlusion; 2 - After

hydrogen occlusion and tempering.
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2% W9 4% No, 0.5% Nb; 2 - Steel oontaining 18% Cr,

10% Nil. 0.9% Ti.
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Abstract

The ductility loss and threshold stress intensity Km during dynamic charging were measured
for pure Ni and four Ni-Fe fcc alloys. The results showed that ductility loss in 60Ni4OFe alloy
and KIH in 5ONi5OFe alloy had a minimum value. The variations of the amounts of hydride phase
and hydrogen evolution and dislocation structure with composition have been investigated. The
difference between the variation of hydrogen embrittlement susceptibility measured by ductility
loss with composition and that by KH or Ku/Kc could be explained by the use of synthetical
effects of amount of hydride and solutionizing hydrogen and the extent of dislocation planarity
on hydrogen embrittlement susceptibility.

Introduction

Several investigations [1-4] have been concerned with the embrittlement of Ni-Fe austenitic
alloys by hydrogen. The early results obtained for this alloy system indicated that the hydrogen
embrittlement susceptibility decreased as the iron content of the alloy increased [1,2]. The recent
investigations [3,4], however, showed that the hydrogen embrittlement susceptibility increased
again with increasing iron content after Fe> 50-60%, as shown in Figure 1. Figure 1 shows that
the hydrogen embrittlement suscep-tibility for Ni-Fe alloys has a minimum at about 50-60%Fe.
While there is no known basis for this phenomenon, it is of significance, as the Ni-Fe system
is the basis of many commercially important alloy systems. The early explanation considered that
the hydrogen embrittlement of Ni and Ni-Fe alloys was associated with the grain boundary
precipitation of unstable hydride,and the tendency for hydride formation and then the hydrogen
embrittlement decreased with increasing iron content [2,3]. Supposing this is true, it still can not
explain the further increase of hydrogen embrittle-ment susceptibility when Fe > 50-60%.

Up to now, all data of hydrogen embrittlement susceptibility for Ni-Fe alloys were hydrogen
induced ductility loss measured by using smooth tensile specimens. There was not any delayed
fracture test. Maybe the variation of the ductility loss for Ni-Fe alloys with the iron content is
different from that of threshold stress intensity of hydrogen induced cracking, KmH. Therefore,
the present work will study the hydrogen induced delayed fracture for Ni-Fe alloys and the effect
of alloy composition on KIH.

Besides the tendency for hydride formation and hydride content, the atomic hydrogen
concentration in the Ni-Fe alloys, which maybe depends upon the iron content, will strongly
influence the hydrogen embrittlement susceptibility. For austenitic stainless steels and alloys, the
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dislocation planarity and then stacking fault energy plays a dominant or important role for
hydrogen embrittlement susceptibility [5,6]. The stacking fault energy for Ni-Fe alloys is
dependent upon the iron content [7,8] and has a minimum for 35Ni65Fe alloy [8]. Therefore,
the other purpose for this work is to investigate the variations of hydride content, atomic
hydrogen concentration and dislocation planarity with iron content in Ni-Fe alloys and explain
the effect of alloy composition on both ductility loss and KIm.

Experimental Procedures

The alloys used in the present study were prepared by vacuum melting, casting into ingots,
and hot rolling to plates of 6.4mm in thick. They were then cold rolled into strips of 0.25mm
or 0. 1 mm in thick. The compositions of the alloys used in this study were determined by
analysis, with the C, S, N and 0 contents being measured by vacuum extraction, and are given
in Table 1.

Table 1. Alloy Composition (in wppm)

Alloy C S 0 N

Ni 28 16 281 16

6ONi4OFe 110 12 14 5

50Ni5OFe 110 10 18 5

40Ni6OFe 120 12 18 5

30Ni7OFe 64 3 119 3

The specimens included flat tensile ones with a gage section of 4mmXO. 1mm for Ni or
4mmXO.25mm for the others, and single-edge notched tensile ones with a notch of lmm in depth
and root radius of 0. 1 mm. All specimens were oriented such that the tensile axis paralleled to
the rolling direction. All samples were sealed in evacuated quartz tunes and heat treated at 950'C
for 2 hours, followed by oil quenching without removing the samples from the quartz tubes. X-
ray diffraction analysis of the samples revealed that all specimens including the 30Ni7OFe were
single-phase fcc gamma in structure. No martensite was found to form on quenching.

Hydrogen was introduced by cathodic charging at current density of 10OA/m 2 in IN H2SO4
with 250mg/I NaAsO 2.

After precharging for 24 hours, the specimens were tensile tested at room temperature at a
strain rate of 10's*, while the same hydrogen-charging condition as used in the precharging was
maintained. Two or three specimens were tested under identical condition, and the results
reported are averages of the individual behavior.

Delayed fracture test of hydrogen induced cracking (HIC) under constant load [9] was
performed using single-edge notched specimens with thickness of 0. 1mm for Ni and 0,25mm for
the others. To obtain the normalized threshold stress intensity ,K/K,., the time to- fýOurc .'ndcr
different K1/Kc was measured during dynamic charging after precharging for 24 hours.
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To examine the fracture surfaces on scanning electronic microscope, the failure specimens
were ultrasonically cleaned in 15pct HCI + 1pct (CH 2)6N4 solution and then in acetone.

Thin foils for TEM were prepared from tensile specimens deformed lOpet by first electrolytic
thinning in 1N H 2SO4 methanol solution and then ionic thinning.

Waiting for 20min after precharging for 24 hours, X-ray diffraction were performed within
4min to determine hydride content. Supposing that the intensity of the diffraction peaks depends
only on hydride content and the diffraction angle, the difference between the absorption
coefficient of Ni and Fe is ignored, tile volume fraction of hydride should be:

C -[ 1-4 - (1-cos Z2Gil)/Sin ZOHC:cs 13, tI ± +cos (-•0/ sir. 20 c:.s

where 1, IH and i, i H are intensities and angles of diffraction peaks for matrix and hydride,
respectively.

The amount of hydrogen evolution at room temperature for the specimens precharged for 24
hours was collected using a glass tube filled with liquid paraffin [10].

Experimental Results

1. Ductility loss for Ni-Fe alloys

Table 2. Relative change of ductility, strengths and intergranular fracture induced by H (%)

Alloy = ductility loss increase in YS decrease in UTS IG

Ni 54 2 0 34

6ONi40Fe 55 18 27 55

50Ni5OFe 40 16 18 14

40Ni6OFe 22 4 8 24

30Ni7OFe 72 0 28 49

The relative changes of uniform elongation, yield strength and ultimate tensile strength
induced by hydrogen for pure Ni and Ni-Fe alloys are listed in Table 2. The intergranular
fracture percent in the charged specimens for Ni-Fe alloys is also listed in Table 2. There was
no intergranular fracture for Ni and Ni-Fe alloys in the absence of hydrogen.

Table 2 shows that a small increase in yield strength is caused by hydrogen and embrittlement
takes place as evidenced by the reduction in uniform elongation and ultimate tensile strength.

The variations of hydrogen induced ductility loss and inter- granular fracture fraction with
alloy composition, i.e., iron content, are shown in Figure 1. Comparing the curve of present
work with that of previous work in Figure 1, it is evident that the variation in ductility loss with
iron content obtained in the present work has the same tendency as that in the references, i.e.,
the hydrogen embrittlement susceptibility decreases with increasing iron content when Fe < 60%,
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and then increases again when Fe>60%. There is a minimum hydrogen embrittle-ment
susceptibility for the 40Ni6OFe alloy. The variation of inter-granular fracture, however, with iron
content is not consistent with that of ductility loss.

2. Threshold values of hydrogen induced cracking
An average fracture load in air for the single-edge notched specimen was used to calculate

the critical stress intensity in plane stress condition, Kc, as shown in Table 3. The failure times
for notched specimens precharged for 24 hours under different but constant loads during dynamic
charging were recorded. The curves of K, vs time-to-failure for Ni and the Ni-Fe alloys were
obtained. The threshold stress intensity of HIC can be calculated as follows [11].

KIM = (KhI + Kg)/2

where K,• stands for the minimum K. at which delayed failure occurs and K% for the maximum
value at which delayed failure will not occur within the fixed time, e.g., 100 hours. To ensure
that the error measuring of KIM will be not more than lOpct, (Kn - K.) must be less than 0.2KIH.
The Kai, Km/Kc and the intergranular fracture percent on the delayed failure surfaces for the five
materials are listed in Table 3.

Table 3. KIH, Kw/Kc and intergranular fracture

Alloy Ni 6ONi4OFe 50Ni5OFe 40Ni6OFe 30Ni7OFe

Kc (MPamrt ) 18.4 21.6 21.7 19.6 15.9

K,,, (MPam"2 ) 16.2 14.3 12.0 15.7 14.3

K_/Kc 0.88 0.66 0.56 0.79 0.90

1.G., % 26 23 30 32 48

The variation in KI and Kf/Kc with iron content is shown in Figure 2. Figure 2 indicates
that the hydrogen embrittlement susceptibility measured by K.M or KnM/Kc increases with
increasing iron content within Fe<50%, and thzn decreases again with increasing iron content
when Fe>50%. To one's great surprise, the variation of hydrogen embrittlement susceptibility
measured by KuM/Kc with iron content, as shown in Figure 2, has just contrary tendency to that
measured by ductility loss, as shown in Figure 1. Again, the variation in intergranular fracture
fraction with iron content is not consistent with that in Km/Kc, as shown in Table 3.

3. Hydride and amount of hydrogen evolution
X-ray diffraction revealed that hydride phase could form after cathodic charging for 24 hours

in the five fcc materials. The diffraction peaks of hydride phase for pure and Ni-Fe alloys would
disappear if laying aside for 24 hours at room temperature after precharging. This means that
the hydride formed during charging is unstable. The volume percent of hydride phase estimated
based on the X-ray diffraction data are shown in Figure 3. The total amounts of hydrogen
evolution at room temperature for pure Ni and Ni-Fe alloys precharged for 24 hours are also
shown in Figure 3.

4. Dislocation structure
The dislocation structures for the Ni-Fe alloys deformed 10pct. are shown in Figure 4. For
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50Ni5OFe alloy, there was a planar dislocation arrangement without dislocation tangle and a
lowest dislocation density, as shown in Figure 4(a). For 30Ni7OFe, 6ONi4OFe and Ni, there were
lots of dislocation tangles, corresponding cross-slip dislocation arrangement, as shown in Figure
4(b) and 4(c). For 40Ni6OFe there were a few dislocation tangles, as shown in Figure 4(d).
Figure 4 shows that the extent of dislocation planarity is the maximum for 50Ni5OFe alloy, the
minimum for 30Ni7OFe, 6ONi4OFe and pure Ni and the middle for 40Ni6OFe alloy.

Discussion

The main factors influencing the hydrogen embrittlement susceptibility for the Ni-Fe alloys
are as follows.

i. Yield strength
For high strength steels, hydrogen embrittlement susceptibility measured by either ductility

loss or Km increased with increasing yield strength [12,13]. For the five fcc materials used in
the present work, the yield strength are very low, i.e., 130MPa to 180MPa, and the effect of
composition on yield strength is very small. Therefore, the variation of ductility loss and Km
with composition is not due to the small difference of yield strength for the Ni-Fe alloys.

2. Volume fraction of hydride
Hydride is one kind of brittle phase, the elongation and Km would decrease with increasing

volume fraction of hydride phase. Unfortunately, it is not possible to investigate the effect of
hydride on elongation and Km in pure Ni and the Ni-Fe alloys independently, since the hydride
phase formed during charging is unstable and will begin to decompose immediately at room
temperature after stopping charging. For titanium aluminide, in which hydride is a stable phase,
strain-to failure and Km decreased exponentially with increasing hydride [14].

For the Ni-Fe alloys, hydride could reduce elongation and Km during dynamic charging
because of no decomposition of hydride in this case. The volume fraction of lhy~ride phase in
the Ni-Fe alloys was dependent on the iron content (Figure 3), thus the hydrogen embrittlement
susceptibility induced by hydride alone should depend upon the composition, similar to Figure
3. A schematic effect of hydride on hydrogen embrittlement susceptibility is indicated using
curve (b) in Figure 5.

3. Solutionizing hydrogen concentration
Hydrogen embrittlement susceptibility should increase with increasing atomic hydrogen

concentration entering into the sample during charging. The solubility of hydrogen in the Ni-Fe
fcc alloys should depend on composition, although there is no data available. Figure 3 shows that
the total amount of hydrogen evolution, which is the sum of hydrogen solutionizing in lattice and
that resulting from decomposition of hydride, has a maximum value for pure Ni and a minimum
value for 6ONi4OFe, 50Ni5OFe and 40Ni6OFe alloys. However, the amount of hydride in
50Ni5OFe alloy had a maximum value, as shown in Figure 3. Therefore, the atomic hydrogen
solutionizing in lattice had a minimum value for 5ONi5OFe alloy. The variation of hydrogen
embrittlement susceptibility induced by solutionizing hydrogen alone with composition is
schematically shown by curve (c) in Figure 5.

4. Dislocation or slip planarity
The role of slip character in HIC process is that planar slip enhances dislocation transport
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[15], and prevent dislocations from cross-slipping around small particles and escaping. Thus the
larger the extent of slip planarity is, which is mainly controlled by stacking fault energy, the
larger the hydrogen embrittlement susceptibility will be. Figure 4 shows that the extent of
dislocation planarity in 50Ni5OFe alloy has the maximum value and that in pure Ni, 30Ni7OFe
and 6ONi4OFe the minimum value. "herefore, the variation of the hydrogen embrittlement
susceptibility with composition resulted from dislocation planarity is schematically plotted by
curve (a) in Figure 5.

Investigating synthetically the effect of hydride, solutionizing hydrogen and dislocation
planarity on the hydrogen embrittlement susceptibility is maybe able to explain the different
variations of ductility loss and KH with composition because the weights of the effect of the three
above-mentioned factors on ductility loss and KI are different. Supposing that the ductility loss
are controlled by hydride and the amount solutionizing hydrogen, the combination of curve (b)
and (c) in Figure 5 can result in a minimum ductility loss for 6ONi4OFe or/and 5ONi5OFe alloy.
Supposing that the KtH for HIC is controlled by hydride and dislocation planarity, the
combination of curve (a) and (b) in Figure 5 can result in a minimum Km. value in 50Ni5OFe
alloy.

Conclusions

1. The hydrogen induced ductility loss for pure Ni and 6ONi4OFe, 50Ni5OFe, 40Ni6OFe and
30Ni7OFe fcc alloys were 54%, 55%, 40%, 22% and 72%, respectively, i.e., there was a
minimum ductility loss for the 60Ni4OFe alloy.

2. The normalized threshold value of HIC, KIH/Kc, for Ni, 6ONi4OFe, 50Ni5OFe, 40Ni6OFe and
30Ni7OFe alloys were 0.88, 0.66, 0.56, 0.79, and 0.90, respectively, i.e., there was a minimum
K,, or KIH/KC for 50Ni5OFe alloy.

3. A unstable hydride phase could form during charging for the five fcc materials and the volume
fraction of hydride depend on composition.

4. The amount of hydrogen evolution and then the solutionizing hydrogen had a minimum value
for the 50Ni5OFe alloy.

5. The e, tent of dislocation planarity was the maximum for the 50Ni5OFe alloy and the minimum
for pure Ni, 60Ni4OFe and 30Ni7OFe alloys.
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Corrosion Management
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Abstract

Corrosion in installations, if not managed adequately, can increase the risks to
personnel, to the environment and to the value of an asset.

The corrosion and materials engineer has an important role to play in a
multi-disciplined team, with operations, maintenance and inspection engineers
to ensure that a broad awareness of corrosion is trprslated into day to day
actions to reduce these risks.

It is important that the constraints applied by the corrosion and materials
engineer at the design stage are fully appreciated by staff involved in operating
an installation. Equally the maximum use should be made of corrosion
monitoring and inspection data in the day to day operation of equipment and in
indicating where future designs could be improved.

When systematically registered and analysed, inspection and corrosion findings
will highlight recurring problems allowing the use of either existing technology
or that developed by carefully focussed research to provide optimised solutions.
This can lead to substantial financial savings.

A model is provided describing the information flows in Corrosion Management.
It has the aim of ensuring optimum use is made of the skills of the corrosion and
materials engineer.

Key terms: technical integrity, corrosion management, deviation control, audit,
cost saving

Introduction

Society and company interests both demand that the achievement and
maintenance of the technical integrity of installations for oil and gas production
and refining is given high priority. This reflects the need to ensure the safety of
the public and company personnel, the avoidance of unacceptable
environmental impact and the preservation of asset value. The demonstration of
such integrity to regulatory authorities is increasingly required.
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Minimising life cycle costs whilst achieving technical integrity is often
dependent on the use of materials which can be expected to corrode during
normal service. As a consequence, to ensure continued integrity at minimum
cost, corrosion has to be actively managed throughout an installation's life from
the early stages of design until it is taken out of service.

Corrosion and materials engineers, however detailed their knowledge of the
corrosion processes occurring in a plant or piece of equipment, cannot, alone,
ensure that the necessary measures to contain corrosion threats are being
applied on a day to day basis. It follows that they have the responsibility to see
that all involved in the design, construction, commissioning, operation,
inspection and maintenance of an installation are alert to the need to manage
corrosion and to the potential consequences, in terms of safety, environmental
effects and cost, of a failure to do this adequately.

To achieve the maximum im-,pact of the corrosion and materials engineers' skills,
it is important that the flows of related information are clearly defined and
recognised by all who should be involved with their use.

A Model for Corrosion Management

A model for Corrosion Management, which illustrates the information flows
required and emphasises the multi-disciplined nature of the process, is shown in
Figure 1. The information cycle which results from this model can provide a
basis to ensure that optimum use is made of corrosion and materials engineering
knowledge.

All stages of this cycle require excellent two way communication between
corrosion and materials engineers, as advisers, and their clients throughout an
organisation.

The Tools to Achieve the Management of Corrosion

Standards

Standards represent a wealth of knowledge often based upon experience built
up over many years.

Clearly it is important that National and Industry Standards, for example, for the
fabrication and construction of an installation, are accurately followed if the full
benefit of existing knowledge is to be gained.

Equally, internal company Standards and reference documents related to
corrosion and materials should also be established and applied. These
documents will go further than published information and will contain the
product of, sometimes costly, prior operating experience. Amongst many
possibilities, such a document might offer guidance on the corrosion rates to be
expected in a particular process stream or piece of equipment, it might reflect
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company preferences for structural painting systems and their application or it
might provide details of company policy on cathodic protection design for
pipelines.

In all cases standards organisations, both external and internal, should be open
to Feed-Back from standards users which, with appropriate authorization, can
be used to update their documents. An obligation on users is that they should
provide technically sound and well reasoned documentation to justify any
proposed change.

Corrosion Management Manuals

Corrosion Management Manuals prepared, possibly by the project team during
the design phase of an installation, provide a formal method of ensuring "Feed-
Forward" of essential corrosion design, control and measurement information.
To be effective such documents should make the reasoning for the materials'
choices transparent in terms of the corrosion processes expected to occur, the
anticipated rates of attack and the corrosion mitigation methods chosen.

In addition, they should contain information on the operating and maintenance
practices and inspection planning requirements to achieve the defined
installation life.

For the operator this might involve the definition of his responsibilities with
respect to ensuring the continuous injection of corrosion inhibitors downhole.
For the maintenance engineer information might be provided on the expected
life of an internal vessel coating under the expected process conditions so that
likely necessary repairs can be planned. For the inspector this might involve the
initial definition of the frequency of intelligent pig inspections of a pipeline based
upon the rates of corrosion expected, the planned design life and the corrosion
allowance provided.

Inspection / Corrosion Data Bases and Data Analysis

Measurements made during inspections and corrosion monitoring of installations
are a major asset, this applies whether they show deviations from the design
assumptions or confirm the design approach chosen. Such data, in many cases
accumulated at considerable cost, are often under-utilised.

Data collected may identify possible threats to an installation's integrity which
require immediate and urgent action. However, a key factor in the use of
inspection / corrosion data for the longer term planning of operations,
maintenance and inspection requirements is the availability of a data base
system to facilitate the collation and analysis of information over longer periods.
The ready availability of design data and operating information to the corrosion
and materials engineer for the data analysis step will also enhance the efficient
and effective use of the available inspection / corrosion data.
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The coupling of inspection findings to process condition data is a valuable
source of field experience in optimising the operation of an installation from a
corrosion and materials viewpoint and in providing a basis for the confirmation
or modification of Standards for future designs. In view of the potential
influence of this "Feed-Back", the data analysis step is of major importance in
the corrosion management cycle.

Status Reports

The analysis of inspection and monitoring results should lead to condition status
reports, which may contain proposals to revise operating and maintenance
practices and inspection plans, for individual pieces of equipment, based on the
observed operational experience.

It is of particular importance that summary status reports, for installations as a
whole, be provided for management on a regular basis. These reports should
highlight the areas of concern, review the progress made towards their
resolution and define clearly the actions and responsibilities within a multi-
disciplined team for the period ahead.

Status reports raise the general awareness of corrosion and materials
engineering concerns and provide for technical continuity in the event of staff
transfers. They are an essential contribution to establishing management
confidence in the achievement of technical integrity.

Potential Benefits of a Transparent Corrosion Management Approach

Deviation Control

Corrosion Management Manuals provide a basis for deviation control through
the establishment of base line operating conditions and practices and
maintenance and inspection plans. Changes in these practices for an
installation, possibly prompted by operating experience or operational needs,
can be evaluated against this base line, agreed by all relevant disciplines and
fully documented in a revised manual before their introduction. This sequence of
documentation will provide an audit trail through an installation's operational
history.

Audit

The Corrosinn MW-nement modc! suggested provides a basis for audit at two
levels. It defines a possible set of corrosion management tools which should be
in place if effective Corrosion Management is to be achieved and at a more
detailed level, information concerning an individual piece of equipment can be
examined to ensure that its integrity with respect to corrosion has been
established and is being adequately safeguarded.
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Enhanced application of technology

The systematic analysis of corrosion failures, promoted by this approach to
Corrosion Management, will help with the identification of recurring problems
allowing the optimised use of existing technology or the focussing of research
effort on areas where no economic solution exists. In the latter case, well
defined experience data collected for and generated during the analysis step will
be available as a foundation for the research work.

Financial benefits

The development of this approach to Corrosion Management has been
stimulated by indications that the more efficient use of corrosion and materials
technology and inspection and monitoring data would result in a reduction of
avoidable corrosion costs by at least twenty five percent.

Concluding remarks

The management of corrosion is a concern which extends beyond the
responsibilities of corrosion and materials engineers. Whilst they should provide
advice during both the design and operational phases, they are dependent upon
the co-operation of other disciplines if an installation's projected design life is to
be achieved. The model proposed provides a framework for that co-operation
and for optimising the contribution the corrosion and materials engineers make
to an organisation.

CORROSION MANAGEMENT INFORMATION FLOWS
Feed Forward

0 (Corrosion Management Manuals)

Operating Maintenance Inspection
Conditions/ Plans Pla.ns
Practices

Revised Revised Revised
Operating Maintenance Inspection
Conditions/ Plans Plans
Practices

(Status reports) of
Feed Back

I I
------ -- -- -- -- -- - - - -- -

Figure 1

2424



Development of Super 13Cr Stainless Steel
for C02 Environments Containing a Small Amount of H2 S
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Abstract

Recently, a super 13Cr martensitic stainless steel(LowC-13Cr-5Ni-2M0) has been
developed at SMI. Its chemical composition was determined from the view-point
of both SSC at ambient temperatures and the general/localized corrosion at
elevated temperatures in C02 environments with a small amount of H2S. Carbon
content was controlled to a low value of less than 0.05mass% in order to
increase the effective Cr for corrosion resistance. 2mass% Mo was necessary
for improving the SSC resistance at up to 0.O03MPa of H2S partial pressure. Ni
of 5mass% was added in order to obtain a martensitic, single-phase structure.

The super 13Cr stainless steel seamless tubulars of 95ksi grade were manufac-
tured by the mannesmann-mandrel mill process. The tubulars were quenched and
tempered into 95ksi grade having a hardness of lower than 28HRC. These
tubulars showed a higher SSC resistance at ambient temperatures than the
conventional 13Cr steel, and the H2S threshold pressure was 0.O03MPa in 5%
NaCI solution with 30MPa C02.

In the field application of 95ksi(665MPa) grade tubulars made from the super
13Cr stainless steel, these tubulars showed good corrosion resistance in
simulated environments of North Sea fields, whose conditions were composed of
high C02 partial pressure, low H2S partial pressure and high chloride
concentration. No SSC occurred in the specimens at ambient temperatures.
Corrosion rate of C-ring specimens was less than 0.Olmm/y and no localized
corrosion occurred at elevated temperatures.

In addition, the super 13Cr stainless steel has good fracture toughness and
weldability. So, the corrosion tests on welded portions were investigated to
clarify the applicability of the super 13Cr stainless steel to line pipe.

Key terms: oil country tubuler goods, super 13Cr stainless steel, martensitic
stainless steel, sulfide stress cracking, SSC, corrosion resistance, C02
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Introduction

The field application of 13Cr martensitic stainless steel(AISI 420) has been
increasing due to its good corrosion resistance in C02 environments and lower
cost than 22Cr duplex stainless steel11 21. However, it is well known that 13Cr
steel is susceptible to SSC in C02 environments with H2S partial pressure
more than O.O003MPa(O.OO3atm or O.045psi), and it is less resistant to general
and localized corrosions at elevated temperatures above 1500 C3 1. In
particuler, the existence of H2S extremely deteriorates the corrosion
resistance of 13Cr steel in laboratory tests. On the other hand, the
exploration of deep and hot oil and gas wells has expanded, and the C02
environments have begun to contain a small amount of H2 S.

Recently, several super 13Cr stainless steels with improved corrosion
resistance have been proposed by some researchers 4>15 6> 7). In this paper,
newly developed super 13Cr martensitic stainless steel is introduced. It has
an intermediate corrosion resistance between conventional 13Cr martensitic
stainless steel and 22Cr duplex stainless steel.

In the first section of this paper, the alloying design of the super 13Cr
stainless steel is introduced. This design enhances the SSC resistance at
ambient temperatures and the localized corrosion resistance at elevated
temperatures. In the section H , the corrosion resistance of the super 13Cr
stainless steel is presented. An application limit and effect of environmental
factors such as H2S partial pressure, Cl- ion concentration and temperature
are also discussed in consideration of the environmental variables. In
addition, concerning the field application of tubulars made from super 13Cr
stainless steel, the results of long term corrosion testing in simulated
environments are introduced. Finally, the results on fracture toughness and
weldability are introduced in section I.

Experimental Procedure

I. Tested Materials

Materials with the chemical composition given in Table 1 were used for the
investigation. The mechanical properties of these materials are shown in
Table 2. The super 13Cr stainless steel seamless tubulars were manufactured
by the mannesmman-mandrel mill process. These tubulars were quenched and
tempered into 80ksi, 95ksi and llOksi grades.

The effects of environmental factors on corrosion were studied using the super
13Cr stainless steel with 95ksi grade. The conventional 13Cr steel and 22Cr
duplex stainless steel were used as comparative materials.
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H. Corrosion Test

SSC resistance was evaluated by constant-strain test methods. The four-point
bent beam specimen of 2mm by 10mm by 75mm with notch (stress concentration
factor of notched-bottom portion = 2.1) and C-ring specimens were used for the
constant-strain test. The specimens were stressed to 100% of the yield
strength. The 4-point bent beam and tensile specimens were stressed longi-
tudinally to the rolling direction.

In crevice-corrosion tests at elevated temperatures, metal-to-metal crevice
specimens were used4".

In. Test Method

The specimens were polished with silicon carbide No600 paper. The C-ring
specimen was pickled in HN0 3 + HF solution. Then these specimens were rinsed
with distilled water and degreased in ethanol and aceton. Deaeration was
carried out by a repetition of vacuum and bubbling of N2 gas. H2S gas and C02
gas were charged to the experimental pressure at room temperature. After
the corrosion test, a visual observation was done and then weight loss was
measured after descaling. The specimens were mounted in epoxy resin and
further examined at high magnification to detect cracking.

Result and Discussion

I. Alloying Design of Super 13Cr Stainless Steel

The SCC at ambient temperatures and the general and localized corrosion at
elevated temperatures are the most important corrosion problems for the
martensitic 13Cr stainless steel in C02 environments with a small amount of
H2S. So, the chemical composition of super 13Cr stainless steel was determined
in consideration of both corrosion resistances.

Carbon content was controlled to a low value of less than 0.05mass% in this
study in order to suppress the reduction of the Cr concentration in the matrix
as Cr carbide precipitation(Cr 2 3C6 ). The martensitic single-phase region, when
austenized at 10500 C, is shown in Figure 1. The region was reduced with the
increase of Mo content in the steels.

The SCC resistance of these steels was investigated in 5% NaCI solution with
3.OMPa(450psi) C02 and O.O01MPa(O.15psi) H2S at 25" and 600 C. The test
results on the corrosion rate and SCC susceptibility are given in Figure 2.
The corrosion rate was remarkably decreased with Mo content. The steels with
2mass% Mo or higher had a corrosion rate of less than O.Olmm/y and did not
suffer SSC. Therefore, the addition of 2mass% Mo to LowC-13Cr- Ni martensitic
stainless steel is very effective for the improvement of SCC resistance.
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The corrosion test at elevated temperature was carried out in the concentrated
25% NaCI solution with 3.OMPa(450psi) C02 at 150* C. The corrosion rate
decreased enormously as shown in Figure 3 when the Cr content was higher than
llmass%. Accordingly, it is thought that the decrease in carbon content to
13Cr martensitic stainless steel improves the general corrosion resistance
in C02 environments at elevated temperatures.

Based on the test results mentioned above, the chemical composition region of
super 13Cr stainless steel is given in Figure 4. The Ni content was fixed at
5mass% for economic reasons. LowC-13Cr-5Ni-2Mo is a suitable chemical
composition for the super 13Cr stainless steel.

U. Corrosion Resistance of Super 13Cr Stainless Steel

First, the effects of environmental factors such as H2 S partial pressure and
Cl- ion concentration on SSC resistance of the steel which was melted in
the laboratory and manufactured in the mili was studied. Next, the localized
corrosion and SSC resistances of these steels were investigated at elevated
temperatures.

11.1 SSC Resistance
The effect of H2S partial pressure and C1- ion concentration on SSC
susceptibility is given in Figure 5. The susceptibilities of the laboratory-
melted steel and mill-melted steel were evaluated using a 4-point bent beam
and C-ring method, respectively. The conventional 0.2C-13Cr steel suffered SSC
ii; 5% NaCI solution with O.0O1MPa(O.15psi) H2S, while the super 13Cr
stainless steel melted in the laboratory and mill did not. When the H2S was
increased to 0.003MPa(0.45psi), only the laboratory-melted super 13Cr
stainless steel suffered cracking in the notched 4-point bent beam specimen,
under the condition of high Cl- ion concantration. This fact indicates that
SSC susceptibility was increased by the introduction of plastic deformation at
the notched-bottom portion. The SCC susceptibility of mill-produced steel with
a yield strengthof 95ksi was the same as that of the 80ksi grade. Therefore,
the threshold value of H2S partial pressure for SSC occurrence would be 0.001
to 0O.03MPa(0.15 to 0.45psi) for the super 13Cr stainless steels. On the other
hand, SSC did not occur even at 0.01MPa(l.5psi) H2S when the Cl- ion concent-
ration was lOOppm or below. Namely, if Cl- ion concentration is low, the H2 S

threshold pressure for SSC occurrence is increased.

Hl.2 Corrosion Resistance at Elevated Temperatures
Effects of temperature on the resistance to general and localized corrosions
and also cracking were investigated in 25% NaCI solution with 3.OMPa(450psi)
C02. The super 13Cr stainless steel had high corrosion resistance at !50" C or
belowand suffered pitting corrosion only at 200' C, as shown in Figure 6.
On the other hand, the conventional 13Cr steel suffered pitting corrosion at
100" C, and general corrosion with corrosion rates above lmm/y at temperatures
of more than 150" C.
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Next, a corrosion test was carried out in 5% NaCI solution with 3.OMPa(450psi)
C02 containing 0.001MPa(O.15psi) H2S. The results are given in Figure 7. The
conventional 13Cr steel suffered cracking at 25" and 60" C, pitting corrosion
at 120" C and general corrosion at 150" C or above. The corrosion rate in the
C02 environment without H2S was slightly higher than that with H2S. This fact
suggests that Cl- ion accelerated corrosion, but on the contrary, H2S
depressed the corrosion. The super 13Cr stainless steel showed good corrosion
resistance to localized corrosion and SSC up to 150' C, but it suffered
pitting corrosion with corrosion rate of 0.3mm/y at 200" C in a similar manner
as in the C02 environment. The super 13Cr stainless steel manufactured by the
mill was tested using C-ring specimens in a similar environment. The steels
with yield strength of 80, 95 and llOksi grades showed the same resistance as
that of the steel melted in the laboratory, except at 200" C. Namely, the
mill-manufactured super 13Cr stainless steel which was pickled in HN0 3 + HF
solution did not suffer pitting corrosion.

The results of the crevice corrosion test are shown in Figure 8. The crevice
corrosion occurred at 100° C or above on the conventional 13Cr steel, and at
200" C on the super 13Cr stainless steel.

It is thought from these results that the addition of Mo element improves not
only SSC resistance at ambient temperatures, but also localized corrosion and
SSC resistance at elevated temperatures. Further, the temperature limitation
of super 13Cr stainless steel would be 150' C in C02 environments both with
and without 0.O01MPa(O.15psi) H2S considering corrosion rate and occurrence
of localized corrosion.

11.3 Long Term Corrosion Test in Simulated Environments
In order to apply the tubulars made from the super 13Cr stainless steel to the
North Sea fields, long term corrosion tests were carried out in simulated
environments, whose conditions were composed of high C02 partial pressure, low
H2S partial pressure and high Cl- ion concentration. Tested tubulars are
shown as follows. The conventional 13Cr steel and 22Cr duplex stainless steel
were used as comparative materials.

A. Super 13Cr(95ksi), 2-7/8"(73.Omm)O.D. x 0.217"(5.51mm)W.T.
B. 0.2C-13Cr(80ksi), 3-1/2"(88.9mm)O.D. x 0.254"(6.45mm)W.T.
C. 22Cr(llOksi), 2-7/8"(73.Omm)O.D. x 0.276"(7.01mm)W.T.

The SSC test results are summarized in Table 3. In the case of the super 13Cr
stainless steel, no SSC occurred on the specimens at ambient temperatures. On
the other hand, the conventional 13Cr steel suffered SSC in environmental
No.A-2, whose temperature was 25" C with 0.02atm(O.O02MPa or 0.3psi) H2 S.

The corrosion rates of tested materials are shown in Figure 9. Regarding
the super 13Cr stainless steel, the corrosion rate was less than O.Olmm/y and
no localized corrosion occurred at elevated temperatures. The super 13Cr
stainless steel has an intermediate corrosion resistance between conventional
13Cr steel and 22Cr duplex stainless steel. In this manner, thL application
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of the super 13Cr stainless steel tubuler of 95ksi grade for a certain field
in the North Sea was determined.

X. Fracture Toughness and Weldability of Super 13Cr Stainless Steel

As a further application of the super 13Cr stainless steel to line pipe, the
fracture toughness, weldability and the corrosion resistance of welded
portions were investigated.

11.1 Fracture Toughness
Charpy impact tests were carried out, and the results are shown in Figure 10.
The tubulars made from the super 13Cr stainless steel of 73mmO.D. x 14mmW.T.
with the yield strength of 95 and llOksi grade were tested. The test specimens
were sampled longitudinally in the roiling direction. As shown in Figure 10.
The tubulars had a much better fracture toughness than conventional 13Cr
steel. The transition temperature of 95ksi grade tubular was approximately
-100" C(-150° F).

111.2 Weldability and Corrosion Resistance of Welded Portion
The weldability of the super 13Cr stainless steel and the corrosion resistance
of the welded portion in a CO, environment were investigated to clarif. the
applicability of the steel to line pipe.

The tubulars of 2-7/8"(73.Omm)O.D. x 0.217"(5.51mm)W.T. were girth welded, and
the welding conditions are summarized in Table 4. The GTAW(gas tungsten arc
welding) process was applied in non-preheating conditions. The super 13Cr
stainless steel had enough toughness, altl:ough PWHT(post weld heat treatment
for a stress relief) was not applied.

The corrosion test results on the welded portion are shown in Table 5. By
using a weiding material similar to super 13Cr stainless steel, the corrosion
rate was suppressed to a low level even under as-welded conditions.

Conclusions

The alloying design of the super 13Cr stainless steel was carried out for the
improvement, of both the SSC resistance at ambient temperatures and localized
corrosion and SSC resistance at elevated temperatures in a C02 environment
containing a smal! amount of H2S. Further, effects of environmental factors
on corrosion resistance of the super 13Cr stainless steel were investigated
compared with the conventional 13Cr steel. The results obtained are summarized
as follows:

1. A super 13Cr stainless steel(bowC-l3Cr-5Ni-2Mo) has been developed at
SMI. It is a more corrosion resistant material than conventional 13Cr steel.
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2. The super 13Cr stainless steel showed a higher SSC resistance at ambient
temperatures than the conventional 13Cr steel, and the H2S threshold pressure
was 0.001 to O.O03MPa(O.15 to 0.45psi) in 5% NaCl solution with 3.OMPa(450psi)
C02.

3. The H2 S threshold pressure changed depending on Cl- ion concentration.
For example, the super 13Cr stainless steel did not suffer SSC even at 0.O1MPa
(1.5psi) H2S when Cl- ion concentration was lOOppm or below.

4. The super 13Cr stainless steel had a higher resistance to general
corrosion and localized corrosion at elevated temperatures compared to the
conventional 13Cr steel, and the limitation of temperature was 150" C in C02
environments both with and without a small amount of H2S.

5. The super 13Cr stainless steel showed a good fracture toughness and
weldability, so it is considered that the steel could be applied to line pipe.
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Table 1. Chemical composition of steels used for the investigation.

Chemical composition (mass%)Material- C Si Mn P S Ni Cr Mo

Lab. melted 0.02 0.13 0.44 0.016 0.001 4.96 12.89 2.0
Super 13Cr

Mill melted 0.02 0.19 0.44 0.014 0.001 5.60 12.00 2.0

0.2C-13Cr(AIS1420) 0.21 0.35 0.67 0.017 0.001 0.10 12.43 -

22Cr 0.02 0.49 1.61 0.022 0.001 5.20 22.25 2.8

Table 2. Mechanical properties of steels used for the investigation.

Y.S. T.S. El HardnessMaterial (MPa) (ksi) (MPa) (ksi) (W) (HRC)

Super 13Cr (80ksi) 585 85 846 123 37 24.9

Super 13Cr (95ksi) 712' 103' 867' 126' - -
702 102 861 125 36 25.7

Super 13Cr (llOksi) 827 120 889 129 22 26.5

0.2C-13Cr (80ksi) 632' 92' 785' 114' - -
620 90 799 116 22 22.5

22Cr (llOksi) 792 115 868 126 19 29.0

* ; Lab. melted material

Table 3. Long term SSC test results in simulated enviroments

Test Condition SSC test results'"

H2S C02  Salt Temp. Time Superl3Cr 0.2C-13Cr 22Cr
(atm) (atm) (W) (C) (h) (95ksi) (80ksi) (llOksi)

A-1 0.02' 40' 10% NaCI 135 1440 No SSC No SSC No SSC

A-2 0.02' 40' 10% NaCI 25 1440 No SSC SSC No SSC

B-1 0.005' 62' 9% NaCI 125 1440 No SSC No SSC No SSC

8-2 0.005' 62' 9% NaCI 25 720 No SSC No SSC No SSC

C-1 - 30" 125% NaCl 150 1440 No SSC No SSC No SSC

* ; at test temperature
** : at ambient temperature

s** ; 4-point bent beam method according to ASTM G3979
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Table 4. Welding test condition

Chemical composition of welding materials (%)

Welding C Si Mn P S Ni Cr Mo Ti N
material

Wi 0. 02 0. 19 0. 44 0. 019 0. 001 5.46 11.91 2.05 0. 29 0. 0043 Ms

W2 0.03 0.61 0.57 0.021 0.005 1.00 11.90 - - - Ms

W3 0.01 0.37 1.60 0.009 0.001 8.82 22.1613.37 - 0.08 Duplex

Welding condition: GTAW process, Non-preheating

Pass Welding Welding Welding
N. current voltage speed Welding sequence

(A) (V) (cm/min)

1 110 13 10
___130_16_13

2 130 16 10 2

3 130 16 10 11
PWHT condition

W Welding
ateri al Wi W2 W3

PWHT

As weld 0 : tested 0 0

6400CX30min, AC 0 - -

720CX20,min, AC 0 -

Table 5. Corrosion test results on the welded portion

Welding condition Corrosion rate (mm/y)

Mother Welding PWHT 4 point Coupon-I Coupon-2
metal material bent beam

Super 13Cr WI Yes 0.041 0.067 -

73mm0.D. 1D No 0. 030 0. 050 -

X W2 Yes 0.046 0.137 -

5.51mmW.T. ' No 0.030 0.073 -

W3 Yes 0.028 0.040 -

_ _ No 0.029 0.077 0.029

Corrosion test condition ; 3.OMPa(450psi)C0 2 , 5%NaCI, 150"C. 240h
Coupon-I shows as welded specimen
Coupon-2 shows machined specimen
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ABSTRACT

From the view points of CO 2 corrosion resistance, phase stability and

cost performance, 15% Cr martensitic stainless steel ( 15%Cr-0.5%Mo-
1.5%Ni-0.12%C-0.07%N, UNS No. is S42500 ) has been developed as a
partial substitute for duplex stainless steels. Eighty ksi grade 15% Cr
stainless steel manufactured shows excellent corrosion resistance in
conditions of several percent NaCI solution at temperatures below
200'C. This steel shows higher CO 2 corrosion resistance, a little
higher pitting corrosion resistance compared to Type 420 ( 13%Cr-
0.2%C, UNS No. is S42000 ). From the Auger analysis of 15% Cr
stainless steel immersed in conditions simulating CO 2 gas well
environments, Cr-oxide or -hydroxide was assumed to be formed near
the surface even if at 1800C. Increasing Cr content from 13 to 15%
leads to producing the stable Cr-oxide or -hydroxide in such a severe
condition. Improving CO 2 corrosion resistance of 15% Cr stainless steel
results from the existence of the stable Cr-oxide or -hydroxide.

Key terms: 15% Cr stainless steel, Type 420, Oil country tubular goods,
Toughness, CO 2 corrosion resistance, Pitting corrosion resistance, 80
ksi grade, Auger analysis
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INTRODUCTION

Corrosion Resistant Alloys have been widely used in oil and gas
wells recently. In a lot of cases, martensitic stainless steels have
been selected for C02 gas wells from the economical view point.
Typical martensitic stainless steel, Type 420 shows good resistance to
CO 2 corrosion at elevated temperatures up to 1500 C, to pitting
corrosion in several percent NaCl solution and to sulfide stress
corrosion cracking when partial pressure of H2S is lower than 0.1 atm..
In the conditions in which Type 420 does not show good resistance to
corrosion, austenitic/ferritic duplex stainless steel has been
recommended. However, duplex stainless steel is twice or three times
expensive compared to Type 420. For solving the upper problem, much
attention has been paid to modified martensitic stainless steelsl- 6).
Modified martensitic stainless steels show better resistance to
corrosion than Type 420 and are cheaper than duplex stainless steel.

From the view points of C02 corrosion resistance, phase stability
and cost performance, 15% Cr martensitic stainless steel has been
developed as a partial substitute for duplex stainless steels 6). In this
study, 13 and 15% Cr martensitic stainless steels in oil and gas wells
are discussed from the view points of mechanical properties and
resistance to C02 corrosion, pitting corrosion. The mechanism of
preventing C02 corrosion by using high Cr stainless steel is also
discussed.

EXPERIMENTAL PROCEDURE

Materials

Mill product seamless tubing of Type 420 and 15% Cr stainless steel
were used. Both steels were quenched and tempered to the strength
level of 80 ksi grade. Chemical compositions of Type 420 and 15% Cr
stainless steel tested are listed in Table 1.

For clarifying the mechanism of preventing CO 2 corrosion by using
high Cr stainless steel, laboratory melt steels were used. The range of
chemical compositions of materials used were listed in Table 2. These
steels were quenched and tempered.
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Experimental methods

The following mechanical properties were measured:
1. Longitudinally-oriented tensile strength at R.T.
2. Rockwell hardness C scale
3. Longitudinally-oriented, half size Charpy impact energy and shear
area from -1200C to 200C

The following corrosion tests were conducted:
1. Immersion tests in autoclaves were carried out in 3 - 20% NaCI
solutions with PH2S = 0 - 0.05 atm. and PCO2 = 30 atm. at 60 - 2000C for
336 - 2160 hours.
2. Measurements of pitting potential in autoclaves were conducted in
5% NaCl solution with PH2S = 0.025 atm. and PC0 2 = 10 atm. at 1300C.
Ag/AgCl inner reference electi-ade was used. Polarization started at
corrosion potential and potential was swept with 20 mV/min. to the
noble direction.

The following measurements were conducted for clarifying the
mechanism of preventing C02 corrosion by using high Cr stainless steel:
1. Polarization behavior for laboratory melt steels were measured in
3.5% NaCl solution with 1 atm. C02 at 600C. Polarization started at
-1000 mV vs. S.C.E. and potential was swept with 20 mV/min. to the
noble direction. Peak current density of active state and cathodic
current density at -800 mV vs. S.C.E. were measured.
2. Auger electron spectroscopy technique was applied to surface
analysis of immersed test specimens. Test specimens of 15% Cr steel
were immersed in 3% NaCI solution with PC0 2 = 25 atm. at 180 and 150
0C for 100 hours.

TEST RESULTS AND DISCUSSION

Mechanical properties

Mechanical properties of Type 420 and 15% Cr stainless steel
manufactured are listed in Table 3. The results of Charpy impact tests
of Type 420 and 15% Cr stainless steel with half size specimens are
shown in Figure 1. The energy transition temperature ( vTre ) of Type
420 and 15% Cr stainless steel are -25 and -801C, respectively.
Fifteen percent Cr stainless steel shows better toughness than Type
420. Reducing C is effective for improving toughness.
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Corrosion resistance

Immersion test. Immersion test results of Type 420 and 15% Cr
stainless steel in 3% NaCI solutions at 100 - 2000C are shown in Figure
2. The corrosion rate of 15% Cr stainless steel and Type 420 increases
with increasing temperature. The corrosion rate of 15% Cr stainless
steel is less than Type 420.

The effect of test duration on corrosion rate of Type 420 and 15% Cr
stainless steel is shown in Figure 3. After 3 months immersion,
corrosion depth of 15% Cr stainless steel is around 0.0035 mm, while
that of Type 420 is over 0.06 mm. No pitting corrosion of 15% Cr
stainless steel was observed after 3 months immersion in 10% NaCI
solution with PCo 2 = 30 atm. at 1000C.

Immersion test results of 15% Cr stainless steel in 3 - 20% NaCI
solutions with PH2S < 0.05atm. and PC0 2 = 30atm. at 60 - 2000C for 336

hours are summarized in Figure 4. Severe general corrosion of which
the corrosion rate was more than 0.3g/m2/hr ( 0.33 mm/year ) was
observed in 10 and 20% NaCI solutions at 2000C. Pitting corrosion was
observed in 20% NaCI solutions at 80 - 1200C. In these conditions, the
corrosion rate was very low and a little corrosion product was
observed on the surface of the specimens after test. In 20% NaCI
solutions at 150 - 1800C, the corrosion rate was greater than that at
80-1201C, and black- colored corrosion product covered all of the
surface. However, pitting corrosion was not observed under the
corrosion product after removing it. The corrosion resistance of 15%
Cr stainless steel seems to depend on whether the corrosion product
behaves as protective or not. At 600C, 15% Cr stainless steel shows
excellent passivation remaining its shiny, original surface. From these
observations, 15% Cr stainless steel may show less localized corrosion
resistance in the active-passive transitional region when Cl-
concentration is high. No severe general corrosion and no pitting
corrosion was observed in 10% NaCI solutions at less than 1800C and in
3% NaCI solutions at less than 2000C.

Material selection chart based on the immersion test results of
Type 420 and 15% Cr stainless steel in 3 - 20% NaCI solutions with
PH2S < 0.05atm. and PCO2 = 30atm. at 60 -2000C for 336 hours is shown
in Figure 5. Conditions where 15% Cr stainless steel shows no pitting
corrosion and no severe general corrosion ( less than 0.3 g/m 2/hr ) are
shown as a upper hatched region in Figure 5. The use of 15% Cr
stainless steel is permissible in several percent NaCI solutions up to
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2000C. The limit of use for Type 420 is also shown in Figure 5 as a
lower hatched region. Fifteen percent Cr stainless steel is useable in
solutions with higher concentrations of NaCI at higher temperatures
than Type 420.

Measurement of pitting potential. Polarization curves of Type 420
and 15% Cr stainless steel in 5% NaCI solution with PH2S = 0.025 atm.
and PC0 2 = 10 atm. at 1300C are shown in Figure 6. The pitting
potentials at which material indicates 100 micro A/cm2 caused by
pitting corrosion of Type 420 and 15% Cr stainless steel are -420 and -

280 mV vs. Ag/AgCI, respectively. The pitting potential of 15% Cr
stainless steel is 140 mV nobler than that of Type 420. Passive region
is clearly observed in curve of 15% Cr stainless steel and peak current
density at active region of 15% Cr stainless steel is smaller than that
of Type 420. These results suggest that 15% Cr stainless steel shows
better resistance to C02 general corrosion and pitting corrosion than
Type 420.

Mechanism of preventing COp corrosion by using high Cr stainless steel.
Corrosion rate of mar'ensitic stainless steel in CO 2 environments
depends on the following equation6 ):

GCI = Cr-12C+0.75Ni+10N ( %, GCl, General Corrosion Index) (1)

Corrosion rate decreases with increasing GCI value. !ncreasing Cr, Ni
and N is effective to decreasing corrosion rate. Decreasing C is also
effective to decreasing corrosion rate. When martensitic stainless
steel is tempered to obtain the strength level of 80 to 110 ksi, M2 3 C6

precipitates. Cr content in M2 3 C6 is large. When M2 3 C 6 precipitates, Cr

content in matrix reduces. Therefore, Increasing Cr content is equal to
reducing C content.

To clarify the effect of GCI value on anodic and cathodic reaction of
corrosion process, polarization behavior of laboratory melt steels of
which GCI value varies from 13 to 17% was measured in C02
environment. Effect of GCI value on peak current density of active
state ( icri ) and cathodic current density at -800 mV vs. S.C.E. ( i-800 )
measured are shown in Figure 7. Peak current density of active state
decreases with increasing GCI value. Cathodic current density at -800
mV vs. S.C.E. is independent on GCI value. These results suggest that
increasing GCI value is effective to restricting anodic reaction of
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corrosion process.

Surface analysis of immersed 15% Cr stainless steel by using
Auger electron spectroscopy technique was conducted to examine the
corrosion film formed in C02 environment at high temperature. The
concentration profiles of some elements from the surface to matrix are
shown in Figure 8. Cr enrichment is observed at the outer surface of
corrosion film formed at temperatures both 150 and 1800C. Cr-oxide
or -hydroxide ( Fe free ) is considered to be formed at the outer
corrosion film. At the inner corrosion film, Fe and Cr are observed. Cr
and Fe-oxide or -hydroxide is considered to be formed. Cr content in
corrosion film is larger than that in matrix. Corrosion film formed at
1800C is thicker than that formed at 1500C. This corrosion film is
different from air formed Cr-oxide. Therefore, this corrosion film does
not behave as a perfect passive film just like air formed Cr-oxide.
However, judging from the fact that corrosion rate decreases with
increasing Cr content, Cr enrichment at the outer corrosion film will
work effectively to reduce corrosion rate in C02 environment. High Cr
content in matrix leads to formation of stable Cr-oxide or -hydroxide.

Mo enrichment is observed at the most outer surface. It is
considered that Mo0 4 2- is formed at the interface of solution and Cr-
oxide or -hydroxide. Mo is considered to be effective to preventing
localized corrosion 6). Ni is not observed at anywhere. Ni content is too
small to detect by using Auger electron spectroscopy technique.

The followings regarding to 15% Cr stainless steel immersed in C02

environment are expected by immersion test results and surface
analysis by Auger electron spectroscopy technique:
1. When temperature is less than 600C, air formed Cr-oxide film at
surface behaves as a perfect passive film. No general corrosion and no
pitting corrosion is observed.
2. When temperature is 80 to 1200C, Cr-oxide or -hydroxide film will
be formed at the outer surface. Under it, thin Cr and Fe-oxide or -
hydroxide will be formed. Corrosion film does not show passivity
perfectly. Therefore, 15% Cr stainless steel shows less localized
corrosion resistance in the active-passive transition region when CI-
concentration is high. No general corrosion is observed.
3. When temperature is 150 to 2000C, Cr-oxide or -hydroxide film is
formed at outer surface. Under it, thick Cr and Fe-oxide or -hydroxide
is formed. Fifteen percent Cr stainless steel shows active state.
However, corrosion rate is kept low by the formation of Cr-oxide or -
hydroxide. No severe general corrosion and no pitting corrosion is
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observed.

CONCLUSIONS

Thirteen and 15% Cr martensitic stainless steels in oil and gas
wells are discussed from the view points of mechanical properties and
resistance to CO 2 corrosion, pitting corrosion. The mechanism of
preventing CO 2 corrosion by using high Cr stainless steel is also
discussed. The following conclusions are drawn:

1. Fifteen percent Cr stainless steel has better toughness than Type
420.

2. Fifteen percent Cr stainless steel shows higher CO 2 corrosion
resistance, a little higher pitting corrosion resistance compared to
Type 420.

3. Fifteen percent Cr steel shows superior resistance to C02 general
corrosion up to 2000C in several percent NaCl solutions.

4. From the Auger analysis of 15% Cr stainless steel immersed in
conditions simulating CO 2 gas well environments, Cr-oxide or -
hydroxide was assumed to be formed near the surface even if at 1800C.
Increasing Cr content leads to forming the stable Cr-oxide or -
hydroxide in such a severe condition. Improving C02 corrosion
resistance results from the existence of the stable Cr-oxide or -
hydroxide.
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Table 1 Chemical composions of Type 420 and 15% Cr stainless
steel used i% )

Steel UNS No. C Si Mn Cr Mo Ni N
Type420 S42000 0.20 0.28 0.49 13.1 tr. 0.12 0.009
15% Cr S42500 0.12 0.26 0.70 14.7 0.5 1.5 0.08
stainless
steel

Table 2 Range of chemical compositions of laboratory melt steels
used (%)
C Si Mn Cr Mo Ni N
0.05 - 0.22 0.79 14.0 - 0.52 1.0 - 0.08 -
0.22 15.1 2.0 0.09

Table 3 Mechanical properties of Type 420 and 15% Cr stainless
steel used
Steel Yield Tensile Hardness, vE-40C, J vTre,

strength,ksi strength, ksi HRC (Half size) degree C
Type420 88 110 20 24 -25
15% Cr 85 114 20 75 -80
stainless
steel
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Figure 1 The results of Charpy impact tests of Type 420 and 15% Cr
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Figure 5 Material selection chart based on the immersion test results
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Abstract

Selection of martensitic stainless steels (9Cr-lMo, 13Cr) and duplex stainless steels (22Cr, 25Cr)
for sour production service requires an understanding of the effects of different environmental
components on these alloys. The individual as well as synergistic effects of pH, H2S and
chlorides in the selection of martensitic and duplex stainless steels have been examined to
identify safe use limits for these materials from a stand point of general corrosion and SSC/SCC.
A method to assess resistance to pitting has been developed using an environmental severity
index and maximum operating temperature.

Keywords: selection, Duplex, Martensitic, stainless steels, expert systems, stress corrosion

cracking, pitting indices

Introduction

In recent years, the use of Corrosion Resistant Alloys (CRA) for mitigation of corrosion in oil
and gas production systems has increased dramatically. However, appropriate selection of these
alloys for oil and gas field service has remained a difficult task which needs significant
knowledge of materials behavior and experience 1 . This is particularly true for martensitic and
duplex stainless steels which exhibit complex corrosion and stress corrosion cracking behavior in
systems containing H2S and chlorides.

In order to select martensitic and duplex stainless materials for a given oilfield application
involving exposure to H2 S, CO2T water and chlorides, it is necessary to understand the role of
various factors that affect the corrosion performance of these materials. These factors include
environmental, chemical, mechanical and metallurgical attributes. In characterizing the role of
these attributes on material selection, it is required to evaluate the effect of the individual
parameters on material choices as well as the effect of the attribute interactions.

General corrosion, pitting, sulfide stress cracking and anodic stress corrosion cracking are of
particular concern when selecting CRA materials 2. Further, for many CRAs, there is relatively
limited documented field experience to define their limits of use. Selection of CRAs often
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involves decision-making based on seemingly contradictory laboratory data. Also, selection
involves understanding and characterizing the effects of the following variables in terms of
mechanical, corrosion and cracking considerations, such as3:

"* Mechanical requirements such as strength, heat treatment
and hardness criteria

"* Environmental parameters such as
H2 S partial pressure

C02 partial pressure
Minimum and maximum operating temperatures
Bicarbonates
Hydrogen ion concentration (pH)
Sulfur
Gas to Oil ratio
Water to Gas ratio

"* Metallurgical composition

The purpose of this paper is to discuss the development of guidelines for selection of martensitic
and duplex stainless steels based on safe use limit concepts. These guidelines have been
implemented along with other important factors as an expert system to assist the
materials/corrosion engineer in the complex process of selection of CRA materials for oil and gas
service. Specifically, an expert system entitled "Selection of CRAs Through Environment
Specifications" (SOCRATEST4)* is described, along with a discussion of the technical approach,
methodologies and data incorporated into the software4 . Particular focus is directed towards
rules developed for the use of martensitic 13 Cr and duplex 22 Cr and 25Cr stainless steels in
relation to sulfide stress cracking, stress corrosion cracking and localized corrosion.

Expert Systems, Rules and Knowledge Representation

Expert systems are defined as intelligent computer programs using expert knowledge to attain
high levels of performance in narrow problem domains 5 . The term expert in the expert system
implies the narrow specialization and competence of a human expert which has been embodied
into the system. Expert systems have a specific structure that distinguishes them from
conventional computer programs. Structural components in an expert system are shown in
Figure 1. The knowledge base and the inference engine form the heart of the expert system. The
knowledge base houses the expertise that is embodied in an expert system. The inference engine
controls the manner or the logical path used by the expert system to utilize the information (facts
and rules) in the knowledge base to make decisions.

Knowledge or expertise in a particular area (termed as domain-expertise) is stored in the
knowledge base in terms of facts and rules. Knowledge representation in the expert system refers
to the scheme used to represent a given piece of information in an expert system. Decision
making in an expert system can be represented through interconnected rules. The rules are used

* TM - SOCRATES: Selection of Corrosion Resistant Alloys Through Environmental Specifications (Cortest
Laboratories, Inc.. PO Box 691505. Houston, Texas 77269-1505
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in a specific sequence in order to reach decisions. The structure of the SOCRATES system and
the role of rules is briefly described in the Sections 3 and 4.

Domain Knowledge: Corrosion and Cracking in CRAs

The organization of different frames in the SOCRATES system is shown in Figure 2. The
system performs material selection by applying constraints at different hierarchical levels. The
constraints are organized such that a comprehensive initial solution set of applicable materials is
refined and reduced in size as the system proceeds through the different levels.

At level 1, the initial set of applicable materials is obtained by determining the application for
which the CRA is to be selected. If the application is not known, all classes of materials known
to the system become part of the solution set. These include the following classes of materials:

"* Stainless Steels: Conventional austenitic, high alloy austenitic, martensitic,
precipitation hardened, duplex and ferritic.

"* Precipitation hardened and solid solution nickel base alloys, nickel copper alloys.
"* Cobalt-base, titanium and zirconium alloys.

The constraints at this level include yield strength, material condition (heat treatment/cold work)
and hardness limitations. At this level, the constraints operate independently and hence are
applied sequentially. For example, a material in a required yield strength (SMYS) range (say,
110-130 ksi; 760-900 MPa) can also be cold worked. Here, materials available in the required
yield strength range are selected prior to applying the material condition (cold worked)
requirement.

At level 2, the environment is characterized in terms of severity for general corrosion using the
following environmental parameters:

* H2 S and CO 2 partial pressure
* Bicarbonates

e pH
• Minimum operating temperature
"* Chlorides and Sulfur
"• Water to gas ratio and gas to oil ratio

The parameters used in the material evaluation here operate concurrently. When materials are
evaluated at this level, the system considers both the effect of the individual parameter as well as
the effect of the cumulative interactions. An environmental severity index, based on the
environmental parameters, is computed to represent the synergistic effect of the different
parameters operating in cor ",rence. This environmental severity index is in turn used to select
the set of applicable materiais.

At level 3, materials are evaluated for their susceptibility to stress corrosion cracking. Factors in
evaluation here include,
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"* H2 S partial pressure
"* pH
"* Chlorides
"* Maximum operating temperature
"* Material composition in terms of nickel, chromium,

molybdenum, tungsten and columbium

At level 4, the materials are evaluated for their susceptibility to pitting corrosion. A Required
Minimum Pitting Index (RMPI) is computed based on maximum temperature, and environmental
severity determined at level 2. Further, a pitting index is computed for each of the materials in
the solution set using the relation6 ,

Pitting Index = Cr + 3.3Mo + 1 IN + 1.5(W + Cb)

Where Cr, Mo, N, W and Cb represent Chromiu a, Molybdenum, Nitrogen, Tungsten and
Columbium content of the alloy. All alloys that have a pitting index greater than or equal to the
RMPI are selected for further evaluation.

At level 5, all applicable materials from level 4 are evaluated for qualification based on sulfide
stress cracking requirements as well as certain rules of thumb based on application requirements.

Selection of martensitic and Duplex Stainless Steels

As shown in Figure 3, as the acid gas partial pressure in the production environment increases,
the pH generally decreases 7 . Typically, stainless alloys are expected to have reduced corrosion
performance with lower pH. The "lean" alloys such as martensitic 13Cr and 22-25Cr duplex
stainless steels generally degrade more severely at pH values less than 4.0. However, it has also
been observed that there are absolute effects of H2S partial pressure and chloride concentration.
Therefore, the system corrosivity can be estimated based on,

"* parameters which control pH in the aqueous phase (H2 S and CO 2
partial pressure, bicarbonate concentration and temperature)

"* H2 S partial pressure
"* chloride concentration (See Table I).

In the expert system for selection of CRAs, the empirical relationships shown in Figure 3 and
Table 1 are utilized to develop a "window" of conditions where martensitic and duplex stainless
steels can be used based initially only on their corrosion resistance (and not their cracking
behavior). The sulfide stress cracking, stress corrosion cracking and localized corrosion
behaviors of these materials are dealt with separately in subsequent modules in the system. This
"window" of conditions is based on availahle weight loss corrosion data and applying limitations
on acceptable values (typically 2 mpy maximum) 8,9.
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SSC and SCC Considerations for 13Cr

13Cr is typical of martensitic stainless steels in it being susceptible to sulfide stress cracking
(SSC). In some cases, nickel containing and high strength materials may also exhibit stress
corrosion cracking (SCC). For typical oilfield applications limited to restricted yield gra les of
tubulars yield strengths ranging from 75 - 90 to 85 - 100 ksi, (520-620 to 585-690 MPa)
maximum susceptibility to SSC occurs near room temperature (23 C). This susceptibility
decreases with increasing temperature with essentially no SSC observed above 80 C 10.

As shown in Figure 4, one commonly used guideline for the SSC resistance of 13Cr is to limit its
service to conditions which have a partial pressure of H2S less than or equal to 1.5 psia
(0.01 MPa). Additionally, 13 Cr materials with a yield strength greater than 110 ksi and/or those
with a nickel content greater than one percent, can exhibit SCC particularly at temperatures
greater than 60 C.

SOCRATES utilizes such guidelines for environmentally induced cracking in the form of
IF/THEN rules to define limits for service conditions where 13Cr is recommended. A typical
rule for martensitic stainless steels is given below:

IF
Yield strength> 110 ksi (760 MPa) and
{ Chlorides > 10000 ppm or
H2 S > 0.05 psia or ) and
Max. temperature > 60 C

THEN
Martensitic stainless steels are susceptible to stress corrosion cracking.

Cracking Considerations for Duplex Stainless Steels

Characterization of environmentally induced cracking of duplex stainless steels and determining
safe use limits are complex issues. As identified in a previous study, these materials can exhibit
more than one mechanism of cracking depending on the nature of the exposure conditions and
test method utilized 11 . At low temperatures (<100 C), a hydrogen embrittlement mechanism
tends to predominate where as at high temperatures (>150 C) anodic SCC is the most active
cracking mode. Therefore, maximum susceptibility to environmentally induced cracking is often
observed to occur at temperatures around (100 C).

However, to establish basic guidelines for coldworked 22 and 25 Cr duplex stainless steels for
use in the expert system, the data from several studies were evaluated and common trends
identified1 2,13. Figures 5 and 6 show cracking data for these materials under conditions of low
pH (approx. 3) at low and high temperatures, respectively. This data indicates that, for general
considerations,

"• the differences between 22 and 25 Cr stainless steels are usually minor but may
be significant particularly at borderline conditions,

"* the low temperature cracking behavior is effectively controlled by the chloride
concentration in the range of H2 S partial pressures up to 100 psi (0.69 MPa), and
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* at high temperatures, the more effective parameter for assessing cracking

behavior is H2 S partial pressure.

Further, cracking behavior for 22 Cr duplex can be summarized as follows:

"* Typically, SSC occurs at less than 65 C. When temperature is greater than 65 C, SCC
occurs. Maximum cracking susceptibility to SCC is observed near 90 to 120 C.

"* Chloride concentration predominates SCC behavior at low temperatures.
"* H2 S and chloride concentrations both contribute to SCC behavior at high temperatures.

A typical rule for determining occurrence of stress corrosion cracking in 22-Cr duplex stainless
steels is given below:

IF Temp > 60 C < 80 C and
I(Chlorides 100000 > ppm and H2 S > 0.01 MPa) or
(Chlorides 10000 3 ppm and H2 S 3 15 psia)} ]

or
Temp k 80 C < 120 C and
((Chlorides 10000 > ppm and H2 S > 0.01 MPa) or
(Chlorides 1000 Ž ppm and H2 S > 0.1 MPa))

or
Temp 2! 120 C and
((Chlorides 10000 Ž ppm and H2 S _> 0.01 MPa) or
(Chlorides 1000 Ž ppm and H2 S 2> 0.1 MPa) }

THEN
Duplex stainless steels are susceptible to stress corrosion cracking.

Evaluation of Pitting Resistance of Stainless Steels

As indicated in Section 3, published literature on localized corrosion of stainless and nickel based
alloys was reviewed to develop a pitting relationship for these materials in sulfide/chloride
environments14 . The relationship (Cr + 3.3Mo + I IN + 1.5[W+Cb]) was used in determining a
pitting index for a wide variety of materials in the expert system. This relationship for pitting
index was considered to be conservative relative to other pitting index equations available in
literature. Pitting resistance of different materials was evaluated on the basis of a Required
Minimum Pitting Index (RMPI). The RMPI was calculated as a function of the environmental
severity index determined in Table 1 and the maximum operating temperature for a range of
applicable service conditions.

The methodology of empirically achieving this relationship applied in SOCRATES is presented
in Table 2. This table combines the environmental severity, maximum temperature and an RMPI
value. As the environmental severity and temperature increase, so does the RMPI value required.
Typical values of pitting index for 13Cr, 22Cr and 25Cr materials was determined to be 13, 32.0
and 35.6 respectively.
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Application of the SOCRATES System

One of the most important aspects of expert systems formulated on empirical data and state-of-
the-art knowledge is that they must be flexible and be able to accommodate changes in our
fundamental knowledge and available data used in the materials selection process. The
methodologies utilized in SOCRATES can be easily modified through changes to the associated
rules and databases. The importance of the ability of an adaptive system for selection of stainless
alloys has been highlighted by the rapid growth of databases and operating experience with these
materials.

In two recent studies performed by Cortest Laboratories15 , SOCRATES accurately predicted
problems associated with SCC of duplex stainless steels and localized corrosion problems in
martensitic stainless steels based on the definition of the service environment. This aspect of the
expert system, to assist in accurate selection of stainless alloys and reproducibly monitor the
effects of up to seven environmental variables critical to alloy corrosion performance, we believe,
underscores the relevance of such systems. Furthermore, these studies has also shown that such
expert systems can significantly reduce the time required to conduct a proper selection of
stainless alloys and have shown a cost benefit of at least 5 to 1 based on the engineering time
saved.

Other environmental factors have also been incorporated into the SOCRATES system to better
characterize real field production environments. These factors include consideration of gas-to-oil
ratio (GOR). GOR basically is a measure of the relative amounts of gas and oil phase in the
production environment. In cases of low GOR (i.e. oil wells) it has been found that corrosion and
corrosion related cracking phenomena are of less concern. SOCRATES handles this by derating
the environmental severity index.

Other factors also incorporated into SOCRATES include water-to-gas ratio (WGR) for gas wells
and percent water cut in oil wells. Gas wells (i.e. high GOR) which produce high amount of
water (i.e. high WGR) typically s how maximum corrosive severity and tendencies for SSC and
SCC. However, in oil wells (i.e. low GOR) with low water cut, corrosivity can be very low.
This can allow for the safe use of martensitic and duplex stainless steels at substantially higher
levels of H2 S than predicted based on laboratory tests conducted in aqueous environments. The
results of these laboratory tests typically predict behavior more typical of that experienced in wet
gas well environments.

Conclusions

Martensitic and duplex stainless steels are intended for use in "mildly" corrosive environments.
Martensitic stainless steels (13 Cr) are particularly susceptible to SSC and pitting. The higher
alloy content in duplex stainless steels makes them more corrosion resistant than martensitic
alloys. Also, duplex materials are susceptible to stress corrosion cracking and pitting in severe
environments.

Selection evaluation methods for martensitic and duplex stainless steels have been formalized to
facilitate implementation in the SOCRATES system. Environmental severity from a stand point
of general corrosion has been represented as a function of HS partial pressure, chlorides and pH.
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It has been shown that the minimum pitting index required to assess resistance to pitting can be
represented in terms of environmental severity and maximum temperature. Practical applications
have shown the effectiveness of the expert system in evaluating and selecting martensitic and
duplex stainless steels.
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Low Moderate High
(pH S4) (4 <pH S.5) (pH > 5-_)

20 (R037 15 (Ro36) 10 (Ro35) Low Kfao I.0o0o

H,S pp< psi 25 (R038) 20 (R037) 15 (R036) Moderate o o.o<a-is-oo.p)

30 (R039) 25 (R038) 20 (R037) High(a-a> ioo.o )f

30 (R039) 15 (R036) 10 (R035) Low
1 psi < HS pp < 10 psi 50 (RO41) 40 (RO4O) 20 (R037) Moderate

60 (Ro42) 50 (Ro04) 30 (Ro39) High

60 (R042) 30 (R039) 20 (R037) Low
10 psk H,.S pp!< 100 psi 85 (R044) 50 (Ro4i) 40 (RO4o) Moderate

100 (RO45) 85 (RO44) 60 (RO42) High

100 (RO45) 50 (Ro4i) 50 (Ro4i) Low
HS pp > 100 psi 110 (RO46) 70 (RO43) 70 (RO43) Moderate

120 (RO60) 100 (RO4S) 100 (RO4S) High

120 (RO6W) 100 (RO45) 100 (Ro45) Low
HS > 100 psi + Sulfur 140 (R061) 120 (R06O) 120 (Ro~o) Moderate

150 (Ro47) 150 (R047) 150 (Ro47) High

The associated rule for each environmental rating is shown in parentheses.

Table I -- Environmental severity rankings for different combinations of pH, H2 S and
chlorides

Environmental T•s150F 150< T5 350F 350<T<45OF 450<T•SOOF
Severity

10 12 12 12 30
15 12 12 13 30
20 12 13 25 30
25 16.5 25 35 37
36 16.5 25 35 37
40 25 30 35 37

50 25 30 35 38

60 25 31 35 40

70 25 31 35 40

85 25 31 35 40

100 30 31 40 45

120 30 40 43 50

150 40 43 50 60

Table 2 -- Required Minimum Pitting Index (RMPI) Values for Different Environments
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Abstract

A newly developed dynamic field tester(DFT) was installed at the gas well containing 6 vol.%
CO2 in the vicinity of Anaco, Venezuela. Cylindrical specimens of various kinds of corrosion
resistant alloys with different internal diameter were mounted vertically in the DFT. Particularly,
in the present paper, corrosion behavior of four stainless steels, i.e. 420 type (0.2C-13Cr)
martensitic stainless steel(ss), low carbon martensitic super 13Cr martensitic stainless steel
(0.01C-12Cr-5Ni-2Mo) and 18Cr and 22Cr a-y duplex phase stainless steels is analyzed and
discussed. The production fluid is mainly composed from methane and light hydrocarbon. The
average gas oil ratio(GOR ) is 400,000 to 600,000 SCFPD/BBPD and water cut is about 50%.
Test temperatures at the outlet of test section are 360K(190F) in the first test and 350K(170F) in
the second test. Any material discussed in this paper is practically categorized to corrosion
resistant alloy in this corrosion media. Although corrosion rate is small, the difference in weight
loss among different alloys can be assessed in the long time test.

As the result, an effect of flow rate and alloy composition on weight loss corrosion is clarified.
The film of corrosion product is analyzed by the electron probe microanalyzer and ion mass
microanalyzer. It is presumed from the results of surface appearance and depth analysis of
composition of surface film that erosional flow effect on C02 corrosion rate of corrosion
resistant alloys does not occur in the flow rate below 78.2m/s, but above 131.4 m/s. It is also
clarified that passive films formed in the open air are restructured to the ones with different
compositions and thickness in the corrosive environment.

Key terms: C02 corrosion , corrosion resistant alloy, CRA, 13Cr steel, Duplex stainless steel,
flow effect, passive film, Cr-Ni-Mo alloy, annular mist, erosion

Introduction

Since late 1970's, C02 corrosion behaviors of corrosion resistant alloys(CRAs) tubing and
casing have been systematically studied in laboratories. (1)-(5)The usage of those alloys in the
field has been also expanded. (6)-(10) Although those laboratory data are effective to understand
CO-, corrosion phenomena, they have various short points to clarify the effect of various
factors on CO-- corrosion ;i.e. flow , fluids, oxygen contamination, interference of dissolved
metallic ion due to corrosion, test duration etc. On the other hand, it is difficult to obtain some
systematical information from the field experience. In order to accumulate the systematical field
data on C02 corrosion and use them effectively for the engineering purpose, a dynamic field
tester(DFT) was designed and fabricated. The details of the facilities and preliminary test data
have been published elsewhere.( 10 ) A flow effect on C02 corrosion of carbon steel and Cr
contained low alloys in the DFT experiment has been also discussed elsewhere.(' 1)
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In this paper, a flow effect on CO-, corrosion behaviors of corrosion resistant alloys is studied.
Particularly, corrosion behavior of four stainless steels(ss), i.e. 420 type (0.2C-13Cr)
martensitic-ss, low carbon super 13Cr martensitic - ss (0.O1C-12Cr-5Ni-2Mo) and 18Cr and
22Cr a-y duplex phase stainless steels(dss), is analyzed and discussed on the basis of
corrosion rate data and information of corrosion product film.

Experimental

1. Test Facility
A design of a dynamic field tester (DFT) is shown in Figure 1. The essential design condition is
as follows:

(1) max. temperature : 472K(392F),
(2) max. pressure : 20MPa(2800psi),
(3) material for flow section contacting with produced fluids:

SM2535 alloy, which chemical composition is the same as shown in Table 1
and which is corrosion resistant to H2 S-CO2-Cl-"

The detailed description of DFT and installation in the well head flow section has been
described elsewhere.(10)

2. Materials tested
A long-run DFT experiments for flow effect on CO 2 corrosion behavior of alloys were carried
out twice at JM101well in Anaco, Venezuela. They are called the DFT experiments I and 2.
Materials tested are shown in Tables 1 and 2. A large part of materials with internal
diameter(1.D.) of 52mm4 was sampled from tubular products except of S13Cr and DP1. All of
materials with smaller diameters were sampled from forged bar. A configuration of specimen is
cylindrical, and the specimen dimensions were shown in the previous paper.(10) An electrical
insulation between materials mounting in the specimen holder was carried out by a poly- ether
ether ketone(PEEK) spacer or SM2535 spacer with plasma CVD A1203 ceramic coating. A
materials arrangement at the vertical specimen holder in the DFT experiment 2 is shown in
Fig.3. That in the DFT experiment 1 was described in the previous paper. (10) Materials
S 13Cr and DP 1 were tested only in the DFT experiment 2. In order to obtain a stabilized flow
at the test section, preparatory flow sections with the same I.D., which lengths are more than
50 times of I.D. are allocated at the upper flow site of specimen holders shown in Fig.3. A
dummy material used for preparatory flow section is the same 22Cr-dss as shown in Tables 1
and 2.

3. Test conditions in the DFT experiment
The experimental condition in the DFT experiment has been described precisely in the previous
paper. (10) The chemical composition of production fluids is shown in Thble 3.
It is a typical gas well, i.e. average gas oil ratio(GOR) : 400,000 to 600,000 (SCFPD/BBPD).
A total liquid flow rate is 50 to 130 BBPD and water cut is about 50%. The partial pressure of
CO2 is about lMPa. Severe corrosion has occurred in production tubing and line pipe during
the operation of this well without inhibitor injection. The down hole production tubing has been
made of 420 typel 3Cr-ss. The well head piping system for installation of the DFT was mainly
constructed with 22Cr-dss. During the DFT experiments, this section including the DFT has
been operated in the ordinary production condition without inhibitor injection in order to
represent the severest corrosion condition. In order to maintain corrosion performance of down
stream facilities, corrosion inhibitor has been injected at the section right after the second choke
shown in Fig. 1.

The testing time is 3672h in the experiment I except shut down time of 720h and 4493h in the
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experiment 2 except shut down time of 816h. During the shut down time. the DFT was
sustained in the high pressure condition by the production fluid. A typical vertical flow regime
map indicating the conditions in the DFT experiments 1 and 2 is shown in Fig. 3.

4. Measurement
Three specimens of each material were mounted in each sections of I.D. 52, 27 and 20 mmq,

respectively. In the section of I.D. 15 mm$. two specimens of 22Cr-dss was mounted in the
DFT experiment 1, and each two specimens of 13Cr-ss and S 13Cr -ss were tested in the DFT
experiment 2. In the case installing three specimens, two specimens were used for measuring
weight loss and one was used for analyzing surface film or corrosion products. In the case
mounting two specimens, one for corrosion loss and one for analysis of corrosion products. In
measuring weight loss after test, specimens were descaled in 10 wt. % ammonium citrate
aqueous solution. The weight loss was measured by the difference of weight before and after
the corrosion test. A corrosion rate was calculated by means of dividing the weight loss with
testing time. Each precision of measurement for corrosion rate is 0.0002 mmly in the DFT
experiment 1 and 0.00005 mm/y in the DFT experiment 2.

In order to study the corrosion products and surface films, the specimens were cut along the
longitudinal axis, observed visually and microscopically, and analyzed by the electron probe
microanalyzerlEPMAI and ion microprobe mass analyzerl IMMA.

Result and discussion

Corrosion test results of 13Cr-ss and 22Cr-dss in the DFT experiment 1 are shown in Table 5.
Although other high alloys, i.e. 25Cr, SM2535, SM2242 and SM2550, were also tested at the
flow rate up to 131.4 m/s, all of corrosion rate were less than 0.0002 mm/y. Corrosion test
results in the DFT experiment 2 are shown in Table 6. Even if a flow effect on corrosion rate
of alloys with more excellent corrosion resistance than DPI- dss exists, it is negligibly small
at the flow rate less than 78.2 m/s. I t is, particularly, assessed that SM2550 alloy above all
is immune to corrosion in all of these test conditions. An effect of flow rate on corrosion rate of
lower grade corrosion resistant alloys is shown in Fig. 4. Corrosion behavior of DPI-dss is
mostly resemble to that of 22Cr- dss. Therefore, each flow effect on corrosion behaviors of
13Cr- ss, S13Cr- ss and 22Cr- dss is discussed precisely at the following sections,
respectively.

1. Martensitic 13Cr ss
This material is categorized to UNSS42000, AISI 420 and API specification 5CT - group 2 of
casing and tubing.(1 2 ) Generally speaking from engineering view points, this material is
resistant to C02 corrosion at the temperature less than 423 k(300F).(l)-(4) Sondtvedt described
that 13Cr-ss for choke in production equipment for unprocessed hydrocarbon had an allowable
flow rate of 300 m/s, while that of carbon steel was 260 m/s in the same condition, which was
classified to non corrosive environment.( 13) It is noted that the allowable flow rate is an
engineering criterion. It is reviewed in Table 7 how CO'2 corrosion behaviors of 13Cr-ss
depend upon the flow rate in the experiment in the vicinity of 373K(212F). (1)(3)(14)-(18) It is
shown in Table 7 that CO2_ corrosion rates of AISI 420 type martensitic 13Cr- ss are less than
0.1 ram/y in the laboratory short time tests at the temperature below 373K(212F) , and do not
depend upon the flow rate in the range less than 26m/s. As corrosion rate and film thickness
of corrosion product increases with increasing temperature, different flow effects could occur
in the temperatures higher than 373K( 212F). Denpo et al showed in the short periods loop test
of 96h that corrosion rate at 393K(248F) increased with the flow rate up to 3 m/s and was
sustained to a plateau level of about 0.46mm/y in the range of flow rate between 3 and 17
m/s.0'8 ) On the other hands, Ciaraldi reported that a pitting corrosion at the pin end of metal-to-
metal connection occurred in the 13Cr-ss tubing string used for one or two years in the gas-
condensate well containing 1.0 to 1.4MPa CO2 and organic acid of 800ppm , and its penetration
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rate through wall was maximum 1.7 mm/y in the fluctuated flow rate in the range of 10. 7 to
21.3 m/s. while it was more moderate value in the constant flow rate of 12 m/s. which
corresponded to an allowable limiting flow velocity recommended with API RP14E.:17) In the
field test in the same flow line at the flowing temperature of 383 K(270F), it was also reported
that AISI 410- ss specimen did not suffer any pitting corrosion in 8.5 m/s, but in 14 m/s, and
F6NM(l3Cr-4Ni-0.5Mo) was immune to corrosion in the flow rate less than 17.9m/s."17 It
suggests that a long run of operation or test could result in a flow effect on CO,_ corrosion
different from a short periods test such as the conventional laboratory tests shown in Table 7,
because an accumulation of corrosion product occur, even if corrosion rate be small.

The corrosion rate of 420-ss in the flow rate less than 78.2 m/s in the DFT experiment is below
0.03 mm/y as shown in Fig. 4 , and 420-ss is corrosion resistant at the temperature below
373K(212F) in consistency with the published data as shown in Table 7. In addition to this
information, it is noted in Fig. 4 that the corrosion rate of 420-ss decreases as the flow rate
increases in the range of 10.6 to 78.2 m/s, even if the difference of corrosion rate due to flow
effect is not so much. Another fact is that its corrosion rate in the DFT experiment 2 increases
significantly at the high flow rate, i.e. 157.1 m/s. It suggests that a critical flow rate for 420-
ss to erosion-corrosion could exist in the range of 78.2 m/s to 157.1 m/s. In order to discuss
precisely these phenomena, corrosion product deposited on the specimen was studied. Surface
appearance of specimen after tested, cross sectional view of corrosion products and EPMA
analysis of corrosion product are shown in Figs. 5 to 7. On the basis of observation of cross
sectional view of corrosion products, an effect of flow rate on the variation of film thickness of
corrosion product is shown in Fig. 8. It is recognized that the specimens after tested are
covered with the chromium and oxygen enriched corrosion product as shown in Fig. 6 and 7.
This result of EPMA for 13Cr- ss is different from that for 3%Cr steel, where enriched Cr, 0,
and C. and Fe exist in the film of corrosion product.() It is presumed that a tight and adhesive
hydrated chromium oxide film is formed for corrosion products of 420-ss as described by
Fierro et al. ( 19) Existence of many cracks in film is shown in Fig.5. It is notable that existence
of cracks is significantly less in the specimen tested at the flow rate of 157.1 m/s than in the
others tested at the low flow rates. A cause of cracks is not clarified. The variance of film
thickness is the largest at the flow rate of 157.1 m/s as shown in Fig.8. In this highest flow
rate, maximum film thickness is closely related to the pit-wise sites of matrix, and minimum
film thickness is located on the flat heights of matrix. This suggests the following corrosion
process; At first, ferrous iron dissolves preferentially and enrichment of chromium and
oxygen occurs, and the protective film of corrosion product is nucleated and grown, and it is
locally peeled off by the mechanism of erosion corrosion after the film thickness attained to
some level, and cured by localized corrosion of matrix at that site. Adherence of film at the
cured site is stronger than at the other site, because of anchor effects. It results in the dispersion
of corrosion site, and the surface morphology of corroded matrix becomes a general corrosion
rather than a localized corrosion. It is also noted that a minimum corrosion rate at the flow rate
of 78.2 m/s is related with a formation of adherent and tight protective film, which result in the
minimal variance of film of corrosion product as shown in Fig. 8.

2. Low carbon martensitic S 13Cr stainless steel
This material is a newly developed engineering material to improve CO-, corrosion resistance of
420-ss both in high temperature and in H2S contamination. (20) In Fig. 4, corrosion rate of
Sl3Cr-ss is 1/40 to 1/15 of that of 420-ss in the flow rate below 78.2 mIs. In the high flow
rate 157.1 m/s, the corrosion rate of S I3Cr- ss, i.e. 0.0012mm/y, is about 1/120 of that of
420-ss and nearly equal to that of 22Cr- dss. A film of corrosion product is too thin to observe
a cross sectional structure by either optical microscope or SEM. Results of surface appearance
by SEM and depth analysis by IMMA are shown in Figs. 9 and 10. The surface appearance in
the flow rate below 78.2 m/s is completely different from that in 157.1 m/s. In the latter, a fine
structure of machining trail is almost disappear and erosional pits along the flow direction are
appeared, while the surface as machined is observed in the former. The results of IMMA clarify
for the surface passive film to restructure from a Fe -rich thin film formed in the open air to a
new thicker film enriched with Cr -(Si) in the corrosion environment without the erosional
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damage in low flow rate. The film formed in the high flow rate 157.1 m/s have a film
composition similar to one in the open air, although the zone with chromium depletion is thicker
in the former than in the latter. This difference might be resulted from the fact that the corrosion
specimen was exposed to the static humid environment and a passive film in the stagnant
corrosion environment was restructured, even after the corrosion test in the high flow rate was
finished. It is concluded that the increased weight loss in the high flow rate 157.1 m/s is due to
the erosional effect rather than the contribution of corrosion and the repassivation reaction of
S I 3Cr- ss is rapid enough to maintain the low corrosion rate such as 0.0012 mm/y.

3. 22Cr a-y duplex phase stainless steel
22Cr-dss is immune to corrosion at the flow rate below 66.6 m/s. A slightly effective weight
loss is measured at the flow rate of 78.2 m/s. The surface appearance by SEM shown in Fig. I 1
indicates some evidence of flow effect at 78.2 m/s, although it is very local. However, results
of depth analysis shown in Fig. 12 does not indicate any evidence of erosional flow effect, but
an existence of restructured passivation film in the corrosion environment different from that
in the open air. A characteristic feature of the restructured passivation film of 22Cr-dss is an
enrichment of Cr and Si and depletion of Fe in the film.This is also supported by the fact that
both 420-ss and S l3Cr-ss less resistance than 22Cr-dss does not show any evidence of
erosional flow effect in the flow rate 78.2 m/s as mentioned above. In the flow rate more than
131.4 m/s, the weight loss increases as the flow rate increases. An erosional flow effect would
result in the weight loss as discussed for Sl3Cr-ss. It is noted that the corrosion rate of 22Cr-
dss is 0.0034mm/y even in the high flow rate 250.5 m/s, and this material is still immune to
corrosion in this environment from the engineering view point. This corrosion rate corresponds
to about 3 times of the corrosion rate in the flow rate 131.4 m/s. As it is not an abnormal
increase, it is presumed that an increase of frequency damaging film by the erosional effect
results in the increased corrosion rate, but a self-curing capability of passive film due to the
repassivation reaction is sufficient to prevent corrosion.

Conclusion

1. Corrosion resistant alloys more than martensitic 13Cr- ss(420-ss) are resistant to C02
corrosion at the temperature of about 360k in the flow rate up to 78. 2 m/s. At this
temperature. 420-ss shows a moderate corrosion rate of about 0.14 mmly in the flow rate
157. l m/s. From engineering view point, other materials tested, i.e. S I3Cr-ss (0.01C-5Ni-
2Mo 12Cr), a-y duplex phase stainless steels and high nickel austenitic CRAs are resistant
to CO,-_ corrosion in the flow rate below the maximum flow rate tested; 157.1 rms for S 13Cr- ss
I250.5 m/s for 22Cr- dss.78.2 m/s for DPl-dss and 131.4 m/s for high Ni-CRAs.

2. Corrosion rate of 420-ss decreases as the flow rate increases up to 78.2 m/s. It is presumed
that a hydrated chromium oxide film with thickness of 1.5 to 6 mm is formed on the surface. In
the film, many cracks exist. In the high flow rate 157.1 m/s. the film thickness is I to 11 mm.
and the film is crackless.

3. S 13Cr- ss and 22Cr- dss have not an evidence of erosional damage due to in the flow rate
below 78.2 m/s, but in the flow rate 157.1 and 131.4 m/s, respectively. The weight loss due to
the erosional damage is minor, and a self-curing capability of passive film due to the
repassivation reaction is sufficient to prevent corrosion at the sites suffering erosional damage.
As for 22Cr- dss, the same mechanism of flow effect is sustained up to 250.5 m/s.

4. In exposed to the corrosion environment, a passive film enriched with Cr and depleted with
Fe different from one formed in the open air is restructured. In suffering erosional flow effect,
the passive film with compositions similar to ones in the open air is represented, but the film
thickness in the corrosion environment is thicker than in the open air.
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"Table 1 Chemical composition and mechanical properties materials used in
the DFT experiments 1 and 2 [test specimens with I.D. 52 mini

Chemical composition Tensile properties

Mateial (wt%) YS. T.S. E R.A.

C 1 Si Mn P S ICu Cr Ni Mo Others (MPa) (Pa) (%) (%)

13Cr* 0.20 0.42 0.66 0.023 0.001 0.02 13.1 0.1 <0.1 601 784 25.2 66.9

S13Cr** 0.01 0.18 0.44 0.016 0.002 0.09 13.0 5.2 2.1 624 853 24.4 76.6

DPI** 0.02 1.58 1.68 0.019 0.001 0.08 18.4 5.0 2.8 596 801 47.0 72.4

22Cr* 0.02 0.51 1.52 0.021 <0.001 0.07 22.1 5.3 2.8 N 811 878 25.8 78.2

25Cr* 0.02 0.43 0.84 0.021 0.001 0.49 25.1 7.2 3.2 W:0.42,N 605 802 29.6 71.6

SM2535" 0.02 0.22 0.59 0.016 0.001 0.80 24.8 30.9 3.1 908 956 18.0 79.0

SM2242" 0.02 0.31 0.79 0.016 0.001 1.84 21.1 43.1 3.2 Ti:0.75 879 920 16.0 64.0

SM.550 0.01 0.41 9.61 0.012 0.001 0.96 24.8 49.8 5.7 Ti:0.89 1866 929 19.0 72.0

* Commercial tubular materials
** Forged bar materials

Table 2 Chemical composition and mechanical properties of materials used in the
DFT experiments 1 and 2 [test specimens with I.D. 15, 20 and 27 mm]*

Chemical composition Tensile properties

S(wt%) YS. T.S. B R.A.

C Si M IP s CU CrI Ni Mo Others (M0a) (MP) (%) (%)

13r- 0.19 0.37 0.58 0.021 <0.001 0.02 13.3 <0.1I <0.1 589 756 26.8 68.8

13C.r 0.01 0.18 0.44 0.016 0.002 0.09 13.0 5.2 2.1 624 853 24.4 56.6

DPI 0.02 1.58 1.68 0.019 0.001 0.08 18.4 5.01 2.8 596 801 47.0 72.4

22Cr 0.02 0.51 1.50 0.015 <0.0011 0.08 22.0 4 2.8 N 491 713 43.0 79.0

25Cr 0.02 I 0.35 0.82 0.017 0.001 0.47 24.7 6.8 3.2 tW:0.28"N 548 753 39.8 82.4

SM2535 0.02 0.32 0.63 0.011 0.001 0.78 24.5 30.5 3.3 853 902 21.6 81.9

SM2242 0.02 0.34 0.82 0.013 0.001 1.79 21.3 43.5 3.4 Ti:0.93 769 829 22.2 76.6

SM2550 0.02 0.37 0.57 0.012 0.001 0.91 23.3 49.9 6.8 Ti:0.46 890 949 22.4 68.8

Forged bar materials
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"1ible 3 Chemical analysis of production
fluids at JM-101 well (Dec.1989)

C1  90.35

Gas C 2  
1.49

composition C 3  0.56

(too%) C4 0.95

CO, 6.65

H2S 5 ppm

Chemical Fe 0.57

analysis of Cr < 0.5

condensed Ni < 0.5

water (ppm) Cl" 23

Table 4 Average test conditions in the DFT experiments 1 and 2

Experi- internal Gas flow Pressure Temperature Gas velocity

nent diament rate l Vsg Ngv* NLV* ptow(mm) (Nm3/min) (Psi) (MPa) F) (K) (m/s)

52 9000 1960 13.8 190 361 17.6 145.5 0.60 Transicion
Annular mi

1 27 9000 1917 13.5 190 361 66.6 560.0 2.27 Annular mis
20 9000 1775 12.5 188 360 131.4 1155.1 4.33 Annalarmit
15 9000 1661 11.7 188 360 250.5 2257.7 7.89 Annular il

52 7860 1755 12.1 181 355 10.6 87.96 0.36 Transition
27 7860 1726 11.9 175 352 39.7 334.0 1.35 Annularmis
20 7860 1598 11.1 175 352 78.2 687.8 2.66 Annularmis

15 7860 1406 9.9 171 350 157.1 1380.8 5.18 Anaular mit

• According to Taitel and Dukler and calculated using co ation based on Duns & Ros dimensionless parameterX')

NLV = i.938 V (,,)'14

Ng, = 1.938 V.v(o liq Y)4

0 liq = LIquid(water+condensate) density O(b/t 3 )

Y = Surface tension (dyne/cm)

Thble 5 Corrosion test result in the DFT experiment 1

specam(j") 15 20 27 52
I..(mm) ________ ________________

(II1s)(2) 250.5 131.4 66.6 17.6

MS,,IsI ciS i g/m2/h mmly g/m2/h mmi /y g/mth mm/y

13Cr 7.68 - - 0.0079 0.009 0.0028 0.0032 0.0035 0.004

22Cr 7.85 0.0027 M 0.0034 0.0009 0.0011 <0.0001 <0.0001 <0.0001 <0.0001

Note (1) I.D. Internal diameter
(2) Vsa : Gas velocity
(3) C.R.: Corrosion rate
(4) S.G.: Specific gravity
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Thble 6 Corrosion test result in the DFT experiment 2

SL-cine(,, 15 20 39.7 52

V 157 78.2 39.7 10.6
C R(, g/m2 g/m2/h g/m2/h g/m2 /h,,s.G-..• fmm/y -- mmy -mmf/y mm/Vy

Materil (gicm4) each av. each av. each av. each av.

13Cr 7.68 0.1261 (0.1103) (0.125) 0.00612 (0.0056) (0.0064) 0.01038 (0.0093) (0.0105) 0.01698 (0.0151) (0.0173)
0.1261 0.143 0.00677 0,0064 0.0074 0.01078 0.0106 0.0120 0.01767 0.0173 0.0198

S 3r0.00066 0.00045 0.00038
SI3Cr 7.79 0.0010 0.0010 0.0012 0.0006 0.0006 0.00043 0.0005 0.0004 0.0005

0.00035 0.00040 0.00044
DI 75- 0.00022 0.00010 -.000005

DPI 7.85 - - 0.00017 0.0002 0.00006 0.0001 -0.00001 <0.00010.00012 0.00003 0.00002I

22Cr 7.85 0.0 0.00016 0.0002 0.0000 009 0.0001 50.00007 o.oI
0.00018 0.00010 0.00010

0.000315 0.00013 -___ ___0.00006 ___25Cr 7.85 0.00 0.00023 0.0002 0.00017 0.00011 0.0001 . 0.00001 <0.0001
0.00031 0.00013 0.00006

SM2535 8.13 0.0-170017 0 9 0.0002 0.00017 0.00017 0.0002 -.13 -0 .00013 <0.00010.00018 0.00017 -0.00D13

SM2242 8.140.000 0.00019 0.0002 0.00014 0.0002 -. 0.00OD5 <0.0005
.0.00020 0.00015 -0.00008

SM2550 8.29 -0.00055 -0.00023 <0.0001 -0.0058 -0.00020 <0.0001 -0.00119 00055 <0.0001
- 0.00032 0.00017 0.00009

Note (1) I.D. Internal diamer(): Coroaion rate calculated with the teatintime including shut-down tume.
(2) Vso :Gas velocity
(3) C.R.: Corrosion rate
(4) S.G. : Specific gravity

Thble 7 Review of flow effect on CO2 corrosion rate of 13Cr steels
in the vicinity of 373K (212F)

Experimetal condition coroion

No. Materials CI- PCo 2  Temlatr sting Flow Referes
_dation Me Remarks

PPI Mpg K (F) h m/5 mm/y
1 0.OOSC-13Cr 10 3.0 423(300) 96 2.5 Autoclave 0.015
2 (Ferritic) 500 3.0 423(300) 96 2.5 0.3 ikeda et a!.
3 30,000 3.0 373(212) 96 2.5 0.25 (3)
4 30,000 0.1 373(212) 96 2.5 <0.1
5 AISI 420 30,000 3.0 373(212) 200 7.0 Solution loop <0.1 Ikedaet atl.
6 Martenaitic 30,000 3.0 373(212) 200 15.0 <0.1 (1)
7 AISI 420 30,000 0.15 373(212) 200 26.0 Ga loop <0.1 Ikeda atl I.
8 - 30,000 0.15 423(300) 200 26.0 0.15-0.3 (3)

9 AI$1 420 Autoclave Lfbme
9 500 1.5 353(176) 168 0.5 0.2-0.3 i. bvr1et

______ ___ ____ ___ al. (14)
10 AISI 410 Sthe

10 AI 18,000 0.3 413(284) 96 1.5 Solution loop <0.1 Satoh at
CA15S al. (15)

I1 AISI 420 18,000 5.5 423(300) 96 Static Circulation 0.1 Mmzamra
12 5.5 500 Static uatodCve 0.4 et al. (16)
13 AISI 420 800 1.0/1.4 10.2/21.3 Field 1.7 Ciarldi
14 420 383/400 8760 12.0 Orgaic acid modrae (17)
15 410 -17520 <8.5 : 230ppm <0.0250
16 410 (270/261) 14 pH 4.6 Pitting
17 F6NM 17.9 <0.025
18 AISI 420 18,000 4 353(176) 96 0 Solution loop 0.05 Depo et
19 3 0.07 a&. (18)
20 17 0.07
21 18,000 4 393(248) 96 0 Solution loop 0.05
22 3 0.46
23 17 0.46

24 18,000 4 393(248) 100 1a loop 0.05

"below measurable limit 2472
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Note

* 22Cr was used for dummy tube

Du"y T * (2), (3) ; Specimen numbers
s)5o * Each different material is mounted

with the electrical insulation

Dummy

Dummy

uDu mmy

52mmO 52mmo n"r-D

Du..1m.mymm

25CrC(3))

r2Cr

((2) _..](3) I (3)

in~~Z~ th DT xprien

Dummy (3) 24

27(3)(3

25$ r (3)

DP Reducer

I 1C Dummy•-i

-- ~3C (2)Jr -• . "Y -

INLET OUTLET

Fig. 2 Materials arrangement at the vertical specimen holder
in the DFT experiment 2
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I .D. (mm) 52 27 20 15

Experiment i U A 0

Experiment 2 A Ak A /
102t

1 jTransition

Bubble flow

1o -A Annular mist

10-1 10 102 10 10 4

N9,

Fig. 3 Typical vertical flow regime map and conditions
in the DFT experiments 1 and 2

0-4 13Cr (Exp. I)
O-ý 13Cr (etHp. 2)
X--_ S13Cr (Exp. 2)
0--0 DPI (Exp. 2)
A--A 22Cr (Exp. 1)

0.2 --- _6 22Cr (Exp. 2)

0.1

0.05

0.01

0.005

8.-

0.001

0.0005 X---X-

/

0.0001 r

0 50 100 150 200 250 300
Gas velocity VSG(m/s)

Fig. 4 Effect of flow velocity on corrosion rate of 13Cr, S13Cr,
DPI and 22Cr steels in the DFT experiments 1 and 2
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Flow direction

Gas velocity(Vsg)= 10.6 mis Vsg=157.1 rn/s

Vsq=78.2 m/s 4Oprn Vsg4 157.1 rn/s 4011m

40oim 10PM

Fig. 5 Surface appearance by SEM of 13Cr steel in the DFT experiment 2

-w4-'

OM SEM -

*0

0.

0

Vsog-39.8 rn/s

Vsg--78.2 rn/s

Vsg=157.1 rn/s

20mm 2pm

Fig. 6 Cross-sectional view of corrosion products of 13Cr steel in the DFT
experiment 2 [OM optical microscopy, SEM scanning electron
microscopy ]
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Fig. 7 EPMA analysis of corrosion product of 13Cr steel in the
DFT experiment 2 [ Gas velocity Vsg = 157.1 m/s]
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Fig. 8 Effect of gas velocity on thickness of corrosion product
of 13Cr steel in the DFT experiment 2
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Flow direction

Gas velocity(Vsg)

=10.6 m/s

Vsg=-78.2 rn/s

Vsg=l 57.1 m/s-

40g~m 4 gAm

Fig. 9 Surface appearance by SEM of S13Cr steel after tested in the DFT
experiment 2
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Fig. 10 Depth analysis by IMMA of surface film of S13Cr steel before and after tested

in the OFT experiment 2
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Flow direction

Gas velocfty(Vsg)'

=10.6 mls

Vsg=78.2 m/s

LJ _t

40pm 4pm

Fig. 11 Surface appearance by SEM of 22Cr steel after tested in the DFT
experiment 2
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Fig. 12 Depth analysis by IMMA of surface film of 22Cr steel before and after tested in

the DI-T experiment 2
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The Effect of Temperature on Sulphide Stress Corrosion Cracking
Resistance of Martensitic Stainless Steels used in Oil and Gas Industry

T. Cheldi, A. Kopliku
Agip S.p.A., 20097 San Donato Milanese, Milano, Italy

A.Cigada, M.Cabrini
Dipartimento di Chimica Fisica Applicata, Politecnico di Milano, Piazza L. da Vinci, 32,
20133, Milano, Italy

G. Rondelli, B.Vicentini
CNR - Istituto Tecnologia Materiali - Via Bassini, 15, 20133, Milano, Italy

Abstract

Environmental cracking of two martensitic stainless steels types AISI 410 and F6NM in 20g/L
NaCI, pH 2S 0.016 - 0.3 bar and pCO 2 3 bar was evaluated by Constant Deformation (CD)
tests and Slow Strain Rate (SSR) test (6 = 2.17x 10-6) at room temperature, 60'C and 125°C.
Tests conducted on CD specimens showed better cracking behaviour of F6NM, and a decrease
of cracking severity from room temperature to 125'C. SSR tests showed that the steels studied
are highly susceptible to environmental cracking also at pH 2 S 0.016 bar. An inverse trend of
cracking severity vs temperature compared with CD tests was detected by SSR technique.
Finally SSR tests carried out in absence of H2S evidenced no cracking susceptibility.

Key Words: 13%Cr Martensitic Stainless Steels, F6NM, Sulphide Stress Corrosion Cracking,
Hydrogen Embritlement, Weel Head.

Introduction

The oil and gas industry interest as regards martensitic stainless steels is greatly increasing in
the last years thanks to their good resistance to uniform corrosion at high CO 2 partial pressure.
Many authors(l-5) have studied the corrosion behaviour of those steels, in particular for a
possible use in low pH environments due to CO 2 presence and in absence or at low H2 S partial
pressure limited to traces (a few mbar). If H2 S is present, even at limited levels, the main
problem to consider is the Sulphide Stress Corrosion Cracking (SSCC): the high susceptibility
of this class of materials to SSCC limit, its use for high applied stress values, limiting the field
applicability to less stressed components as valves or well head. In fact several failure analysis
of martensitic stainless steel components are reported in literature(6-7).

In order to characterize the behaviour of steels for well heads it is not easy to fix the exact
environmental parameters: in particular the system temperature is not constant, contrarily to
the bottom hole system, but depends on operating conditions. For example during shut down
the temperature changes from flowing production fluid to ambient temperature, crossing a
large spectrum of intermediate values. For these reasons it is very important to study the SSCC
of martensitic stainless steels in presence of H2S, CO 2 and Ci- and, in particular, its
dependence on temperature.
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The aim of this work has been the determination of the dependence of temperature as regards
the SSCC resistance of martensitic stainless steels type AISI 410 and F6NM in simulating oil
field environments.

Experimental

Materials

The specimens were obtained from two billets (300mmx300mmx300mm) of AISI 410
Vacuum Melted and F6NM steels. The billets were processed by hot forging, quenching and
double tempering. Table I reports the chemical composition of the examined materials, the
performed heat treatment are reported in Table 2. The microstructure of the steels consists
primarily of quenched and tempered martensite, grain size was 5.5 for AISI 410 and 5 for
F6NM steel. The mechanical properties are given in Table 3.

Test Environments

Constant Deformation (CD) and Slow Strain Rate (SSR) tests were performed in the following
environment simulating the aggressive conditions of an oil field:

A) 20 g/L NaCI, pH 2 S 0.3 bar, pCO 2 3 bar

SSR tests were also performed in the following environments:

B) 20 g/L NaCI, pH 2 S 0 bar, pCO 2 3 bar
C) 20 g/L NaCI, pH 2 S 0.016 bar, pCO2 3 bar

The tests were carried out at Room Temperature (RT), 60 and 125°C.

Stress Corrosion Tests

The stress corrosion behaviour of the steels was detected by CD tests and constant SSR tests.
CD and SSR specimens were obtained from the billets by machining and final grinding; surface
finishing with No 1200 emery paper and ultrasonically degreasing in acetone were carried out.
CD tests were performed in 1.5 L autoclaves made of alloy C-276; 63.3+1.3mm long, 4.57±
0.13mm large, 1.52±0.03mm thick specimens were utilised. Galvanic coupling between the
specimens and the specimens holders was avoided by insertion of glass insulators. The
specimens were loaded at stress levels ranging from 40 to 100% of the yield strength according
to ASTM G39-90 Standard Practice. The exposure time was 720 hours. At the end of the tests
the specimens were observed at 50x magnification under a stereo microscope to detect cracks
presence.

For the SSR tests a 0.45 L autolave, made of alloy C-276 was utilised. Care was taken to
avoid galvanic contact among the specimens and between each specimen and the autorlave;
for SSR tests the specimens were electrically insulated from the autoclave using suitable
gaskets made of hot-oxided Zircaloy-2. SSR tests were performed on subside cylindrical
tensile specimens according to NACE TM0177-90. The SSR tests were conducted on a four
position slow strain rate testing machine, having a maximum load of 30 kN and 2.18.10-5
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mm/N compliance. Tests were carried out at a clevis displacement rate of 5.62.10-5 mm/s
corresponding to a strain rate of 2.17.10-6 s-1. At the end of the tests the specimens were
observed at 50x magnification under stereo microscope and the reduction of area was
determined.
The values of the parameters: elongation to fracture (Eltot), maximum stress (Omax), reduction
of area (RA) obtained in aggressive medium were compared with those obtained in glycerine.

After arranging the specimens in the autoclaves, a 24 hours deaeration step by means of a
constant flow of high purity nitrogen, was performed, for both the solution and the autoclave.
The autoclaves were then filled with the aggressive solution and the deaeration process was
carried out for further 24 hours. Hence a 6 hours saturation step of the solution using the
selected gaseous mixture C0 2/H2 S at room temperature and atmospheric pressure was
conducted. The autoclaves were pressurized with CO 2 at RT and, finally, heated up to the
selected temperature.

Results and Discussion

The understanding of environmental cracking behaviour of 13%Cr type martensitic stainless
steels in H2S/C[-/CO 2 media is complex since the parameters that play a role in cracking
phenomena can be differently influenced by changes in the experimental test conditions. The
main features of the sulphide stress corrosion cracking can be summarised as follows:
"• the incidence of pitting is increased by dissolved H2S(8 -9 ) and there is a synergic action

between H2S and chloride ions in promoting pits(10 ).

"* often cracking is associated with pits(5- 10.11);

" in sour environments the complementary counter reaction to pits onset is the hydrogen
evolution, whose recombination to hydrogen molecular is inhibited by H2S; hydrogen
absorption or adsorption at the bottom of pits gives rise to cracking by Hydrogen
Embritlement (HE) mechanism( 12,13- 14).

In the literature there is not complete agreement on the above scheme of cracking mechanism;
in particular some authors(9-1°)) suggest an involvement, in the overall fracture mechanism, of
anodic dissolution of the crack tip. Other factors, such as the formation at high temperatures,
in presence of CO 2 , of covering films which act as barrier against corrosion and hydrogen
uptake should also be considered(1 5).

SSR tests in absence of H2 S, whose results are reported on tables 4 and 5, were carried out to
vcrify if, in the experimental conditions adopted, the steels studied are susceptible to stress
corrosion by active dissolution at the crack tip. In some cases, in particular on AISI 410 steel,
RA ratios sensibly lower than I were detected and at the end of tests many pits were observed
on the specimen gage length. However fractographic examination clearly pointed out the
absence of stress corrosion since no secondary cracks outside the necked region and no brittle
areas on the fractur, surface were found. The low RA ratios observed also in absence of stress
corrosion are ascribable to the coalescence of several pits that give rise to the final fracture
(Figure 1).
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The results of tests conducted in H2S bearing media on CD specimens are reported in figure 2
and can be condensed as follows:

"* the F6NM steel shows better cracking resistance than AISI 410;

"* the cracking severity decreases from RT to 125°C.

The first result can be explained taking into account the role played by pitting on cracking
process; the better pitting corrosion resistance of F6NM, found also in previous
experiments( 16) and related to the beneficial effect of Mo, Ni and to the reduced carbon
content( 17), can account for its better cracking behaviour. Figure 3 shows an example of the
microscopic nature of cracking observed on AISI 410 CD specimens.

The second outcome fits the generally accepted picture of cracking behaviour for martensitic
stainless steels in sour media(2) and can be explained considering the key role played by HE,
whose severity is highest at room temperature.

The results of SSR tests in H2S bearing media, reported in tables 4-5 and figure 4, can be
summarised as follows:

"* both materials are highly susceptible to cracking in all experimental conditions adopted;

"* the severity of test increases by increasing the temperature.

Regarding the first point it has been reported(18) that SSR technique is more severe than other
tests like CD; it is conceivable that, since this test gives rise in the present experimental
conditions to severe cracking, no differentiation between the two steels considered can be
made. An example of the fracture surface aspect observed in SSR tests is reported in figure 5.
Regarding the second aspect it should be outlined that the trend detected does not fit the
generally accepted cracking behaviour picture, revealed also in our CD tests; however our
data are in accordance with SSR test results of other authors( 13).

Even though a reasonable explanation has not been found it can be thought that the
temperature effect is mainly related to the presence of a slow and continuous straining that, on
one hand emphasises the destabilization of passive film(19) and increases pitting corrosion
tendency (Figure 6), and on the other hand substantially modify the transport mechanism of
hydrogen inside the material, that is not any more determined by diffusion processes.

Conclusions

On the basis of our data the following conclusions can be drawn:

"* Constant Deformation tests indicated that F6NM steel has better cracking resistance than
AISI 410 steel; this is related to the better pitting resistance of F6NM steel;

" Constant Deformation tests pointed out that the severity of cracking decreases from Room
Temperature to 125 0 C, while SSR tests pointed out an inverse trend;

" Slow Strain Rate tests showed cracking on both steels and in all experimental conditions
also at pH 2S 0.0 16 bar;
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* Slow Strain Rate tests conducted in absence of H2 S evidenced no cracking susceptibility.
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Table 1: Chemical composition of the tested steels (%)

Materials C Si Mn S P Cr Ni Mo

AISI 410 0.14 0.16 0.64 0.011 0.021 11.79 0.54 -
F6NM 0.03 0.3 0.51 0.008 0.025 12.4 3.5 0.37

Table 2: Heat Treatments of the tested steels

Heat Austenitizing Quenching 1st Cooling 2nd Cooling
Treatments Tempering medium Tempering medium

Materials
AISI 410 9400C Water 6600C Water 6200C Water

for 3.5 hours for 5 hours for 5 hours
F6NM 10200C Oil 6700C Air 630 0C Air

for 4 hours for 6 hours for 6 hours

Table 3: Mechanical properties of the tested steels

Materials YS (0.2%) UTS E (25mm) RA HRB Transition Impact Energy
(MPa) (MPa) (%) (%) Temperature at 0°C

AISI 410 600 760 20 54 - 45 26
F6NM 585 784 22 60 243 -95 168
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Table 4: Results of SSR tests on AISI 410 steel

Environment Temperature 0 mnaix amax Eltot Eltot RA RA
(MPa) ratio (mm) ratio (%) ratio

inert 600C 693 - 3.4 - 65.4 -

A RT 667 0.96 1.7 0.50 11.3 0.17
20g/L NaCL pII 2 S 0.3bar. pCO2 3h Iar 600C 597 0.86 1.0 0.29 12.9 0.20

125 0C 592 0.85 0.7 0.21 8.6 0.13
B RT 710 1 3.3 0.97 38.6 0.59

20gL NaCI. p1 ,S 0 hair. pC(O. 3 kir 600C 670 0.97 3.6 1 37.7 0.58

125 0C 656 0.95 3.6 1 56.3 0.86
C RT 731 1 1.3 0.38 6.9 0.11

2g'L NaCI. pIi 2S 0.016 har. pCO,3bar 600C 669 0.97 1.1 0.32 1.2 0.02

125 0C 674 0.97 1.5 0.44 8.1 0.12

Table 5: Results of SSR tests on F6NM steel

Environment Temperature am.x Gmax Eltot Eltot RA RA
(MPa) ratio (mm) ratio (%) ratio

inert 600C 736 - 4.3 - 72.2 -

A RT 721 0.98 1.8 0.42 10.4 0.14
20g'LNaCI.plI 2SO.3.r..PcO,3ar 600C 648 0.88 1.5 0.35 6.1 0.08

125 0C 634 0.86 1.4 0.33 2.4 0.03
B RT 781 1 5.0 1.16 64.2 0.89

20g'], NaCI, pII 2S 0 bar. r)'o, 3 bar 600C 744 1 4.6 1 68.9 0.95

125 0C 714 0.97 4.2 0.98 62.2 0.86
C RT 779 1 2.7 0.63 10.8 0.15

20g'l• NaCI. pI12S 0.0 16 bar. pCO,'3bar 600C 656 0.89 1.9 0.44 4.6 0.06

1250C 652 0.89 1.9 0.44 16.3 0.23
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Figure I. Microscopic nature of fracture of AISI 410 steel after SSR test in 20 g/L NaCI at

60'C in absence of 1I2S
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Figure 2: Results of Three Point-Bent-Beam tests conducted in 20 g/L NaCI, pH 2S 0.3 bar,

pCO 2 3 bar
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Abstract

The behaviour of severall Titanium alloys under different hydrogen uptake conditions has
been studied in this work. Hydrogen absorption, hydrogen assisted stress cracking and
fatigue crack growth and optical, scanning electron and transmission electron microscopy
studies have been performed. It was concluded that the beta phase content is of major
importance in the hydrogen absorption and hydriding phenomena. Titanium Grade 12 and
5 have experienced important losses of ductility. Titanium Grade 2 has shown only
superficial hydriding but Grade 12 has suffered extensive and deep hydride precipitation.

Key terms: titanium alloys, hydrogen, hydrides, embrittlement.

Introduction

Titanium and its alloys are attractive materials for seawater applications because of their
excellent corrosion resistance and "mechanical properties/densit,," ratio. However, hydriding
and hydrogen assisted cracking can be a problem mainly in cases where hydrogen uptake
occurs. It is then of paramount importance to study the conditions where hydriding takes
place, and the effect of hydrogen and hydrides in the mechanical properties and the
cracking mechanism.
The overall objectives of this work have been to study the extent and nature of the
hydrogen embrittlement process in comercially pure Titanium and various Titanium alloys,
and to assess their suitability to applications, particularly in the offshore oil industry.

Experimental

This work has concentrated mainly on Titanium Grades 2, 5 and 12 alloys, although
Titanium Grade 9, Beta-C, Beta 21S and Ti 0,05% Pd, 0,3% Co alloys have been also
considered in some parts. Chemical composition and mechanical properties of these
materials are given in Tables I and II.
Experimental studies carried out in this work have been concentrated on:

I. Hydrogen absorption.
The influence of various paremeters in the hydriding of Titanium alloys in seawater with
relevance to offshore oil applications has been studied. Cathodic charging of Grade 2, 5,
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9, 12 and Beta-C Titanium alloys has been carried out in artificial seawater, with CO2 and
HS in some tests -700 and -1050 mV (Ag/AgCl) were the potentials used. The effect of
some superficial treatments as pickling, anodizing, air oxidizing and sand abrasion on
hydrogen absorption '-as also been studied. The experiments list is given in Table I11.
Before inmersion into the cell, specimens (with surface area/volume ratio 10 cm') were
ground, etched in a HNOQ-HF-H2O mixture, rinsed in distilled water and dryed in 96 %
ethanol. Then the specimens were exposed to air at room temperature for I day before
inmersion in the cell solution. Abraded and oxidized specimens have also been tested.
The experiments were performed inside a glass jar with no metal parts, except the
specimens and the counter electrode (ruthenium oxide coated titanium), within the bath.
The counter electrode was placed in its own compartment separated from the cell solution
by a glass filter. The cell solution was renewed every two month. The specimens were kept
at constant potential by means of a potentiostat.
In the experiments at -1050 mV, automatic pH adjustment were used to mantain the pH
constant. In the other experiments it was necessary to add HCI occasionally (only 1-5 times
per week). The pH electrode was checked against standard buffer solutions at the same
temperature as the test solution at least once a week.
The results obtained show that the following parameters influence the hydrogen absorption
in titanium: alloying elements, pH, potential, temperature, hydrogen sulphide and surface
treatment. Amount of hydrogen penetrating the surface has been the way selected for
reporting data in this section.

I.A. Carbondioxide saturated solutions. The absorption rate of hydrogen in all
specimens decreased with time. All specimens, with the exception of grade 12, have a low
hydrogen absorption -less than 5pg/cm-2 - after one year exposure at a maximum
temperature of 952C and minimun pH of 4. The hydrogen absorption rate in grade 12 is
about one decade higher than for the other alpha alloys. Continuous hydride layers are
observed even after 10 days at -1050 mV (Ag/AgCI) at pH 4. Hydrogen absorption was
also significant at -700 mV (Ag/AgCI) pH 4.0 and 802C. No effect of the temperature was
observed on the absorption of hydrogen for grade 12 whwn tested at pH 4.
The cathodic current densities of all specimens were measured during the experiments. No
correlation between the total charge density and the amount of absorbed hydrogen has been
found. This result shows that the specimen surface's nature is of major importance for
hydrogen absorption.
Hydrogen absorption increased strongly when specimens were tested in the presence of
eroding sand. case. The explanation of this finding is that the eroding sand particles destroy
the oxide film - which acts as a barrier against hydrogen absorption.
No significant effect of temperature was observed on the rate of hydrogen absorption for
grade 12 when tested at pH 4.
Addition of 50 ppm HS did not influence the hydrogen absorption rate of any of the
specimens when tested at -700 mV (Ag/AgCl) and pH 6.5.

I.B. Nitrogen - saturated solution. Hydrogen absorption rate in nitrogen-saturated
solutions was found to be higher than in solutions with carbondioxide; it is suggested that
some protective carbonate films are formed, such films being unstable at pH 4. The results
of the amount of absorbed hydrogen in the specimens tested at room temperature and 40"C
(at -1050 mV Ag/AgCI) are given in Table IV.
At room temperature (with N,-atmosfhere) precipitated hydrides were found in Titanium
grade 2 and grade 9 alloys after 40 days at -1050 mV (Ag/AgCI) and 402C. Grade 12 had
massive hydride layers (Figure 1).
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Abraded specimens often had more absorbed hydrogen compared to pickled specimens.
Hydrogen content could not in any case be related to the measured cathodic current density.
The protective quality of the surface film seemed to be more important than the cathodic
charge through the surface.

II. Hydrogen Assisted Stress Cracking (HASC)
The behaviour of titanium alloys in HASC conditions has been studied on two different
ways: the first one consisted in testing previously hydrided materials and the second with
uncharged materials and "in situ" generation of hydrogen on the specimen surface during
the test.

II.A. HASC of previously hydrided Titanium alloys. TiGr-2 and TiGr-12 alloys were
cathodically hydrogen charged and heat treated for hydrogen contents of 100, 200, 500 and
700 ppm. Slow strain rate tests were carried out in air with flat tensile specimens. The
strain rate used was 3,75.10-7s' although in some cases 2,5.10.4 and 1,1.10 8 s' were also
employed.
The results of the slow strain rate tests carried out at room temperature in air with a strain
rate of 3,75.10 7s- for grade 2 and 12 specimens did not show any evidence of marked
changes in such mechanical properties as yield and tensile strength or elongation as a
function of bulk hydrogen content (up to 700 ppm). After the slow strain rate tests, there
were several cracks on the side surfaces of the specimens. A narrow brittle zone was to be
seen on the fracture surfaces near the side surfaces. The cracks and corresponding narrow
brittle zone on the edges of the fracture surfaces may partly be caused by the specimen
preparation, e.g., initial cathodic hydrogen charging which has caused high surface
hydrogen contents. According to the tests with different strain rates the brittle zone on the
fracture surface widened with the lower strain rate.
According to the mechanical tests performed in this study for notched specimens, Titanium
Grades 2 and 12 are not affected by bulk hydrogen contents of up to 700 pm. Locally
higher hydrogen contents in the surface layer caused the brittle surface cracks noticed in
flat tensile test specimens. High surface hydrogen contents con lead to surface nuclei which
may grow under stress but according to this study, local hydrogen contents should then be
higher than 700 ppm.

II.B. HASC of Titanium alloys with "in situ" hydriding condidions. In this case 3 mm
diameter round TiGr-2, TiGr-5 and TiGr-12 alloys specimens were tensile tested at slow
strain rate in air and in 3.5% NaCI aqueous solution at room temperature. Hydrogen was
cathodically produced on the specimen surface during the test by means of a potentiostat.
Three different potentials were used: free potential, -1000 mV and -1500 mV (SEC). Strain
rates used were 1,5x10 6 , 3x10 7 and 2x10-s7-. In order to quantify the hydriding of the
alloys under different test conditions, samples from the specimens' gauge length were
analyzed using an automatic hydrogen analyzer.
Results obtained in tests performed at the strain rate of 2x10 7s- are summarized in figure
2 where maximum load, elongation, true stress at fracture and reduction of area are plotted
versus applied polarization potential for each material. Hydrogen analysis results are given
in Table V.
TiGr-2 has shown no loss of ductility as a function of the cathodic potential for any of the
strain rate used. Hydrogen analysis show that appreciable hydriding does not occur until
the -1500 mV cathodic potential is applied to the specimen. This is in agreement with what
is observed in the metallographic studies where no hydrides are detected until the highest
cathodic polarization is applied; in this case superficial hydriding and some lateral
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secondary cracks near the surface were present for all the strain rates used. Secondary
cracking was more severe in the specimen tested at the lower strain rate (Figure 3).
Specimens' fracture surfaces were studied by means of the scanning electron microscope
(SEM). The fracture mode was ductile for all test conditions, even when the highest
cathodic potential was applied to the specimen the fracture surface was mainly ductile and
only some short brittle areas have been observed in the crak initiation.
Sensitivity to the hydrogen assisted stress cracking has been more evident for TiGr- 12 since
it has suffered some loss of ductility mainly manifested in the reduction of area and
consequently in the true stress at fracture. As in the case of TiGr-2, metallographic studies
and hydrogen analysis showed no important hydriding until the highest cathodic potential
was applied to the specimen. Figure 4 shows an optical micrograph of a specimen tested
at 2. 107st strain rate; considerable hydriding with important diffusion of hydrogen towards
the bulk material and extensive secondary cracking along the gauge length of the specimens
is seen. The fracture mode observed in scanning electron microscope studies is ductile for
all testing conditions except when -1500 mV (SCE) polarization is used, case in which a
more brittle like manner in the begining of main crack is detected.
Finally, TiGr-5 has been the alloy that has sustained the bigest loss in ductility clearly
manifested in the values of elongation, reduction of area and stress at fracture for
specimens tested with the highest cathodic polarization. Unlike TiGr-2 and TiGr-12 alloys,
no hydride formation nor secondary cracking has been observed in the metallographic study
but chcmical analysis show that TiGr-5 specimens tested in the -1500 mV polarization
condition have also suffered an important hydrogen uptake. The fracture surface mode
observed in SEM studies was ductile for all test conditions except for the specimen
polarized at -1500 mV, which has shown a large area with brittle fracture mode.

IIl. Hydrogen assisted fatigue crack growth (HAFCG).
Corrosion fatigue studies have been carried out with TiGr-2 (base and TIG welded), TiGr-5
and TiGr-12 alloys. Three and six mm thick CT specimens according to ASTM E 647-88a
have been tested at room temperature in air and in 3,5 % NaCI aqueous solution using a
servohydraulic closed loop universal testing machine equiped with a plastic cell. In order
to study the effect of hydrogen on the fatigue crack growth rate the specimens were
electrochemically polarized during the test to several cathodic potentials up to -1500 mV
(SCE).
Fatigue tests were performed under load control with sinusoidal load wave form, 2 and 0,2
Hz frecuencies and 0,5 and 0,7 load ratios. Crack length was measured by using a
travelling microscope and a clip gauge. A special arrangement which transfered the crack
opening motion above the water level, where the opening was measured by the clip gauge,
was used. Crack length was defined using the compliance method and recorded in a
computer as a fuction of cycles. The crack growth rate analysis was carried out according
to the polynomial fit method of the ASTM E 647-88a standard.
The results obtained in these tests showed no important effect of the enviroment on the
fatigue crack growth rate (da/dN) versus increment of the stress intensity factor (AK) for
Ti Gr-2, in both base and welded materials, and Ti Gr-12 alloys (Figures 5 and 6). The
effect of the testing enviroment and the hydrogen produced on the specimen surface during
the test has been more evident for the Ti Gr-5 alloy (Figure 6); in this case the crack
growth rate was clearly higher for the specimen tested in seawater than for the specimen
tested in air, and even higher when the -1000 mV cathodic polarization was applied to the
specimen: but when the specimen was polarized to -1500 mV the crack growth rate
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decreased to values similar to those obtained in air.

IV. Microstructural characterisation and mechanism of embrittlement.
Optical, transmission electron and scanning electron microscopy methods were used to
study the microstructural characterisation of the materials before and after the exposure to
a hydriding environment.
All samples were initially electropolished using standard procedures for Titanium, in order
to obtain a standard surface for hydrogen-charging. The hydrogen-charging was
electrochemical, the samples being immersed in 0.1M sulphuric acid and made negative
with respect to the stainless steel container, various potential differences being used, in all
cases a current density on the exposed sample surface of 10mA/cm 2 being maintained. The
experiments were conducted at room temperature, and the charging times were from I to
20 days. The solution was renewed every 5 days for the longer charging periods, and the
current was maintained by having a load resistance at least 10 times the resistance of the
charging cell in series with it, thus preventing a current variation of more than 10 %.

IV.A. Study of Titanium Grade 2. Tensile specimens of 5 x 15 mm gauge were
stamped and drilled from a 0,5 mm thick Ti Gr-2 sheet. The presence of substantial
quantities of an iron-rich grain boundary phase were revealed by transmission electron
microscopy (TEM) in combination with energy-dispersive X-ray (EDX) analysis. Some of
the specimens were annealed at 8002C and others were annealed at 950-C, both for half an
hour under argon, followed by air cooling. The lower annealing temperature, below the
alpha-beta transus, produced an equiaxed alpha structure, grain size 50 microns; the higher
temperature produced the transformed beta structure of lamellar alpha grains within the
prior beta grain structure, the alpha grains being 20 x 200 microns.
The samples were hydrogen-charged for periods up to 14 days and examined using the
optical microscope. The transformed beta structure showed no effects but the equiaxed
structure showed needle-shaped intragranular precipitates after short hydrogen-charging
periods, which were replaced by larger transgranular whiskers after longer periods. These
precipitates were confirmed as titanium hydride, TiH 2, by means of electron diffraction in
the TEM. The hydrides were seen in both types of samples in the TEM, but only in thin
foils made from near-surface regions of these. A diffraction study of hydrides and matrix
gave an orientation relationship.

{II/I f 111H } liT i
<011 >,//<211 3>Ti

The samples were tested in tension to faliure at strain rate of 2.5 x 10-4 s'. A trend of a
slight increase in ductility for increasing hydriding times was noticed for both
microstructures, the opposite of what had been expc%.ted. Fractography in the scanning
electron microscope (SEM) revealed, however, a layer of intergranular fracture at he
surfaces of the hydrided samples, not present in the unhydrided samples, which showed
entirely ductile fracture characteristics. The surface layer was observed after 3 days
charging in the trasformed beta samples, but only after 14 days charging in the equiaxed
samples. This, it was surmised, was due to the higher grain boundary density in the former.
Hydrogen is thus believed to partition to the grain boundaries in this material.

IV.B. Study of Titanium Grade 12
The alpha-beta transition in grade 12 was determined to be between 800 and 8509C, and
annealing above this temperature for 1 hour produced a basketweave-type structure,
annealing just below for 24 hours produced an equiaxed structure with some residual
deformation due to rolling. Tensile specimens were made similar to those described for
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grade 2. Hydriding for 20 days at -2.3 v, 10 mA/cm 2 and tensile testing at a strain rate of
2 x 10's' showed that major differences in the hydriding behavior between these
microstructures were reflected in major differences in the mechanical behaviour. The
unhydrided ductility of the basketweave was about half that of the equiaxed, but after
hydriding, basketweave ductility was reduced by 80 % , equiaxed ductility by 60 %. The
ductility of the basketweave after hydriding was only 2.5 %, representing very severe
embrittlement. The peak stress and yield point were about the same for the unhydrided
materials, but hydriding caused them to diverge, the basketweave again being more
affected.
The fracture surfaces of these materials, viewed in the SEM, showed distinctive changes,
in the equiaxed materials from a typical ductile fracture appearance to a type of ridged
fracture surface, and in the basketweave material from a ductilc to a flat cleavage fracture
appearence.
Polished sections of the specimens were made, as before, perpendicular to the gauge length.
These showed, Linder backscattered imaging, that the grain pattern in the basketweave
material had allowed the hydride to completely penetrate the thickness of the sample along
beta paths, thus accounting for the severe embrittlement observed. The hydride in the
equiaxed material, in contrast, was concentrated in an almost homogeneous layer stopping
100 microns in from the surface. Thus embrittlement of grade 12 is seen to be highly
dependent on the distribution of the beta phase, since the actual quantity of hydride in the
two materials was about the same.
The thickness of the surface hydride layer in equiaxed grade 12 samples was also measured
for various charging times and voltages, keeping the current density constant by employing
charging cells of different resistances. For periods of up to 20 days and in the voltage range
-2.3 to -0.8v, it was found that the thickness of the layer is directly proportional to charging
time and independent of voltage. Thus the total quantity of charge passed should be known
in order to assess whether equiaxed grade 12 will become embrittled.

IV.C. In-Situ Straining experiment on Hydrided Titanium Grade 2. The object of this
work was to strain, into the plastic region, a pre-hydrided specimen while it was under
observation in a high-voltage transmission microscope. This was done in ordcr to study the
interaction between growing cracks and hydrides. It was hoped to be able to observe the
nucleation of new hydrides from hydrogen in solid solution in the metal in response to the
applied stress at a crack tip. This was not observed, possibly because of the duration of the
experiments, limited to about 3 hours.
The samples were Ix3 mrm, 0.025 mm thick. They were produced by mechanical polishing
and finally jet electropolishing to produce the electron-transparent area. The samples were
observed at accelerating voltages between 500 and 1000 KeV, and the straining was
achieved by means of a stage in which varying the current to a heater wire varied the
tension in a spring holding the specimen.
The growth of cracks in the metal was followed, and some cracks were observed to grow
along large, pre-existing hydrides. These cracks differed from those in the matrix in their
episodic growth. with voids forming ahead of the crack tip and subsequent failure of the
connecting hydrides regions. Hence the experiment showed that hydride-assisted cracking
seems to occur by a partly ductile failure of the hydrides themselves.

IV.D. Characterisation of Titanium Grade 2, 5 and 12 Hydrogen-Assisted Stress
Cracking Specimens. Specimens strained at very slow rates in a hydrogen-charging
seawater solution, for various periods up to 300 days, as described in section 11.BW were
necked but not broken. The cylindrical specimens were sectioned across the hydrided part
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of the gauge and metallographically mounted, polished and etched. The specimens were
examined optically and by means of secondary and backscattered electrons in the SEM.
Hydriding in needles was observed in all types of image, extending 50 microns in from the
surface in Titanium grade 2. Hydriding was mainly transgranular. In grade 12 hydriding
was observed optically along the grain boundaries. This alloy had an alpha-beta
microstructure with elongated grains left over the processing of the material. The identity
of the alpha and beta phases was confirmed by electron diffraction in the TEM and
partitioning of nickel to the beta phase of the order of 2 % was observed using thin foil
EDX analysis. Optically, the hydriding was observed to extend further into the material
where the elongated grains intersected the surface at light angles, suggesting hydrogen
conduction either down grain boundaries or beta grains. Grade 5 Titanium also had an
alpha-beta microstructure with partitioning observed of aluminium to the beta grains and
vanadium to the alpha grains as expected. A finer-grained microstructure than in the other
materials with some banding was observed, but without the long contiuous paths present
in the grade 12. No hydrides were observed in grade 5 using any type of image.
Lateral sections of the cylindrical samples were also made and examined as before in order
to study the cracks. In grade 2 these were frequent and blunt, only extending through the
hydride layer but not into the metal. In grade 12 the cracks were less frequent, but sharper
and typically extending into the material 2-3 times the depth of the hydride layer. This was
despite the fact that grade 2 had undergone much greater extension than grade 12, 236
hours as opposed to 165 hours, both at a strain rate of 3 x 10s-'. In grade 2 the situation
appears to reflect the breaking up of a brittle surface film as the metal beneath it extends
plastically, while in grade 12 there seems to be genuine internal embrittlement. The cracks
in grade 12 did not always have hydrides at their tips, suggesting the possibility of a
component of the embrittlement due to interstitial hydrogen.
Titanium grade 12 was studied in the SEM using highly polished, unetched surfaces in the
backcattered imaging mode. This showed the morphology clearly owing to the low atomic
number hydride appearing darker than the alpha Titanium and the higher mean atomic
number, nickel-stabilised beta phase appearing brighter than the alpha Titanium.
Electropolishing was avoided where possible in order to preserve the crack shapes, though
it was found necessary in grade 5 in order to obtain adequate alpha-beta contrast.
Grade 12 had a typical morphology consisting of polygons of beta surrounding alpha grains
and lined with intergranular hydride. Hydride also extended into the alpha grains in
transgranular needfle, in places. Hydrides could be seen following paths of beta phase deep
into the sample. This shows a preferential diffusion of hydrogen through the beta phase,
but with actual precipitation in the alpha (Figure 7). This conforms with the known facts
that hydrogen diffusion is about 100 times faster in beta than in alpha titanium, and that
hydrogen solubility is much lower in the alpha than it is in the beta. The hydride layer in
grade 12 was typically twice the depth of that in grade 2 specimens, but it was not
continuous as it was in grade 2, being related to the microstructure of the beta phase. In
these samples the rate of hydride growth in terms of depth was 4 times greater in grade 12
than in grade 2. Grade 5, hydrided for 40 days, exhibited no cracking.
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Conclusions

The main conclusions that can be drawn from the results obtained in this work are:
- In Hydrogen absorption studies performed on unloaded specimens:

* Ti Gr-12 is the alloy that has exp, erienced the highest hydrogen absorption rate and
hydride precipitation.

* Hydrogen absorption rate in nitrogen saturated solutions is considerably higher than
in solutions with carbondioxide.

* Hydrogen absorption rate is higher in abraded than in pickled specimens.
* The higher the temperature, acidity, cathodic potential and stress level the higher

the hydrogen absorption.
- In slow strain rate tests performed in air, bulk hydrogen contents of up to 700 ppm
have no effect in the mechanical properties of Ti Gr-2 and Ti Gr-12.
- In slow strain rate test performed in air and seawater with cathodic polarization:

* No effect of seawater, nor of - 1000 mV (SCE) cathodic potential on ductility of Ti
Gr-2, Ti Gr-5 and Ti Gr- 12 alloys has been observed. No hydriding, nor secondary
cracks are noticed.

* Cathodic potencial of -1500 mV (SCE) produces losses in ductility of Ti Gr-5 and
Ti Gr-12 alloys. Superficial hydriding with small secondary cracks are observed for
Ti Gr-2, Ti Gr-12 shows more in deep hydriding and larger secondary cracks. No
hydriding nor secondary cracks are noticed for Ti Gr-5.

- In hydrogen assisted fatigue crack growth studies.
* No important effect of seawater nor of cathodic potentiols up to -1500 mV (SCE)

on the fatigue crack growth rate is noticed for Ti Gr-2 (base and welded) and Ti Gr-
12 alloys.

* The fatigue crack growth rate of Ti Gr-5 has experimented a clear aceleration when
the testing media changes from air to seawater and seawater with -1000 mV (SCE)
cathodic polarization, but when the -1500 mV (SCE) potential is aplied, the crack
growth rate diminishes.

- Beta phase content and distribution strongly affects Titanium alloys' embritllement.
- The mechanism of embritllement of Ti Gr-12 has been found to be hydrogen conduction
down beta paths and hydride precipitation in the alpha. Embrittlement depends of the depth
of hydride formation which is dependent on the total quantity of charge passed, for a
particular microstructure and temperature.
The hydrogen absorbtion in grade 12 can be minimised by ensuring recovery to an
equiaxed structure. This can be done by annealing at 850'C for at least 24 hours (under
argon), but care must be taken not to exceed this temperature in order to avoid the
undesirable basketweave microstructure.
- Another mechanism seems to be responsible for Ti Gr-5 loss of ductility in slow strain
rate tests. Its higher beta phase content admits more hydrogen entering the material by
interstitial solid solution without forming hydrides. When the hydrogen content reaches a
certain level, lattice decohesion oxcurs with a brittle rupture.
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TABLE III. Hydrogen absorption experiments list.

Exp. pH Potential T(OC) Gas Alloys Duration
mV(Ag/AgCI) (days)

I 4.0 -700 80 CO 2  2.5.9.12 beta-C 360

2 4.0 -1050 80 CO2  2.5.9,12 beta-C 700

3 6.2 -1050 80 N, 12 12

4 13 -1050 80 Co2  2.12 41

5 6.5 -700 80 CO2 + 50 ppm HrS 2.5.9,12 and beta-C 340

6 4.0 -1050 60 CO2  12 40

7 4.0 -1050 40 Co 2  12 40

8 4.0 -1050 20 CO2  12 40

9* 4.0 -1050 80 CO2  2. (Eroding sand particles) 7

10* 4.0 -700 80 CO 2  2. (Eroding sand particles) 7

11 4.0 -1050 95 CO, 2.5,9,12, beta-C 440

12 4.0 -1050 80 CC 2. (Co cathodically deposited) 20

13 4.0 -1050 20 N, 2,5.9,12 beta-C TiO.05PdO.3Co 120

14 4.0 -1050 40 N, 2.5.9.12 beta-C TiO.05PdO.3Co 40

15 4.0 -1050 80 N, 2,5.9.12 beta-C TiO.05PdO.3Co 40

TABLE IV. Absorbed hydrogen in Pg/mm-2 after 40 days exposure time. (* Abraded specimens).

Titanium CO, N2  N,
grade -1050mV 8w -1050mV 40kC -1050mV RT

2 0,02-0,09 0.13 0,08 0,21*

5 0.03-0.05 0,16 0,15 0,45*

9 0.12-0.16 0,43 0,02 1.66"

12 0,2-0.7 2.5 0,57 0.34*

13-C 0.02 1,0 0,36 0,50*

B-21S 0.6 1,0 0,07 0.98*

TABLE V. Total hydrogen content (ppm) of tested specimens.

Alloy Test Conditions

Air -1000 mV -1500 mV

ITi Gr-2 20 39 232

Ti Gr-12 23 1 60 320

Ti (;r-5 69 104 253
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Figure 1. Hydride layer on specimens 12-6 and 12-11 after 40 days at
-1050 mV, pH=4, CO, and 80'V. (x4(X)).
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Figure 2. Results of SSRT tests
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Figure 3. Optical micrograph of TiGr-2 tested at 2 x 107 s- strain rate with -1500
mV (SCE) cathodic polarization.

Figure 4. Optical micrograph of TiGr-12 tested at 2 x 107 s' strain rate with -1500
mV (SCE) cathodic polarization.
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Abstract

A substantial, rigorous stress corrosion and crevice corrosion database for Pd-enhanced Ti-38644
alloy pipe and billet mill products has been generated in a worst-case deep sour gas well brine
fluid up to 260°C. Long term C-ring, discriminating SSR, and Teflonx-metal crevice test results
indicate useful alloy resistance to at least 246°C and 204°C for pipe and billet products,
respectively, which are significantly higher than those for the standard Ti-38644 alloy.

Introduction

The quest for vast gas reserves has led to drilling depths of 7,600 - 10,600 meters, where higher
downhole temperatures and more aggressive sour brine conditions often prevail. Gas fields
currently under development, such as the Mobile Bay (Gulf of Mexico), Madden (W. Wyoming), and
Arun (Indonesia) fields, for example, typically produce near-saturated brines at downhole
temperatures of 190 - 230°C with H2S and CO 2 partial pressures exceeding 0.7 MPa, often with
elemental sulfur. Only the most resistant CRA's are candidates for these severe sour brine
environments, which become limited by chloride crevice corrosion and/or stress corrosion
cracking as temperatures increase.

TheTi-38644 beta titanium alloy (Ti-3AI-8V-6Cr-4Zr-4Mo/ UNS # R58640) has become an attractive
CRA for deep sour gas well applications based on its successful service in hypersaline geothermal
brine wells up to 270°C (1), and its known resistance to hot sour brine environments (2-4). Along
with superior corrosion resistance, this NAC E M R-01-75-approved alloy offers potential design and
cost advantages for production tubulars (3), safety valves and other critical deep gas well
components based on its elevated strength to density ratio, low modulus, and low thermal
expansivity. The standard Ti-38644 alloy, however, has demonstrated finite susceptibility to both
chloride crevice and stress corrosion (3,4) in severe laboratory sour brine tests when temperatures
exceed approximately 190°C. These corrosion limitations are effectively addi essed by enhancing
the alloy with 0.04 - 0.1 wt.% Pd, as discussed in prior publications (3,4), thereby expanding the
safe, useful temperature limits for this alloy in sour brine media.
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This paper is intended to offer a substantial data base for both the stress corrosion cracking (SCC)
and crevice corrosion resistance of Pd-enhanced Ti-38644 alloy mill products typically utilized in
oilfield applications in a worst-case deep sour gas well brine fluid environment. Conservative
laboratory SCC data for mill-produced pipe and billet products are derived from long term (2 - 6
month) C-ring and slow strain rate (SSR) tests. Based on the stress and crevice corrosion
temperature thresholds identified from these tests, conservative operating windows for these Pd-
enhanced Ti-38644 alloy products are identified, and compared tothose of the standard Ti-38644
alloy.

Zxpeulmental

Stress Corrosion Testing

The general test matrix for SCC evaluation of Pd-enhanced Ti-38644 products is outlined in Table
1. Long term (2-6 month) C-ring and slow strain rate (SSR) tests were performed on the cold-
pilgered/ PASTA pipe and forged/STA billet products described in Table 2. These RMI Titanium
Company mill products are representative of alloy stock utilized for deep sour gas well production
tubulars, subsurface safety valves, oil tools, and other critical well components. The "PASTA"
treatment for Ti-38644 pipe refers to a proprietary final heat treatment process (5) for uniformly
aging cold-worked beta titanium alloy products, while providing high ductility and thermal
stability. "STA" refers to the solution treat and age treatment traditionally used to strengthen beta

titanium alloys.

Test Environment. The C-ring and SSR tests were all conducted in laboratory autoclaves
containing a simulated worst-case sour gas well production fluid consisting of:

* fully deaerated 20 wt.% NaCI
* 6.9 MPa (1000 psi) H2 S
* 3.4 MPa (500 psi) CO 2

• 1 or 10 gpl elemental sulfur

* with or without 0.5 wt.% acetic acid

The partial pressures of H2S and CO 2 indicated are those at test temperature. The addition of
either 0.5% acetic acid or 10 gpl sulfur was made in a few tests to create ultra-aggressive test
conditions.

Successful simulation of downhole production fluids in laboratory tests requires total
deoxygenation within the autoclave. This includes de-adsorption of oxygen from autoclave
internals and specimen surfaces and crevices, in conjunction with thorough brine and gas phase
deaeration. To achieve this test condition, an autoclave loading procedure was qualified that
reproducibly precluded significant oxygen/air contamination. This procedure incorporates
multiple autoclave evacuation and argon backfilling cycles at - 150°C once samples are loaded, prior
to brine filling. Once filled with argon-spared deaerated brine, the autoclave is sequentially "cold-
charged" with liquid - 2S and liquid CO 2 at room temperature. These weighed liquid additions are
based on trial gas pressure calibration curves empirically established in prior autoclave heat-up
trials. Final autoclave heat-up to test temperature raises the partial pressures to desired values.
This technique eliminates the alternative high pressure "hot charge" procedure for H2S and CO 2

gases, which may increase the risk of leakage and air intrusion into the autoclave.
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C-Ring Testing. C-ring test samples from both Ti-38644/Pd pipe and billet products
(Table 2) represented the circumferential orientation of each product. In the case of the billet, the
stressed test portion of the C-ring was derived from the billet outer radius. The billet stock for C-
ring testing possessed yield strength and hardness values of 1117 MPa and 36.5 HRC,
respectively. Billet C-ring samples were 146 mm x 26 mm width x 6.4 mm thick, whereas pipe
samples were 73 mm OD x 26 mm width x 7 mm thick in dimension. C-rings were prepared and
loaded by deflection measurement in accordance with ASTM G-38 specifications. Specimen
surfaces were either as-machined to a 25 RMS finish or, as for a few pipe C-ring samples, in a
sandblasted and heavily pickled condition. C-rings were stressed using Ti-38644/Pd alloy bolts,
washers, and nuts to avoid galvanic interferences. These samples were loaded to either 80, 90,
95, or 100% of product L-direction yield strength at test temperature. C-ring stressing
calculations were based on product yield strength and elastic modulus values measured at test
temperature.

Testing was conducted in nonstirred Ti-38644 (non-stirred) titanium autoclaves of 6 - 15 liters in
volume, which permitted exposure of 9 - 10 C-rings per autoclave test. C-ring samples were
mounted to a central titanium sheet fixture attached to the autoclave lid, as pictured in Figure la
for pipe samples and in Figure lb for the billet samples. Most C-ring samples were galvanically-
isolated via ceramic washers. The balance of Ti-38644/Pd C-ring samples were galvanically
coupled with Ni-Cr-Mo alloys in a 1:1 surface area ratio. Two pipe C-ring samples per autoclave
test were coupled to alloy C-276 sheet (see Fig. la), whereas duplicate billet C-rings were
independently coupled to C-276 and 625 plus®/ 725 alloy sheets (see Fig. 1b). The number of C-
ring samples exposed per product form, test time, temperature and stress level was typically two
to three. Post-exposure C-ring evaluation consisted of visual examination for cracking at 1-40X,
and if cracking occurred, high magnification SEM examination of sample fracture surfaces.

Slow Strain Rate Testing (SSRT). SSR testing was performed on L-direction samples of 7
mm and 11 mm wall x 73 mm OD Ti-38644/ Pd pipe, and on L-direction mid-radius and outer
radius samples of the Ti-38644/Pd billet in two conditions. These billet (STA) conditions
represented yield strengths of 1013 MPa (147 ksi) and 1110 MPa (161 ksi).

SSR testing was performed in Ti-38644 titanium autoclaves at a strain rate of 4 x 10.6 sec"1
utilizing a 4.8 mm diameter x 25.4 mm length gage (smooth) SSRT sample. Ceramic washers
assured electrical isolation of the sample from the load train and autoclave. This strain rate was
chosen based on its discriminating traits established in prior Ti-38644 alloy SSR studies in hot
sour brines (4). Sample % RA (Reduction of Area) and TTF (Time to Failure) values derived from
the test environment were compared (by ratio) to those measured in an inert helium gas
atmosphere at each test temperature. Post exposure evaluation of SSRT samples included visual
examination of fracture surfaces at 1-40X for secondary cracking, and SEM examination at 50-
2000X for fracture mode determination.

Crevice Corrosion Testing

The test matrix for crevice corrosion evaluation of Ti-38644 alloy products in high temperature
sour and sweet brines is presented in Table 3. These test brine variations permitted identification
of which species (i.e. H2S and S0 ) promoted crevice attack in these deaerated NaCI brine exposures.
Ti-38644 alloy sheet stock was chosen for alloy crevice corrosion evaluation since the geometries
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of billet and pipe products did not readily lend themselves to this mode of testing. Testing was
performed on both Pd-enhanced and standard versions of the Ti-38644 alloy to develop a
comparative data base in sweet and sour brines. The strength and metallurgical conditions of
these sheet test materials (described in Table 2) mimicked those of production tubular products.

The test media, detailed in Table 3, consisted of an argon-spared, deaerated 20% NaCl brine which
was loaded into evacuated autoclaves using the same meticulous deaeration procedures described
for the SCC tests. However, considering all of the tight Teflon-metal sample crevices involved, it
is possible that a limited but finite amount of adsorbed air/oxygen remained within sample
crevices. If oxygen was indeed retained within sample test crevices, more aggressive (and
conservative) test results would be expected. This is based on the oxidation of sulfur species (H2S
and S1 to highly acidic sulfite/sulfate species within the crevice. The H2 S gas partial pressure in
these tests was achieved by direct pressurization from an H2S gas cylinder. In brine tests where
H2S gas was not injected, brine pH was adjusted to a value of 3.5 at room temperature (using
dilute HCI additions) to maintain a consistent brine pH in all tests. Carbon dioxide gas was
intentionally omitted from these tests since it tends to buffer brine pH upward and could act to
reduce susceptibility of titanium alloys to crevice attack in sour brines.

Each autoclave test included two crevice test assemblies per alloy tested. Each crevice assembly
consisted of five 38 x 38 mm alloy sheet coupons interspersed with 25 x 25 x 0.8 mm sheets of
virgin PTFE (Teflon)®. These sandwich assemblies, described elsewhere (6), were tighted together

via centerline Ti-38644 bolts and nuts to a torque of 40 in-lbs, producing very discriminating,
severe gasket-to-metal crevices. Sheet coupons were exposed in the wet-ground (200 grit) and
lightly pickled surface condition. Test exposure period was 30 days in all cases.

Results

C-Ring Test Data

The C-ring SCC test data for Pd-enhanced Ti-38644 pipe and billet products are presented in
Table 4. No evidence of SCC was revealed by any of the three and six month pipe C-rings at the
2320 and 2600C test temperatures, regardless of stress level (90 - 100% YS), surface condition
(pickled or machined), or galvanic coupling to Alloy C-276. The more aggressive brine additions
of 0.5 wt.% acetic acid at 260*C (3 months) and/or the relatively high elemental sulfur level (10
gpl) also failed to induce cracking in pipe samples. The several C-ring samples exposed to vapor
phase only also proved to be resistant. Similarly, billet C-ring samples exhibited SCC resistance
in the 2 and 6 month sour brine exposures, regardless of stress level (80 and 100% YS) and
whether they were galvanically coupled to Alloys C-276 or 625 plus® or not.

Weight loss determinations of all cleaned C-ring samples revealed slight weight gains, with no
measurable dimensional changes or localized surface attack. Hydrogen analyses of numerous
coupled and uncoupled Ti-38644/Pd C-ring samples indicated no significant increase (< 15 ppm)
in sample hydrogen level.

C-ring SCC test results for Ti-38644/Pd pipe and billet are plotted as a function of temperature
in Figure 2, and are compared to those for standard Ti-38644 tubulars derived from prior work
(4).
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SOR Test Data

SSR test results for Pd-enhanced Ti-38644 pipe and billet products are outlined in Table 5 and
plotted in Figure 3. Pipe samples resisted SCC to at least 246°C, even with an 0.5 wt.% acetic acid
brine addition, exhibiting high % RA and TTF ratios (?_0.90) and a fully ductile fracture mode. At
260*C and above, pipe samples displayed susceptibility to SCC, which was confirmed by
transgranular quasi-cleavage initiation sites identified during SEM fracture examination.

Billet SSRT samples exhibited SCC resistance to at least 204*C in this worst-case sour brine fluid.
SCC temperature thresholds, however, were more variable, and dependent on billet sample
location and strength level. Greater scatter in %RA and TTF ratio values was noted, along with
a weak correlation of ratio values with SCC occurrence as assessed by fractographic examination.
For example, samples with ratio values in the 0.95 - 1.00 range still exhibited fracture initiation
via (minor) transgranular cleavage. The SSRT data, plotted in Figure 3, suggest that finite
improvements in SCC resistance appear to be associated with the higher strength level tested
(1110 MPa YS) and the mid-radius location of the billet.

Crevice Corrosion Test Results

The comparative crevice corrosion resistance of the Pd-enhanced and standard Ti-38644 alloys
as a function of temperature in sweet and sour deaerated NaCl brines is depicted in Figure 4. The
Pd-enhanced alloy coupons exhibited full resistance to localized crevice attack to temperatures as
high as 246°C in all sweet and sour brines tested. Some minor discoloration of Teflon sheet-
creviced coupon surfaces was observed (see Figure 5a), and is typical of protective oxide film
growth within passive titanium alloy crevices in hot brine exposures.

The standard Ti-38644 alloy, in contrast, experienced severe localized crevice attack in all sour
and sulfur-containing brines at 232°C. After removing heavy black crevice corrosion deposits on
attacked sites, pits as deep as 20 mils were measured after 30 days exposure as shown in Figure
5b. Results from the worst-case brine (containing H2S and S') tested indicate that crevice attack
of the standard alloy is possible at 150°C or above. On the other hand, crevice attack was not
observed in the nonsulfur-containing (sweet) deaerated brine to temperatures as high as 232°C.

Discussion

8CC Database for Ti-38644/Pd

The long term C-ring tests and SSR tests conducted in this worst-case sour brine fluid generate

an exceptionally conservative SCC database for Ti-38644/ Pd pipe and billet products. These were
rather rigorous, discriminating tests due to the high stress levels imposed (80 - 100% YS), long
test duration (2 - 6 months), the highly aggressive brine chemistry, and the elevated test
temperatures imposed. Aggressive aspects of this test environment relative to those associated
with deep sour gas wells include the rather high (20%) NaCl concentration, elevated H2S and CO 2

partial pressures, the abundance of elemental sulfur, and the 0.5 wt.% acetic acid addition made
in a few tests. The SSR tests are also known to be an especially rigorous and conservative SCC
test method for passive metals such as titanium alloys, since continued depassivation and darr -Age
to the passive oxide surface film is incurred during slow plastic straining.
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Influence of Product Metallurgy - A comparison of SSRT data between the pipe and billet
products (Fig. 3) clearly suggests that SCC behavior is a function of product metallurgical
condition. The pipe product was produced by cold pilgering (cold working) down to final size,
followed by preaging, recrystallization annealing and a final aging (PASTA treatment). This
produces a highly refined, equiaxed beta microstructure with a highly uniform age, exhibiting a
high degree of ductility at a medium strength level (-965 MPa). The hot GFM forged billet product,
on the other hand, is solution treated and aged to a higher yield strength of 1103 MPa, and
exhibits very coarse, parti'il'y recrystallized grain structure (ASTM grain size below 0).

The greater variability and somewhat reduced SCC temperature thresholds for the billet product
may be explained by the billet's higher strength level and/or increased grain size. Higher strength
means a higher volume fraction of alpha phase precipitates in the beta matrix and, possibly,
increased grain boundary alpha precipitation. The alpha phase is the molybdenum- and
palladium-lean phase compared to the beta phase, which could make it the more anodic
(susceptible) phase. If a less likely cathodic SCC mechanism is considered, greater amounts of
the less hydrogen-tolerant alpha phase might also rationalize the increased billet susceptibility.
Alloy SCC susceptibility also increases with increasing mean-free path length (grain size) of the
beta phase, as shown for other beta titanium alloys in aqueous mec4ia (7). Reduced ductility and
larger grain size favor achievement of a critical stress crack size.

Pd-enhancement Mechanism - Although the SCC mechanism in Ti-38644 titanium in high
temperature sour brine is not fully understood, SCC is eitl- -r a cathodic (hydrogen embrittlement)
or an anodic (chloride-assisted) controlled phenomenon. In the author's opinion, a cathodic
mechanism is considered unlikely due to the very high solubility and diffusivity of hydrogen in
alpha and beta phase at these high test temperatures. Little or no generation of atomic hydrogen
at metal surfaces resulting from the near-nil corrosion rates observed in these brines also implies
that a significant source for hydrogen was absent. An anodic explanation appears more plausible,
and has been diagnosed in a Mo-rich alpha-beta titanium alloy in a sim;ia, environment (8). The
case for anodic control is further supported by the lack of influence of sulfur and sulfide species
on Ti-38644 alloy SCC thresholds revealed in prior hot brine studies (4,9).

The significant elevation of SCC temperature thresholds noted in both C-ring (Fig. 2 and SSR
testing of the Ti-38644 alloy by Pd-enhancement (alloy addition of 0.04 - 0.1 wt.% Pd) has been
expressed in prior work (.1,4). As an alloy addition, palladium's well known ennobling eiT-ct can
be expected to enhance SCC resistance. By reducing hydrogen overvoltage and depolarizing the
cathodic process, palladium serves to shift alloy corrosion potential in the positive direction where
formation of stable, protective titanium oxide surface films is favored. Thus, Ti-38644 alloy
passivity is extended into hotter, more reducing acid conditions, manifesting itself as enhanced
resistance to hot HCI solutions and chloride cre-ice corrosion. This positive effect on SCC
resistance can be rationalized whether the cracking mechanism is cathodically or anodically
controlled. Rate of oxide film repassivation is enhanced, thereby limiting hydrogen absorption or
anodic attack when localized oxide film breakdown occurs, such as during slow straining.
Resistance to crack initiation on stressed metal surfaces is also realized where local sites of
reducing acid chlorides may develop (i.e., within flaws, crevices, under deposits).
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Crevice Corrosion Database

Based on the same ennobling/passivation mechanism discussed for alloy SCC behavior, the
predicted improvement in Ti-38644 alloy crevice corrosion resistance with Pd enhancement was
noted in the crevice tests. The data presented in Figure 4 reveals that the Pd-enhanced alloy fully
resisted crevice attack in all sweet and sour brines up to at least 246°C, whether or not elemental
sulfur was present. Unlike the standard alloy, this Pd-enhanced alloy also did not experience
incipient crevice attack under heavy elemental sulfur deposits adhering to specimen surfaces.

On the other hand, the standard Ti-38644 alloy did exhibit crevice attack in sulfide-and/or sulfur-
containing brines at temperatures above 150°C. Since no attack occurred in deaerated sweet
brines up to at least 232°C, the results imply that either sulfide or sulfur (or both) is responsible
for aggravating the crevice attack observed. Since pH was normalized in the sweet and sour test
brines, variation in brine pH was not a factor. A more plausible explanation stems from the
minute amounts of adsorbed air/ oxygen gas retained within the tight Teflon sheet-metal crevices.
The oxygen gas is known to react with either sulfide or sulfur species to form acidic sulfites or
sulfates (i.e., sulfuric acid) (10), producing high local acidification within the crevice. If one could
practically remove all traces of adsorbed oxygen from specimen crevices/surfaces, then the crevice
resistance of the standard alloy would probably approach that observed in sweet brine.

It should be noted that these crevice tests are considered to be severe and highly conservative
since they incorporate very tight, large Teflon sheet-to-metal crevices. Secondly, the adsorbed
oxygen retained within these test crevices enhance local crevice acidity in sulfide-and/or sulfur-
containing brines (as discussed above), providing worst-case crevice test conditions.

Conclusions

1. A substantial, rigorous stress-corrosion and crevice corrosion database for Pd-enhanced
Ti-38644 alloy pipe and billet mill products has been generated in a worst-case deep sour
gas well brine fluid up to 260'C.

2. Long term (3-6 month) C-ring tests indicate SCC resistance to at least 260°C for Ti-
38644/Pd pipe, and to at least 204°C for billet. No detrimental influence of galvanic
coupling to Ni-Cr-Mo alloys on alloy SCC behavior is indicated.

3. Highly discriminating SSR tests revealed SCC resistance up to 246°C for Ti-38644/ Pd pipe,
which is -70°C higher than that for standard Ti-38644 in similar product form.

4. SSR testing of billet revealed variable susceptibility to (transgranular) SCC above 204°C,
which appeared to be dependent on billet location and strength level.

5. The Pd-enhanced alloy fully resists crevice corro:,I,-n in sweet and sour brines to
temperatures as high as 260°C. The standard alloy, in ( ;,nparison, may experience attack
above 150°C in sour brines, while remaining resistant in deaerated sweet brines.

6. Based on this conservative SCC and crevice corrosion database, upper service limits of
246°C and 204°C in sour gas well brine fluids are considered to be reasonable for Ti-
38644/Pd pipe and billet products, respectively.
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Table 1. Test Matrix for Stress Corrosion Evaluation of Pd-enhanced Ti-38644 Products

Product am8C Test ITest Tamp Taft Eavliesarewt Test Duration
Method c(-r) I (mo.I

Pd-enhanced C-ring 232 (450) Brine with 6.9 MPa 6
Ti-38644 pipe H2 S, 3.4 MPa CO 2 and

260 (500) 10 gpl S 3

260 (500) Brine with 6.9 MPa 3
H2S, 3.4 MPa C0 2 , 10
gpl H2S, and 0.5%
acetic acid

SSRT 204 - 274 Brine with 6.9 MPa
(400 - 525) H2S, 3.4 MPa CO 2 , 1

gpl S (with and w/o
0.5 wt.% acetic acid)

Pd-enhanced C-ring 204 (400) Brine with 6.9 MPa 2
Ti-38644 billet H2S, 3.4 MPa CO 2 and

204 (400) 1 gpl S 6

SSRT 204 - 246 Brine with 1000 psi --
(400 - 475) HS, 500 psi CO 2 and

1 gpl S

'Brine is deaerated 20% NaCl

Table 2. Description and Composition of Ti-38644 Alloy Product Forms Tested

Product Cold-Plgered/ ForgedlSTA Cold- Hot-
PASTA Pd- Pd-enhanced Worked/PASTA Rolied/STA
enhanced TI-38644 Billet Pd-enhanced Standard

TI-38644 Pipe TI-38644 Shoet Ti-38644
Sheet

S8ee(s) - 73 mm OD z 152 mm dia. 1.8 mm thick 1.0 mm thick
7mm AW

- 73 mm OD x
11 mmAW

RMI Heat No.: 882836 863084 X-20040 860390

Composition (wt.%)_

% Al 3.1 3.3 2.7 3.5

% V 7.9 8.0 7.8 8.1

% Cr 6.0 5.8 6.0 5.8

% Zr 4.0 4.3 4.0 3.9

% Mo 4.2 4.5 4.1 3.9

% Pd 0.06 0.06 0.05 --

% 0 0.08 0.08 0.08 0.09

Tensile Properties:

YS (MPa) 945 1117 965 965

UTS (MPa) 993 1207 -- --

% El 21 8 ....

%RA 47 12
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Table 3. Test Matrix for Crevice Corrosion Evaluation of Ti-38644 Products

Product Test savkoamoea Test Temp.
""c ru

Pd-enhanced Ti-38644 Brine with 1.38 MPa HS and I gpl S 232 - 260
sheet (450 - 500)

Brine with 1.38 MPa H2 S 246 (475)

Brine with I gpl S 246 (475)

Brine 246 (475)

Standard Ti-38644 sheet Brine with 1.38 MPa H2 S and 1 gpl S 121 - 232
(250- 450)

Brine with 1.38 MPa H2 S 232 (450)

Brine with 1 gpl S 232 (450)

Brine 232 (450)

* Brine is deaerated 20% NaCI

Table 4. C-ring Test Results for Pd-enhanced Ti-38644 Products Exposed to the Worst-
case Sour Gas Well Brine Fluid

Product Test zpoeure Replicate Stres. Surfaes Alloy DCC
Temp- Period Samples Level Condition Coupled ?
"C "F PIK.) ( % Ys) to

Pipe 232 6 2 90 Pickled None No
(450) 3" 95 Machined None No

2 95 Machined C-276 No

2 100 Machined None No

260 3 + 3' 2 90 Pickled None No
(500) 3"* 95 Machined None No

2 95 Machined C-276 No

2 100 Machined None No

Billet 204 2 1 80, 100 Machined None No
(400) 2 80, 100 Machined C-276 No

2 80, 100 Machined 625 plus No

204 6 1 80, 100 Machined None No
2 80, 100 Machined C-276 No

2 80, 100 Machined 625 plus No

'0.5 wt.% acetic acid was added to brine in the second 3 month exposure.
"One C-ring sample was exposed to vapor phase during test.
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Table 5. SSRT Results for Pd-Enhanced Ti-38644 Products Tested in a Worst-case Sour Gas

Well Environment

Product 8 Banple RT Y8 Test BavS. it& TTP ISCC
Form/Sao Location/ MPa Temp. ronmentaIl Ratio Ratio ?

Orientation Pkal) rc, % RA

152 mm mid-radius 1013 218 24.7 0.95 0.99 No
dia. billet (L) (147) 232 20.5 0.79 0.91 Yes

246 26.1 1.00 0.97 Yes

outer-radius 204 -- 1.00 0.77 No
(L) 218 18.3 0.81 0.63 Yes

232 19.4 0.86 0.66 Yes

mid-radius 1110 204 19.8 1.00 1.00 No
(L) 218 14.3 0.93 0.85 No

232 15.4 1.00 0.75 No

246 19.1 1.00 1.00 No

outer-radius 204 16.2 1.00 1.00 No
218 17.3 1.00 1.00 Yes

218 10.5 0.71 0.71 Yes

73 mm OD thru-section 945 232 36.5 0.94 0.94 No
x 7 mm (L) (137)
wall pipe 246 40.6 1.00 1.00 No

246 42.4& 1.00* 1.00' No

260 43.9 1.00 1.00 No

274 18.6 0.48 0.72 Yes

73 mm OD thru-section 945 246 39.4 0.99 0.97 No
x 11 mm (L) (137)
wall pipe 246 35.0* 0.90* 1.00, No

260 39.8 1.00 1.00 No

_ _ _260 30.4 0.83 0.91 Yes

"0.5 wt.% acetic acid added
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6' DIA. ENHANCeD UFA-CML"

ASSEMBLV PNION TO ENVIRONMENTAL %%POSUR6 I

1la. Fixtured arrangement of pipe lb. Fixtured arrangement of billet
C-ring samples. C-ring samples.

Figure la, b. View of pipe and billet C-rings positioned on internal fixtures for autoclave
exposures.
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Temperature (C) L No SCC U SCC E Borderline (F)

274 525

260 l •500

246 -475

232 Li EL Li 450

218 Di EL 425

204 Li 400

190 375
Cold-Pilgered Extruded Cold-Pilgered Forged
STD Ti-38044 STD Ti-38644 Ti-38644/Pd Ti-38644/Pd
73 mm OD Pipe 89 mm OD Pipe 73 mm OD Pipe 162 mm Btilet

(3 and 6 months) (3 and S months) (3 and 6 months) (2 and G"monthe)

Figure 2. C-ring test results for standard and Pd-enhanced Ti-38644 products in a worst-
case sour gas well brine fluid.

Temperature (C) (F)

288 550

274 E] No SCC EM Borderline * SCC - 525

260 -500

246 -i 475

232 Li E Li 450

218 EL M EL U 425

204 L] i 1400

190 1375

Product Billet Billet Billet Billet Pipe
Location mid-radius outer-radius mid-radius outer-radius thru-wall (L)
YS(MPa) 1110 1110 1013 1013 946
YS(ksi) 161 161 147 147 137

Figure 3. SSRT results for Pd-enhanced Ti-38644 products in a worst-case sour gas well

brine fluid.
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Temperature (C) (F)
275 525
261 - I 500

247 LI El -I LI 475
233 [] U U LI 450
219 425
205 400
191 375
177 - El No Corrosion 350
163 U Crevice Corrosion 325
149 - U Borderline 300
135 - 275
121 [ -250
107 I 1 1 I I I I 225

Alloy Pd-Enh. STO Pd-Enh. STD Pd-Enh. STD Pd-Enh. STD
Environment Sour Brine Sour Brine Sweet Brine Sweet Brine

w/ 1 g/I S w/ 1 g/Il 8

Figure 4. Crevice corrosion test results for standard and Pd-enhanced Ti-38644 in hot
brines.

5a. Unattacked Pd-enhanced Ti-38644 coupon. 5b. Severe crevice attack on standard Ti-38644
coupons.

Figure 5a, b. Susceptibility of Ti-38644 sheet coupons to crevice corrosion in (>150°C) sour
brines.

2519



Study of Oil Aluminium Alloy Pipes
with Improved Corrosion Resistance

V.S. Sinyavsky
All-Russia Institute of Light Alloys
121596, Moscow, Gorbunova st. 2, Russia

V.D. Kalinin
All-Russia Institute of Light Alloys
121596, Moscow, Gorbunova st. 2, Russia

L.S. Kagan
All-Russia Institute of Oil Pipelines
443069 Samara, Avrora 110

V.E. Dorokhina
All-Russia 'nstitute of Light Alloys
121596, Moscow, GorbUnova st. 2, Russia

V.A. Kuznetsova
All-Russia Institute of Light Alloys
121596, Moscow, Gorbunova st. 2, Rissia

Abstract

The objective of this work was to study the potentiostatic and
corrosion resistance of various alloys used for pipes and
protective layers depending on the chemical composition,
structure of alloys and operating conditions of oil fields. The
protection system developed on the basis of these experiments
for protecting pipes with metal layers coated on their surface
during their production provide an effective electrochemical
inhibition of the corrosion process. Based on the prediction,
the service life of pipes in terms of corrosion will amount at
least to 15 years.

Key words: corrosion potential, pitting initiation potential,
protecting current, tests in autoclave, tests in oil fields,
pitting corrosion , exfoliation corrosion
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Introduction

Steel pipes used in oil production and transportation show
rapid signs of failure due to the action of mineralized water
contained in oil and soil corrosion. The situation is
significantly aggravated when oil is extracted with a high
content of sulfurous compounds. In this case the service life
of steel pipes usually equals 0.5 - 2 years. Preliminary
investigations showed that the use of pipes based on aluminium
alloys offers substantial advantages. However, without
additional protection they can fail due to corrosion within a
relatively short period (2-3 years) in particularly aggressive
media.

The developed protection system owing to metal protecting
layers applied to pipes during their production provides an
effective inhibition of the corrosion process. The corrosion
rate in the plating layer in this case drops 2-3-fold due to
anodic protection effects.

The subject of the present work is to select the most corrosion
resistant cladded aluminium alloys designed for the production
of pipes for oil production systems.

Materials and Methods
Materials.

Materials for studies were experimental series of plated and
uncladded pipes of A1Mg3 108 x 4 mm in dia and AlCuMg alloys
(D16T2 according to Russian standards or 2024 T72 according to
US standards) 74 x 7 mm in dia.

For plating material use was made of AlZnl, AlZn2 and AlMgSi
alloys with different Zn content from 0 to 1.4% with limiting
content of other components.

Methods

Tests for pitting corrosion were carried out in tap water with
addition of 0.1 g/l NaCl, 0.0005 g/l CuCl 2 at pH 5.5-7.2 for up
to 6 months according to a cycle of 16 h at 60-7OoC, 8 h at
room temperature.

Tests for exfoliation corrosion (EXCO) were carried out in two
solutions (Table 1) [1,2]. Bench tests for total corrosion with
assessment for the depth of damage were run in a 700 1
autoclave in a solution 30 g/1 NaCl + 6 at HzS = 6 at COZ.

Pipes 1800 mm long were placed into the autoclave. The pipes
was filled with one of the liquid media containing 0.1, 30, 150
g/1 NaCl; 0; 20% of oil, the remaining part was water, then
carbon dioxide was fed into some of them at a pressure of 10 at
and/or hydrogen sulfide at 15 at and the pressure was raised up
to 40 at. by means of nitrogen. During the tests the pressure
was maintained constant. The oil was taken from one of the
wells in the Volga region. The hermetically sealed pipes were
arranged vertically in the autoclave. One charge into the
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autoclave consisted of 5 pipes. The tests were carried out for
1000 h.

Tests for stress corrosion cracking (SCC) were carried out by
a bending method at preset strain using C-shaped specimens at a
stress of 0.9 of YS [1] in accordance with ISO 95-91.

Potentiokinetic polarization curves were taken with the rate of
potential change 2 mV/s at room temperature without stirring
the electrolyte. A chlorine silver electrode was used as a
reference electrode. Platinum wire served as an auxiliary
electrode. Prior to polarization the specimens were left in the
solution for 30 min. The surface of the specimens before
measuring was scoured with emery cloth, cleaned with alcohol
and stored in an exsiccator for one hour.

Operation tests were carried out in the line of one of the
wells in Yakushisky oil field of the Volga region. Pipes dia.
110 x 4 mm of AlMg3 cladded from either side were assembled in
the experimental section 1141 m long of the pipeline. The
pipeline ran in the open air. The pipeline was used to pumping
over oil products of the following composition (g/l): Cl- -
139.18; SO. - 2.66; HCOz - 0.35; Ca• - 4.0; Mg" - 1.58; K' +
Na - 2256.

Total mineralization - 230.19 g/l; density - 1.149 g/l; pH - 5,
temperature 19-24-C, pressure - 6 at. The water content of the
pumped over medium was 82%. The throughput of the line was 6
m•/d. The oil contained (mol%): HmSO.3 , - 0.14; COX - 0.42, NZ
-3.68.

Results and Discussion

Electrochemical Characteristics

Fig. 1 presents a combined diagram of anodic (cladding
material) and cathodic (base material) curves, and Table 2
summarizes the electrochemical characteristics: corrosion
potential - Ec, corrosion potential in active state - Ec°,

pitting initiation potential Epi, repassivation potential -

Erp, current density in passive region - ipr, density of
diffusion current - id, density of protecting current ip.
Coincidence of anodic and cathodic curves obtained in the
investigations by the potentiokinetic method shows the
possibility of cathodic protection of metal-base by using all
the indicated alloys for cladding [3]. Protecting current in
all the cases is greater than diffusion current. The value of
protecting current for AlZn2 and AlMgSiZn2 alloys is about the
same. This points to their equal possibilities from the point
of view of electrochemical protection level. In cladding
material of AlMgSi of a standard composition (without zinc)
this value is 1.5 times lower. Comparison of the
electrochemical characteristics with the data of corrosion
tests shows that the value of protecting current correlated
with the distance action of the protector ("distance
protection"). Alloying with zinc at a concentration of 0.3% a
alone provides a certain degreee of distance protection.

2522



Tests for Pitting Corrosion in Model Solutions

The results obtained from tests of uncladded and cladded pipes
of AlMg3 are illustrated in Fig. 2. Similar results were
obtained for pipes of AlCuMg T72 alloy. Studies showed that the
maximum depth of pitting corrosion of uncladded pipes at the
initial period only 1.5-2 times higher than that of cladded
pipes. However after 6 months of tests, for uncladded pipes
this drastically rises, reaching 1.2 mm. The maximum depth of
corrosion damage of pipes cladded with AlZnl, AlZn2 and
AlMgSiZn2 alloys does not exceed beyond the thickness of
cladding and after 6 months of tests 0.2 mm when the cladding
alloy composition is optimal. An increase in the concentration
of chlorides from 0.1 g/l NaCl to 150 g/l NaCl, leaving the
depth of pitting corrosion invariable, slightly deteriorates
the protecting properties of cladding, expanding the area of
corrosion damage. In acid medium (pH = 5.5) it is possible to
observed a noticeable decline in the protecting properties, the
surface of specimens shows larger spots corrosion with partial
or complete removal of cladding. However, the impaired
continuity of the cladding layer does not lead to an increase
in corrosion depth in the alloy-base. Here the effect of
distance protection is manifested.

Optimization of the composition of protective layers and
technology of their application with obligatory introduction of
zinc makes it possible to limit the progress of pitting
corrosion within the cladding thickness. As in the case of
distance protection, this occurs when the selection of a basic
alloy - cladding alloy pair with regard to the influence of the
adhesive transitional layer provides an excess of the
protective layer over the diffusion layer at least by 4 times.
Fig. 4 displays that the value of protective current is
determined not only by corrosion potential and pitting
initiation potential, but also by the current in passive
region. The literature data [4] shows that pitting corrosion
in aqueous media spreads according to parabolic dependence in
conformity with the equation:

h = K
where h = pitting depth;
K = coefficient depending on the structure and;

composition of alloy;
T = time of medium influence;
n = coefficient depending on the composition and parameters of
medium.

For aqueous medium coefficient "n" approaches three. Then, by
rectifying the dependence of change in corrosion depth on
time, it is possible to predict metal behavior in long
operation (Fig. 3). In the case of protecting the pipes of
AlMgSi alloys with AlZn1 and AlZn2 alloys as well as the pipes
of AlCuMg T72 alloy with AlMgSiZn1 and AlMgSiZn2 in hard tap
water with chloride content up to 150 g/l and copper chloride
0.0005 g/l at pH = 3.5 at elevated temperature the corrosion
should not exceed the thickness of the cladding layer for at
least 5 years of operation. Cladding of AlMgSi (without zinc)
alloy on AlCuMg alloy also markedly inhibits corrosion.
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However, it persists within the cladding layer for a relatively
short period. By the 5-th year, according to forecasting, the
depth of corrosion may reach a rather considerable value -
about 1 mm. On uncladded pipes both of AlCuMg and Al-Mg3 alloys
perforations may occur in about 1.5 -2years.

Bench Tests in Autoclave

The tests carried out with pipes of AlMg3 alloy cladded with
AlZnl alloy (Table 3) demonstrated that carbon dioxide up to 15
at. had no influence on corrosion resistance. Hydrogen sulfide
up to 10 at and more considerably inhibits corrosion of oil. In
terms of mass loss hydrogen sulfide reduces corrosion by about
15% and oil by 1.5-2 times. Prediction of the corrosion
resistance of pipes in terms of their inner surface (Fig. 4)
shows that by the 5-th year in oil-containing medium the depth
of damage does not go beyond half of cladding layer thickness
(0.1 mm). For medium containing no oil, corrosion by this time
is not to exceed cladding layer thickness )0.16 mm).

Determination of Distance Protective Action.

In order to determine electrochemical protection kinetics, pipe
specimens 150 mm long were cut longitudinally. The cladding was
partly left (120%) on the inner surface, the remaining inner
surface of the specimen was milled to the depth exceeding
cladding thickness by 3 times. Specimens with complete removal
of the cladding layer were tested in parallel. The tests were
carried out by the method of complete and alternate immersion
into solution: tap water + 0.1 g/l NaCl + 0.0005 g/l CuCI 2 .

The cladding of AlMgSi alloy with a high content of Zn(1.4%)
displayed a full protective effect, the entire specimen surface
120 mm long was protected. The milled surface showed slight
corrosion damage 0.03 mm deep, at the ends there was no

"corrosion . However it was observed that high zinc content in
the cladding reduced the res.stance to exfoliation corrosion
of the cladding layer itself. A decrease in zinc content in the
cladding down to 0.7 and even to 0.3% also provides complete
electrochemical protection of A16 T2 alloy with simultaneous
increase in EXCO resistance of a cladding layer. The cladding
of AlMgSi alloy without zinc displays the effect of partial
electrochemical protection. The range of its action is limited
to 6 mm. Claaded specimens showed numerous corrosion damages up
to 1.2 mm deep. Considerable corrosion was also observed at
the ends.

Under natural conditions in sea water pipes 4 m long with
protectors at one of the ends were tested. The protector was 50
mm long. AlZn2 and AlZn5 alloys were chosen for protectors.
After a year of testing the corrosion depth on the pipes was
not in excess of 0.1 mm. The protector of AlZn5 alloy was
destroyed by 80% and that of AlZn2 alloy by 45%.

Additional experiments showed that the protector of AlMgSiZn in
this respect may proved to be even more effective.

The pipes without protectors were damaged by pitting to a depth
approaching perforations. No exfoliation corrosion was observed
on unprotected pipes, which car be explained by the conditions
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of their heat treatment (T72).

Tests of Pipes for Exfoliation Corrosion Resistance

Uncladded and cladded pipes of AlMg3 alloy are insensitive to
EXCO. Pipes of D16 T2 alloy protected with cladding of the
AlMgSi alloy type with Zn content up to 0.85% are unsusceptible
to EXCO. Further increase of Zn in the cladding up to 1.4%
considerably reduces resistance to EXCO down to point 7.
Uncladded pipes of AlCuMg T72 alloys have low resistance to
EXCO, corresponding to point 8 in 4 S solution and quite
satisfactory resistance (points 4-5) in 2 S solution. As seer,
from paper (4), this is related to the nature of exfoliation
corrosion development during heat treatment of the T72 type.

It progresses in a transcrystalline way. However, in 4 S
solution with such development of EXCO a considerable
exfoliation occurs. As shown by natural trials, tests in 2 S
solution match the actual operating conditions of oil fields
in a larger measure. Thus, under these conditions pipes of
AlCuMg T72 alloy display no considgrable sensitivity to EXCO,
which is an important factor in their long service of life.

Tests for Stress Corrosion Cracking

All the investigated version had high resistance to SCC. None
of the specimens was damages under a stress up to 0.9 of YS and
a test period of 90 days. This was determined a correct choice
of the chemical composition (magnesium content is below 3.5%)
in AlMg3 alloy and by the condition of artificial ageing of
AlCuMg alloy. The protective layers in this case prevent
additional adverse effects, which are possible in stress
corrosion.

Service Tests

The outer surface of pipes of AlMg3 alloy cladded with AlZnl
after 9 months of use showed sporadic pittings 0.02 mm deep and
the inner surface had pittings 0.06 mm deep. Thus, in media
similar in composition in terms of aggressivity to components
in laboratory and service tests the pipes under actual
conditions are noted for higher corrosion resistance. This
offers the grounds to consider their service life of at least
15 years to be justified.

Conclusions

1. Unlike steel pipes, sulfur-containing media for pipes of
aluminium alloys not only accelerate corrosion processes, but
even inhibit them. Therefore, the pipes of aluminium alloys can
be successfully used in oil production and transportation
irrespective of sulfur contained in it.

2. Pipes of AlMg3 and AlCuMg alloys protected with cladding
layers of AlZn1 and AlMgSiZnl alloys are noted for high
corrosion resistance in the operation in oil fields. Their
service life according to the foresting compiled wiill amount to
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at least 15 years.
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Table 1

Chemical composition of solutions used for exfoliation
corrosion tests

Solution Content of components, g/dm! Test
' ..... duratior,

No.* KzCr 2 07  HCL NaCL KNOzn HNOz days

=,==

2S 10 - 225 50 5.5 2

4S 20 13.5 - - - 7

*Designations are given in accordance with the draft of
International Standard ISO/CD 1181

Table 2

Electrochemical characteristics of investigated
alloys

No Alloy -Ec -Ec -Ep -Er-F ipp ipr
mV (id) A/cm2
24 h

AlCuMg AIMg3

AlCuMg T72 480 8070 440 6GO 60 (10)
2 AlMg3 680 1070 480 650 55 (4)
3 AlZn2 750 1100 690 770 75 75
4 AlMgSiZn2 660 1050 580 650 55 60
5 AlMgSiZnl 630 1030 510 630 45 49
6 AlMgSiZnO.5 616 1030 600 620 40 46
7 AlMgSi 550 1000 460 670 35 !=
8 AlMgSiZnO.05 550 1050 450 700 31 37.5
9 AlZnl 690 990 625 6G:0 14 - 1I
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Table 3

Results of Tests in Autoclave

No Medium Corrosion depth, mm

500 h lO00h

Outer Inner Outer Inner
surface surface surface surface

1 NaCI-150 g/l 0.08 0.1 0.13 0.1
CO 2 -0 at
H2 S - 15 at
Oil - 0

2 NaCl-150 g/l 0.07 0.08
CO 2 -0 at
H2 S - 15 at
Oil - 20%

3 NaCl-150 g/l 0.03 0.06 0.12 0.06
CO2 -1Oat
H2 S - 15 at
Oil - 20%

4 NaCl-0.1 g/l 0.02 0.06
CO2 -1Oat
H2 S - 0 at
Oil - 20%

5 NaCl-150 g/1 0.02 0.09
COm -0 at
H2 S - 15 at
Oil - 0

6 NaCl-0.1 g/l 0.13 0.1
COz -1Oat
HzS - 15 at
Oil - 0
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Fig. 1. Combined cathodic Fig. 2. Pitting
<1-AlMg3, 2-AICuMg T72) and corrosion
anodic <3-AIZn2, 4-AIMgSiZn2, of uncladded (1) and
5-AIMgSiZnl, 6-AIMgSi) cladded <2-4) pipes of
polarization diagrams AIMg3 alloy:l.2 - HzO +

0.1 g/1 NaC1 +
0.0005 g/1 CuCl__;
3 - same 150 g/1 NaC1;

I '

4 -sam a , 5

Fig. 3. Development of local corro- Fig. 4. Development of

sion in medium H T0+150 g/72 NaC+ local corrosion of
+0.0005 g/l CuClg, pH 5.5: 1 - cladded pipes AiMg3
- AiCuMg alloy without cladding; in autoclave: 150 g/1
2,3 - with cladding of AIMgSi and NaCI, CO- - 10 at.,
AIMgSiZnl alloys; 4 - AlMg3 alloy H=S - 15 at.,

without cladding; 5 - with cladding oil 20 % - HmO
of AIZnl alloy
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USE OF COMPOSITE MATERIALS ON OFFSHORE
PLATFORMS

Oddvar Sactre
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P.O box 243
N-3201 Sanderjord

Norway

ABSTRACT

The petroleum industry is moving into deeper waters and colder climates. The demand for
safer platforms with low operating and maintenance costs and long design lives is
increasing. Life cycle costs is receiving increased attention. All of this puts new demands
on the materials.

This paper gives a general overview on the present use of glassfibre reinforced polymer
(GRP) materials on offshore platforms, mainly in the Norwegian sector of the North Sea.
Ongoing development work in Norway is referred to, and promising fields for future use of
GRP are highlighted. Some limitations associated with the materials and some fields where
more research and developments are required are pointed out.

INTRODUCTION

A general trend in offshore engineering is to reduce weight, installation costs, and need for
maintenance on the installations, in order to minimize the required manning, which reduces
the operating costs. Another trend is: longer design life. The first installations in the North
Sea were designed for 20 years service, the Statfjord platforms were designed for 30 years,
while Troll and the Europipe installations have 50 years as design life.

To meet the above mentioned demands, composite materials, which in this paper means
glassfibre reinforced polymers (GRP), are used more and more on offshore installations as
alternatives to steel in a number of applications, in particular in seawater carrying piping
systems. GRP materials possess four assets which make them attractive for the offshore oil
industry: corrosion resistance, light weight, fatigue resistance and ability to tailor make
components to the exact need in each case.

Although GRP materials have been commonly used for more than 30 years, e.g.. in leisure
boats, skis, and fishing rods, the general knowledge about such materials is low. Hence, in
some cases, psychological barriers may be more difficult to overcome than solving the
technical problems.
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EXISTING INSTALLATIONS

Drain pipes.

GRP materials are well suited for drain pipes. In the North Sea, 5 different systems,
originally designed in carbon steel, have been replaced by GRP piping. (Ref. /4/).

On offshore platforms, GRP piping is easier to install than steel piping because:

I Hot work (welding) is greatly reduced. GRP pipes and fittings are adhesively
bonded together. Heat blankets may be required, but not open flames.

2 The lightweight GRP pipes and fittings can easily be carried by the fitters, so the
need for cranes and trucks is reduced.

As a result, modifications and repairs are easier to carry out on a platform while in
production.

Shaft drain.

Statfjord C is a concrete platform, with subsea storage cells and 4 concrete shafts extending
up above the sea level. 3 of the shafts are water filled. A shaft drain system was installed to
skim off and pump away any oil spills collecting on the water surface inside the shafts.

The vertical parts of the piping system was installed and cast into the concrete walls while
the slipform was moving upwards. Thus, both curing of the adhesive in every joint and
pressure testing of it had to be performed and accepted before the joint was submerged in
concrete. Once the slipform was started, stopping it had to be avoided at almost any cost.

A special adhesive was developed which could be applied in the humid conditions likely to
be experienced on the moving slipform in the middle of the winter in Norway.

Before the job commenced, the following experiment was carried out: Two pipes to be
joined were submerged in water along with the adhesive. The application of the adhesive
was performed with a brush, submerged, and the two pipe ends were joined. After 24
hours submerged curing, the pipe joint was pressure tested to 10 times it's pressure rating.

The Gullfaks C platform was built in 1988, and the shaft skimmer system is still operative.

Ballast water and crude oil pipes.

According to reference /4/, 7 GRP ballast water systems (2"-12") are installed on platforms
in the North sea. One particular installation requires special attention:

On the Draugen platform, which is another of the Norwegian giant concrete structures, the
lower part of the ballast water system was made from GRP (Vinylester) and cast into
concrete. Besides, the concrete covered Crude Oil to Storage-piping system was designed
in glassfibre reinforced vinylester. This system comprised 7 vertical pipes, 240 m long, 16"
diameter, cast into the concrete as the slipform moved upwards. The total height of the
concrete shaft is 276 m
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Process piping

An emerging design philosophy is to use non-corrosive composites in the process
equipment to permit elimination of chemicals such as corrosion inhibitors which otherwise
would have been required to protect steel pipes.

According to reference /4/, the following systems are installed on different platforms in the
North Sea:

- Sea water pump, 3" - 8", 4 systems.
- Sea water cooling, 1" - 24", 15 systems.
- Produced water, 2" - 30", 9 systems.
- Potable water, 2" - 4", 3 systems.
- Sea water injection, 3" - 24", 3 systems.

Phillips Petroleum Company Norway has installed the following systems:

- Produced water, 680 m, 6" - 14".
- Cooling water, 730 m, 10" - 30".
- Vacuum service, 55 m, 6".
- Seawater supply pipes, 2 installations, 130 m, 6" and 8".
- Seawater lift pipes, 2 installations, 60 m, 6" and 8".

The latter installations are of particular interest. The weight of the pumps supported by the
lift pipes is 900 kg each, and the lift pipes are tested to have 7 and 10, respectively, as
safety factors against break.

In order to reduce weight and space requirements of process equipment, pipe diameters are
minimized, resulting in increased water velocities. Some uncertainty existed regarding the
maximum water velocity that could be tolerated in composite pipes. The pipe manufacturers
seemed to state low limits, to be on the safe side. Reference /7/ reports a test loop for GRP
pipes installed in Norway. A test program was carried out to document the behaviour of
composite pipes exposed to large velocities, i.e up to 10 m/s, of clean, natural sea water
without particles or chemical additives. The idea was to simulate the conditions in the low
pressure part of a sea water injection system.

The conclusion from the tests state that velocities in the order of 10 m/s do not seem to
have harmful effects on the pipes, provided the combination of geometrical design, local
pressure and large velocity does not produce cavitation.

Figure 1 shows another test loop erected in Norway, designed to evaluate the behaviour of
GRP pipes in a flow of sea water containing particles. This loop simulates or accelerates
the conditions in a produced water system.

Fire water pipes.

Dry deluge firewater systems are found throughout nearly all platform areas, with many
kilometers of piping used for typical offshore platforms. Internal corrosion problems are
reported in offshore firewater systems with carbon steel piping, resulting in blocking of the
deluge nozzles by rust scales. (Reference /1/). Costly maintenance is required to keep the
systems operative. GRP pipes with 8 mm fire insulation have been tested in hydrocarbon
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fires, and are now accepted by the Norwegian Petroleum Directorate for use in firewater
systems. (ref. /2/).

In reference /1/, Amoco Norway Oil Company reports a "pilot" system of fire insulated
dry deluge pipes in glassfibre reinforced epoxy installed at the Valhall field in the
Norwegian sector of the North Sea in 1991. The experience with the system is good, both
technically and economically, so Amoco is working further to install GRP firewater
systems on one platform offshore Netherlands, two offshore Trinidad and is considering a
system for a platform in the South China Sea.

Conoco have 3 platforms in the Gulf of Mexico (Marquette, Ewing Bank 305, Green
Canyon Central Production Platform), and one in Dubai (Southwest Fateh Complex)
equipped with GRP firewater piping. (Ref. /3/).

Phillips Petroleum Company Norway installed a 24" firewater header in glassfibre
reinforced epoxy between the platforms on the Ekofisk field, in the Norwegian sector of
the North Sea in 1992. The header pipe is not in an area with a high risk of fire.

Antennas

On all ships and offshore structures, there is a large number of rod shaped antennas. GRP
is well suited for this service, because as a non-metallic material it does not influence the
radio signals, it is light, strong, flexible, fatigue resistant, and requires no maintenance.
The technology for production of antennas originates from design of fishing rods, but is
further developed.

Structural elements

As offshore petroleum activities are performed in deeper and deeper waters, sea bottom
based structures become more slender, and topside weight becomes increasingly important.
Tension leg platforms (TLP) (i.e. Hutton and Snorre) are attractive alternatives to gravity
based structures. A TLP is a floating structure tethered to the bottom, a cost effective
platform concept where weight is even more crucial to the economical performance.

So far, the primary material used by the offshore industry is steel. However, the density of
steel is 3.9 times higher than glassfiber reinforced epoxy, 5.1 times higher than graphite
fibre reinforced epoxy, and 5.8 times higher than Kevlar fibre reinforced epoxy.(Ref. /5/).
The low density of GRP, combined with an attractive strength-to-weight ratio provide a
potential for substantial weight reduction with resulting cost savings on offshore
installations.

One ton saved on the topside weight of a TLP saves 1.3 tons of steel weight on the hull and
0.65 tons of pretension requirement for the tethers. Thus one ton of component weight
saved will permit two additional tons of weight savings in the rest of the structure. (Ref.
/5/).

Because of the improved strength-to-weight ratio, equipment such as walkways, gratings
and handrails in GRP will be lighter than equivalent equipment made from steel. If a cost
of NOK 20,000 per ton of steel, (2,850 USD/ton) installed, is used as an estimate, each ton
of reduced weight on the topside equipment saves NOK 40,000 (5,700 USD) in steel on
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the support structure of a TLP, in addition to the money saved by making the topside
equipment itself more cost effective.

Structural elements in GRP materials are available "off the shelf" in the form of l-beams,
U-beams, angle bars, hollow rectangular bars and hollow cylindrical bars. A wide variety
of sizes are offered. Gratings (for walkways), (Weight: 11 kg/m2 ), ladders and complete
handrail systems (weight: 15 kg pr linear metre) are also available.

A frequently used method of designing in GRP is by using "sandwich" elements, consisting
of two laminates with an expanded foam between them, Such elements exhibit exceptional
performance related to strength vs. weight. The protection structure around the Draugen
subsea units are made from Sandwich elements.

Sandwich elements are available in many forms and sizes. One supplier offers a panel with
thickness 66 mm, weight 52 kg pr M2 . This panel has fire rating H 120 J, which means that
it is jet fire-tested and blast resistant, and after 120 minutes exposed to a hydrocarbon fire
from one side, the integrity of the plate is still intact, and the temperature on the "cool
side" of the panel is lower than 139 'C.

ONGOING DEVELOPMENTS

Spoolable pipes

The growing emphasis on sub-sea equipment in offshore oil production, including satellite
production systems, has resulted in an increased need for high performance pipes designed
for injection of chemicals and water, or as hydraulic control lines between satellite wells
and a main platform. Present piping used for this purpose is mainly constructed of either
steel or thermoplastic piping with an external braided fiber structural body.

The main limitations involved with these are corrosion of the steel pipes, and flexibility of
the thermoplastic piping resulting in a long response time to operate hydraulic valves.

A new class of continuous pipe is being developed in Norway for this purpose. (ref /6/).
The pipe consists of a thermoplastic inner liner and a load carrying GRP (epoxy) laminate.
A prototype pipe with inner diameter 35 mm has been short term burst tested to 900 bars
pressure, uniaxial loading. The pipe can be spooled to a diameter of 7.2 m. Another
prototype was bent 50,000 times at a frequency of 24 cycles per minute to simulate
spooling onto a 6.1 m minimum diameter spool, and then pressure tested until rupture,
which occurred at 507 bars.

Spoolable pipes can be supplied in long lengths, which simplifies the installation, lowers
the offshore installation cost, and eliminates a majority of the connections presently used,
which are common sources for leaks.

Three sections of the pipe has been field tested onshore by Conoco on a South Texan oil
field, in a water injection line at 85 bar (1200 psi). The pipes have operated successfully
without problems since installation in June 1991.
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Reach rod for downhole service

One of the latest developments where composite materials are utilized, is a spoolable, solid
rod for TFL service (Through Flowline Logging of oil reservoirs). At present, the most
common method for logging a satellite well, is to position a vessel above the well and
lower down a chain of 3 m long sucker rods, linked together, through the access valves
into the well.

The new system under development consists of a solid rod, 20 mm in diameter, with
couplings in both ends. The yield strength of the system is more than 9 tons. The rod can
be spooled on a reel with only 3 m in diameter.

The rod with driving units is pumped through the flowline from the main platform to the
satellite well, and driven downwards to the "no-go nozzle" far down in the well. Further
down from there, only the rod with the required instruments is able to penetrate. The
length of the rod is designed to reach to the required depth of the well below the nozzle,
which may be 300 m, where the readings are taken. Subsequently, the rod and the driver
units are driven back through the flowline to the main platform by means of the well
pressure. Finally, the rod is retrieved and stored on the reel on board the platform.

Pressure vessels

The Norwegian government and oil industry are cooperating in a program called "KAPOF"
(Capitalisation of Offshore research). One of the tasks in that program is to qualify (i.e.
document the performance of) process vessels in GRP materials for use offshore:

Phase 1: Investigating the range 0-10 bar operating pressures, containing water with traces
of hydrocarbons. Installation of the first "pilot" unit is expected in 1995.

Phase 2: If GRP materials show acceptable performance in water containing process
systems (phase 1), other areas with higher hydrocarbon content will be addressed. Other
process units, such as pumps, and valves could also be included.

Items for low temperature service

Material properties at low temperatures (-75°C or lower) is important for the oil companies
as their activities are moving into arctic regions. According to reference /8/, among others,
fibre reinforced polymer materials are considered to be promising candidates for use in
arctic and other cold regions. These materials at least retain their physical and mechanical
properties at low and cryogenic temperatures, have high specific strength, are corrosion
resistant and require less maintenance than steel materials.

No dramatic degradation in physical or mechanical properties for GRP composites were
reported. Properties like tensile strength and stiffness, compressive strength and stiffness,
and flexural strength and stiffness at low or cryogenic .emperature are retained or even
improved.

Composite modules and containers both for transportation and for living quarters are
considered to be feasible due to the low weight, the insulation properties and the low
maintenance requirements.
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The use of fibre reinforced polymers in tanks and vessels for storage and transportation of

liquefied gas is considered challenging, and should be considered further.

DISADVANTAGES / SUBJECTS FOR IMPROVEMENTS

Some features related to GRP materials need urgent improvements, because they limit the
use of GRP:

Lack of standardization. This problem is associated with pipes and fittings. The different
suppliers have their own non-compatible standards. As a consequence of this, piping
designers are not able to work out detailed drawings until the supplier of the materials is
nominated. This is unlike most other engineering, and is considered to be a disadvantage
connected to GRP piping installations. Besides, it complicates storage of spare parts.

Techniques and acceptance criteria for NDT examination, as well as methods for stress /
strain analysis of GRP structures are presently not reliable enough to be trusted for design
and control of GRP components to be used in applications where failures would result in a
high risk of pollution or damage to human lives, (e.g. high pressure hydrocarbons).

GRP materials have low impact strength. Metal objects may only be bent or dented, while
GRP laminates may develop smaller or larger cracks when exposed to impacts. Special
precautions should be taken during the design (positioning / shielding) to prevent GRP
from being mechanically damaged.

Ultraviolet radiation (sunshine), may alter the surface finish of GRP laminates. This is
more of a cosmetic than a technical problem. Shielding from direct sunshine or coating
with UV resistant top coat will prevent the degradation.

The temperature and humidity must be controlled when performing lamination and
adhesively bonding of GRP materials. In the North Sea this may be a problem during the
winter season.

CONCLUSIONS

The petroleum industry is moving into deeper waters and colder climates. At the same
time, more and more emphasis is put on cost reductions, for new as well as for existing
installations. GRP materials can contribute to this development.

GRP materials offer attractive properties, such as low cost, light weight, corrosion
resistance, fatigue resistance and flexibility to be tailor made. They are well suited for low-
temperature service, e.g. in arctic regions.

A substantial potential exists for cost reductions by increased use of GRP materials in
structures, accommodation modules and process equipment on new as well as on existing
offshore petroleum installations.
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Abstract

The corrosion behavior of corrosion resistant alloys (CRAs) in sour environments was
investigated intensively by using a duplex stainless steel as a representative CRA. The
changes in corrosion morphologies due to changes in environmental aggressiveness were
elucidated. It was found that the application limits of CRAs were determined by whether
pitting corrosion occurs or not. A new theory was proposed for predicting the corrosion
morphologies and thus deterriining the application limits of CRAs. The validity of prediction
by the new theory was confirmed by good agreement with the long-term immersion test
results and the field test for the actual size test pipes. Since this theory is based on the
corrosion mechanism, it has many advantages; the prediction is accurate; the results for one
environments can be extended to other environments; the prediction is conducted very
quickly.

Key terms: sour gas, corrosion resistant alloys, stress corrosion cracking, pH,
localized corrosion

Introduction

Oil and natural gas that are produced recently sometimes contain a large amount of hydrogen
sulfide (H2S) and carbon dioxide (C0 2). For the exploitation of such corrosive and hostile
reservoirs, low-alloy steel tubulars have been traditionally used with the application of
corrosion inhibitors for corrosion prevention. Chemical inhibitors, however, is low in effect
for very deep wells and is expensive for offshore wells. Thus, the demand for corrosion
resistant alloy (CRA) O.C.T.G. (oil country tubular goods) has been increasing, because their
use can abolish chemical inhibition.

A great variety of CRAs, from 13%Cr martensitic stainless steel up to Cr-Ni-Mo superalloys,
have been proposed for sour service. Each CRA has its own application limit not to corrode
or crack, depending principally on its alloy chemistry. The selection of CRAs with necessary
and sufficient corrosion resistance to a given environment is indispensable to assure the
structural integrity of production wells at the least possible expenditure. This necessitates
precise information on the critical environments for each CRA.

Conventionally, such application limits have been determined experimentally1 ) by "go/no go"
type test methods. The test results by these techniques, however, are significantly dependent
on the test conditions. For example, the test results of constant-load type and constant-strain
type stress corrosion cracking (SCC) tests are affected by the applied stress and test duration.
It is now well known that strain rate has remarkable influence on the results of slow strain
rate technique (SSRT) tests. For this reason, the application of conventional SCC test results
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has been confined primarily to the relative comparison of corrosion resistance between CRAs.

In this study, the corrosion and cracking mechanism of CRAs in sour gas environments is
extensively investigated. On the basis of the results, the new criteria for rational
determination of the application limits of CRAs, not affected by test conditions, are proposed.
Its versatility will also be discussed briefly.

Characterization of environmental aggressiveness

The aggressiveness of environments can be characterized by the following two factors: pH

and the redox potential of the environments.

pH estimation of oil field environments

In considering the following conditions, Eq.[1] was obtained for calculating the pH of sour
and sweet environments 2). The deduction of Eq.[1] was introduced in detail in the previous
paper2). The mil. is obtained as a positive solution of Eq.[1], and by substituting mH+ into the
definition of pH in Eq.[8], the pH value can be calculated.

1. Dissociation equilibria of H2S, C0 2, H20 and HS0 4 .

2. Electric neutrality condition for aqueous solutions.
3. Mass balance of bicarbonate- and sulfate-related substances.

mH+4 + (X + C 2 + Z + C 4)mH+3 - (ClmH2 S + C 3 - ZC 2 - XC 4 - C2C4)mH÷2

- (C2 - C4)(ClmH2S + C3)mH+ - C2C4(ClmH2s + C3) =0 [1]

where, C1 = K1,H7 H2S/• 2± H2S [21
C2 = Kijc y coj2/o2y [3]

C3 = Kw/ 2XH 2 o [41
C 4 = KI,s Y HS0 4

1 y 2±j1SO4" [5]

X = mco 2 + mHc3- [6]
Z = mS0 4 2- + mHSO4  [7]

pH = - logaH+
= - log Y H+mH+ [8]

The physico-chemical parameters that are required to account the effect of concentrated ions
on ionic activity coefficients, and mean activity coefficients are estimated or extrapolated
from the data for those in NaCl aqueous solutions 2). The dissociation constants and solubility
coefficients of H2S and CO2 were thermodynamically estimated 2)3). The estimation for
physico-chemical parameters were also introduced in detail in the previous paper 2.4). The
validity of the above approximation and estimation has already been confirmed for
concentrated NaCl aqueous solutions by direct measurements of the pH by using an n-type
TiO 2 semi-conductor electrode up to elevated temperatures 4). Figure 1 gives a typical

example for the change of pH with an increasing content of bicarbonate.

Redox potential of the environments

In every service environment, the most noble immersion potential (Eip) that an alloy can take
is the redox potential (E1) of the cathodic reaction that controls the corrosion of the alloy in
the environment. Strictly speaking, the immersion potential of the alloy never agree with the
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redox potential of the cathodic reaction, because the immersion potential is controlled by the
balance of anodic and cathodic reactions. However, the approximation of E1 =Eip enables a
simple and prompt prediction with a slightly conservative estimation.

The cathodic reaction that controls corrosion and SCC of CRAs in sour environments is the
reduction of elemental sulfur 5) in Eq.[91. Then the redox potential El, and approximately the
immersion potential Eip, can be calculated by using Eq.[10] 6). In Eq.[10], the pH value can be
obtained by the procedure introduced in the previous section and H2S activity can be
thermodynamically calculated 3).

S + 2H+ + 2e- = H2S [9]

E1 = ETo - (2.303RTIF) pH - (2.303RT/2F) logaH2s [101

Figure 2 shows a typical example for the influence of bicarbonate concentration on the redox
potential of reaction [9] at various temperatures.

Experimental Procedure and conditions
Test Materials

A 20 mm thick plate, in accordance with DIN standard 1.4462 (UNS S31803), was used as L
representative CRA for oil and gas production. It was solution heat treated at 1323 K for 300
s followed by water quenching. The steel was used both in as-solution treated and in cold
rolled coiitions. The total reduction in thickness in the latter was 20%. The major chemical
composition was 0.019%C-0.43%Si- 1.78%Mn-21.4%Cr-5.3%Ni-2.78%Mo-0.146%N-Fe bal.

Test Procedure

Electrochemical Measurements. Critical pitting potential (V,') and depassivation pH (pHd)
were measured. Test coupons of 3 mm thick, 15 mm wide and 20 mm long were machined
from the middle of the wall. They were degreased in acetone, polished with #320 grit paper
and coated with silicon resin leaving 1 cm x 1 cm area for measurements. Just before being
immersed in test solutions, the specimens were pickled in 50% sulfuric acid at 333 K to
remove the air-formed film.

Potentio-dynamic experiments were conducted at a scan rate of 10 mV/min. The potential
scan was made from the spontaneous potential in the positive direction. The potential
corresponding to the current density of 100 microamperes/cm 2 was adopted as V,'.

For measuring pHd, specimens were immersed in test solutions with various pH values
adjusted before immersion and potential changes were continuously monitored for 8.64 x 104
s. The pHd values was the pH at which the potential shifted in the noble direction on the
potential-pH diagram.

Immersion Tests, The relationship between environmental conditions and corrosion
morphologies was examined by immersion tests. The dimensions of the test coupons were 2
mm thick, 15 mm wide and 20 mm long. They were degreased in acetone and polished with
#320 grit paper just before the tests. Atmospheric pressure tests were performed in glass
vessels, whereas high pressure tests and high temperature tests above 373 K were conducted
in high pressure autoclaves. Test duration was principally 1.21 x 106 s. Tests for 1.56 x 101 s
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were also carried out where the corrosion morphologies had been marginal. After immersion,
corrosion morphologies were determined by visual and opto-microscopic observations. They
were classified into the following three types: no attack (N), pitting (L), and general
corrosion (G).

SCC Tests, Four point bent beam tests and SSRT tests were performed. The former was
made for cold-rolled materials, as per ASTM standard G39-79. Specimens of 2 mm thick 10
mm wide and 65 mm long were sampled lengthwise from the middle of the wall. Stress equal
to 0.2% offset proof stress was applied in the rolling direction. Test duration was 1.21 x 106 ,

SSRT specimens with gage sections 4 mm in diameter and 20 mm long were sampled in the
rolling direction from the as-solution treated material. The SSRT tests were conducted at a
nominal strain rate of 2.0 x 10-6 S-1 until failure. The reduction-in-area ratio (RAR=
RAenvJRA~cr) was used to express the SSRT test results, where Rmenv and RAert are the

reduction in area in the test environments and in an inert environment. 5 MPa dry nitrogen
gas was used as an inert environment to obtain the baseline data for SSRT tests. Without
aqueous solutions, corrosion did not take place. The scanning electron microscopy for
fracture surface and cross sectional observation were conducted for both types of SCC tests
when necessary.

Test Environments

Deaerated aqueous solutions that contained 20 mass% (4.28 mol/kg-H 20) NaCI and were in
equilibrium with H2S at the scheduled pressure were selected as the test solutions. For
examining the influence of anions, sodium bicarbonate or sodium sulfate, ranging from 10-4
to 0.1 mol/kg, was added in the solutions. Ion-exchanged and distilled pure water and
analytical grade chemicals were used for preparing the test solutions. All the tests were
performed at temperatures ranging from 298 to 523 K. H2S partial pressure was varied
between 0.001 to 4 MPa.

Test Results
Electrochemical Measurements

Figure 3 shows the influence of temperature and H2S partial pressure on V,'. I/C' shifted in the
less noble direction with temperature rise from 298 to 353 K. The further temperature rise
resulted in a slight decrease of V,'. V,' took a less noble value with increasing H2S partial
pressure. The effects of temperature and H2S partial pressure on depassivation pH (pHd) are
given in Fig. 4. The pHd value increased with a temperature rise and an increase in H2S
partial pressure. These results indicate that the passivation capability of the CRAs decreases,
i.e., the passive film becomes unstable, at high temperature and under high H2S partial
pressure.

The influence of sulfate and bicarbonate ion concentrations on Vc' is shown in Fig. 5. It is
obvious from the figure that sulfate raised the V,', when the molar ratio of sulfate ion to
chloride ion was approximately greater than 0.5. Bicarbonate ion did not affect V,' up to
mHco3-/mcr =1. A similar tendency for the effect of anions was also observed for 5%NaCI
(0.90 mol/kg) aqueous solutions.
Immersion Tests

The relationship between the corrosion morphologies and the environmental conditions
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obtained as a result of the immersion tests is illustrated in Fig. 6. At low temperature and low
H2S partial pressure, the alloy underwent no attack (N). The corrosion morphology changed
to localized corrosion (L) with a temperature rise and an increase in H2S partial pressure and
finally exhibited general corrosion (G). Among test results in Fig. 6, those for H2S partial
pressure of 0.05 and 0.5 MPa and temperature of 333 and 423 K are the test results after 1.56
x 107 s immersion. At H2S partial pressure of 0.05 MPa and at 423 K (point A in Fig. 6), the
corrosion morphology was initially determined as L after a 1.21 x 106 s immersion, where on
the other hand that after 1.56 x 107 s was general corrosion. The quasi-pitting after 1.21 x 106

s was attributed to the incomplete dissolution of the air-formed film within a limited time of
1.21 x 106 s. At point B in Fig. 6, the corrosion morphology was marginal between N and L
after 1.21 x 106 s, but it changed to complete L (pitting) after 1.56 x 107 s. It is obvious from
these results that the results of conventional immersion-type tests are significantly affected
by test duration. No changes in corrosion morphology due to prolongation of test duration
were observed at points C and D.

SCC Tests

Figures 7 and 8 give the SCC test results for four point bent beam tests and SSRT tests,
respectively. In four point bent beam test, the SCC/no SCC boundary was found between H2S
partial pressure of 0.01 and 0.03 MPa. The influence of temperature as well as that of H2S
partial pressure is considerable for SSRT tests. Also in this case, the transition from no SCC
to SCC was observed at an H2S partial pressure of approximately 0.03 MPa. These critical
H2S partial pressure are slightly greater than those previously reported by other
researchers7 .8 ). Visual and opto-microscopic examination for cracking morphology revealed
that cracks initiated at pits and propagated by connecting pits when H2S partial pressure was

small. At higher H2S partial pressure, SCC cracks initiated directly at the metal surface
without pitting.

Figure 9 shows the influence of bicarbonate ion concentration on the reduction in area ratio
(RAR). The RAR remained unchanged up to bicarbonate concentration of 10-2 mol/kg. At
mHco,- of 0.1 mol/kg, the RAR reached approximately unity and no SCC was observed on the
fracture surface. The failure was caused by completely ductile fracture. This mitigation of
SCC susceptibility by presence of bicarbonate was attributed to the raise of the pH and the
resultant shift of the redox potential El in the less noble direction, as can be expected by Figs.

1 and 2, because bicarbonate buffers and raises the pH. Such SCC mitigation effect could not
be observed in the case of sulfate ion up to its concentration of 10-1 mol/kg. This was because
the pH buffering et~ect of sulfate was much smaller than that of bicarbonate.

Criteria for Determining the Application Limits on the Basis of Corrosion Mechanism

Prediction of "No attack/Pitting" Transition

It has been well understood that V, corresponds to the critical potential above which
macroscopic pitting takes place 9, 0). The pit embryo continues to grow at the potential more
noble than V,, whereas it stops propagation when the potential is less noble than Vc.
Therefore, if the potential of a given alloy (Eip) in a given environment is known, the
occurrence of pitting can be predicted by comparing Vc with Eip. Then, the following criterion
predicts the critical environments for the occurrence of pitting.
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V, < E1  Macroscopic pits propagate.
V; > E1  Macroscopic pitting does not occur.

V, can be obtained electrochemical measurements. El can be thermodynamically calculated
by using Eq.[7] as is already stated in the previous section. The predicted boundary for No
attack to pitting transition is given in Fig. 8.

Prediction of "Pitting/General corrosion" Transition

The pHd is defined as a critical pH value for an alloy to exhibit passive to active and active to
passive transition. Therefore, if the pH value of a given environment is known, it is possible
to determine whether or not the alloy can be passivated in the environment. If the alloy
cannot be passive, the passive film does not form on the alloy surface so that the corrosion
morphology must be general corrosion (active dissolution). The corrosion morphology in a
situation where the alloy is passive should be no attack or pitting. Since the passive film is
quite unstable in the vicinity of passive to active transition, the critical environments for the
transition should coincide with the boundary betwcen pitting and general corrosion.
Therefore, the critical environments for general corrosion of an alloy can be predicted by
comparing the pH of environments with the pHd of the alloy as follows:

pH < pHd The alloy undergoes general corrosion
pH > pHd The alloy exhibits pitting or no attack

The pHd can be obtained by electrochemical measurements. The predicted boundary for

pitting to general corrosion transition is also given in Fig. 8, in which the critical environment
is a locus of the node of the equi-pH lines and the equi-pHd lines.

Comparison of electrochemical prediction with experimental results

Figure 8 compares the electrochemically predicted transitions of corrosion morphologies
with long-term immersion test results. Here, the boundary A is the electrochemical prediction
for no attack/pitting transition, and the boundary B for pitting/general corrosion transition.
The letters in circles indicate the corrosion morphologies determined in the immersion tests.
It is obvious from the figure that the electrochemically predicted transitions of corrosion
morphologies are in good agreement with experimental results. This strongly validates the
proposed criteria.

Prediction of "No SCC/SCC" Transition

In Fig. 8, the no SCC/SCC boundary C mentioned in the previous section is also shown. The
boundary C is fairly close to the critical environments for pitting. Considering that SCC in
sour environments initiates at pits, the two boundaries may well be expected to coincide with
each other after a sufficiently long time. By substituting the transition B (no attack/pitting)
for the transition C (no SCC/SCC), the transition C may also be predicted by electrochemical
techniques.

Application of the Proposed Technique

The electrochemical prediction of corrosion morphology proposed in this paper has the
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following advantages:
(1) The predicted results are not dependent on test duration.
(2) The corrosion morphology can be theoretically predicted on the basis of the

corrosion mechanism.
(3) It may be possible to guarantee the performance of alloys for the lifetime of oil

and gas wells.
(4) Each measurement takes a very short time.

In addition to the above advantages, the proposed technique has another unique character.
The corrosion morphology with the co-existence of H2S and CO2 can be predicted by using
the results obtained in CO2-free conditions. Or, the influence of anions such as bicarbonate
and sulfate can also be taken into account without repeating the corrosion and SCC tests. This
is because the technique is based on the corrosion mechanism. The conventional techniques
require tL.a, tests be repeated when the environmental constituents are changed. On the
contrary, the present technique easily predicts the corrosion morphology even with the
existence of CO2 and/or bicarbonate ion, since CO 2 or bicarbonate does not affect the V,' and
pHd of CRAs in sour environments. Some examples are given below.

The effect of CO2 is only to lower the pH of the environment. The pH of sour environment
shifts to a smaller value with increasing CO2 pressure. This slightly raises E, as is obvious
from Eq.[7]. As V,' is independent of pH in acidic environments10), V,' values obtained in
C0 2-free conditions stand also for C0 2-containing environments. Figure 9 shows the
calculated results for the change in the no attack/pitting transition as a function of CO 2 partial
pressure. The no attack region shrank with an increase in CO2 partial pressure.

Similarly, the influence of CO 2 partial pressure on the pitting/general corrosion boundary was
calculated. The pHd values obtained in C0 2-free conditions are also applicable to C0 2-
containing environments, because CO2 does not affect the pHd of CRAs. An increase in CO2

partial pressure enlarges the general corrosion area towards the lower temperature and lower
H2S partial pressure region.

Verification by the field tests

To confirm the accuracy of the newly proposed prediction technique for the application limits
of CRAs, the two field tests were performed in C.I.S. (formerly U.S.S.R.). One was for CII
pipes (Nippon Steel's double wall pipe, licensed by Kawasaki Heavy Industries) with the
liner material of AISI 316L and UNS N0662512). The pipes were exposed to the actual
produced fluid from the natural sour gas reservoir having total pressure of 100 bar. It was
expected, before the test, that alloy 316L would exhibit pitting in presence of produced water
and the high pressure natural gas containing 7.20 vol.% C0 2, 4.98 vol.% H2S and 0.28 vol.%
N2, whereas alloy 625 would not. After the test for 6 months, the detailed examination for the
liner material revealed that the laboratory prediction was completely in good agreement with
the field test results' 2).

The other test'3 ) was conducted, in Astrakhan gas field in C.I.S., for solid (mono-wall) and
double wall pipe consisting of NT-2225 alloy (22%Cr-25%Mo-4%Mo) in 5%NaCl+
0.5%CH 3COOH aqueous solution in equilibrium with 15 bar H2S plus 9 bar CO2. It was
considered, before the test, that the alloy would not undergo any pitting or cracking in the test
environment. This was certified by the detailed observation for the materials tested after the
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end of the field test.

Conclusions

The corrosion behavior of CRAs in sour environments was extensively investigated by using
a duplex stainless steel as a representative CRA. On the basis of the examination,
electrochemical techniques to predict the corrosion morphology of CRAs were proposed.
Since the proposed technique is based on the corrosion mechanism, they produce accurate
predictions which are unaffected by the test conditions. Thus they enable the rational
determination of application limits of CRAs. It should be noted that the validity of the
prediction was confirmed by good agreements with both the long-term laboratory tests and
the field tests using the full scale section of the CRA pipes.
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Nomenclature

ai :activity of i chemical ET equilibrium potential at temperature T

F Faraday constant KHi solubility constant of i chemical (mol//atm)
K 1,i first dissociation constant of i chemical (C:C0 2, H:H 2S, S:S0 42-, w:H 20)

mi :molar concentration of i chemicalPG partial pressure of G gas

R gas constant (8.314 J/K/mol) T Temperature (K)
;i activity coefficient of i chemical y ±i: mean activity coefficient of i chemical
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Corrosion Resistant Alloys UNS N09925 and N07725 for Oil Field and Other Applications

Edward L. Hlbner and Ralph H. Moeller
Inco Alloys International, Inc.
Huntington, WV 25720

Abstract

Alloy 925 (UNS N09925) and alloy 725 (UNS N07725) are highly corrosion resistant alloys capable of
being age hardened to minimum 0.2% yield strengths of 105 ksi (724 MPa) and 120 ksi (827 MPa),
respectively. Alloy 925 and alloy 725 are austenitic nickel base alloys strengthened by precipitation of
gamma prime (y') and gamma double-prime (-y"), respectively. Large section sizes can achieve uniform
hardening throughout the cross section. Both alloys are resistant to pitting and Stress Corrosion Cracking
(SCC) in Deep Sour Gas Well (DSGW) environments containing NaCl, H2S, and S, and are resistant to
Sulfide Stress Cracking (SSC) as illustrated by laboratory and field test data. The alloys also exhibit
excellent resistance to other environments such as seawater and mineral acids. This paper is an in-depth
summary of the mechanical properties and corrosion resistance of age-hardenable corrosion resistant
alloys 925 and 725.

Introduction

The trend in oil and gas production has been toward deeper wells, enhanced recovery methods, and
offshore field exploration. Deeper wells and enhanced recovery methods, such as steam injection, in
combination with C02 result in hostile environments due to increased temperatures, pressures and
presence of H2S, C02 and chlorides. For several decades, much research has centered around the
need for Corrosion Resistant Alloys (CRA's) that can withstand the high temperature, high pressure and
corrosive oil field production environments.1 Aloy 625 (UNS N06625) and alloy C-276 (UNS N10276)
have the necessary corrosion resistance, but can only be strengthened through cold work, therefore,
some large sizes cannot be produced with the exception of alloy C-276.2 Age-hardenable alloy X-750
(UNS N•07750) and cIOcy 718 (U;:C N07718) have Ueen used i these applications but have insufficient
corrosion resistance in many severe environments.3, 4  INCOLOY@ alloy 925 (UNS N09925),
strengthened by precipitation of gamma prime [Ni 3 (Ti,AI)], and INCONEL® alloy 725 (UNS N07725),
strengthened by precipitation of gamma double-prime [Ni 3 (Nb,Ti,AI)] are capable of being age
hardened to minimum 0.2% yield strengths of 105 ksi (724 MPa) and 120 ksi (827 MPa), respectively.
Aging treatments given each alloy result in the optimum combination of strength, toughness, and
corrosion resistance. Alloy 925 was developed for use in oil production tubular products, tool joints, and
equipment for surface and down hole hardware for intermediate sour gas wells. Alloy 725 was developed
for tubing hangers, SubSurface Safety Valves (SSSV's), wellheads, Christmas trees, valve trim,
packers, Polished Bore Receptacles (PBR's), and other down hole equipment for severe sour service.
Alloy 725 has been used as pressure-containing, flow-wetted components in subsurface safety valves
and as valve components and other down hole components in sour service 5 at temperatures exceeding
1750C (350°F). Alloy 925 is resistant to pitting and Stress Corrosion Cracking (SCC) in Deep Sour Gas
Well (DSGW) environments containing NaCI,H 2S and S at temperatures up to about 149 tol 630C(300 to
325 0F). Alloy 725 is resistant to pitting and Stress Corrosion Cracking (SCC) in Deep Sour Gas Well
(DSGW) environments containing NaCl, H2S and S at temperatures up to about 232 to 2600C (450 to
500'F). Sulfide stress cracking is extremely detrimental to down hole equipment and should be taken
into account when designing metal components. 6 Both alloys are resistant to sulfide stress cracking
(SSC) in the NACE TM-01 77 environment. 7 Alloy 725 also has excellent capabilities in other environ-

INCOLOY and INCONEL are registered trademarks of the Inco family of companies.

Key Terms: alloy UNS N09925, alloy UNS N07725, oil field, corrosion prevention, stress corrosion
cracking, hydrogen Ambrittlement, salt solution, inorganic acid, organic acid.
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ments such as seawater, where it exhibits excellent corrosion fatigue, pitting, crevice corrosion
resistance, and mineral acids, where it exhibits corrosion resistance equivalent to alloys 625 and C-276.
Welding of alloy 725 is required for some applications. Welding with alloy 725 serves as a high strength
alternative to alloy 625 welding products which have found extensive use in oil patch applications. Data
generated on commercially produced alloy 725 weldments, show excellent weldability, mechanical
properties and corrosion resistance.8

Discussion

Composition and Heat Treating

The nominal chemical composition ranges of alloys 925 and 725 are displayed in Table 1.

Since alloy 925 is strengthened by precipitation of gamma prime [Ni3 (Ti, AI)], a solution anneal of 1850OF
(10100C) air cooling or faster, is required to put the material into the proper condition before aging. A
dual aging treatment of 1365 0F (740.5 0C)/8h, furnace cool (FC) at 50OF (28 0C)/h to 1150OF
(620 0C)/8h/air cool (AC) was found to provide the best combination of strength and toughness.

Alloy 725 is strengthened by precipitation of gamma double-prime [Ni3 (Nb,Ti,AI)] during aging. A
solution anneal of 1900OF (10380C) air cooling or faster, is required to put the material into the proper
condition before aging. A dual aging treatment of 1350OF (732*C)/8h, furnace cool (FC) at 100OF
(56 0C)/h to 1150°F (620°C)/8h/air cool (AC) was found to provide the best combination of strength and
toughness.

Mechanical Properties

Table 2 displays representative mechanical properties for various mill forms of nickel alloys for Oil
Country Applications. As can be seen, alloys 925 and 725 provide excellent high strength alternatives to
cold worked products. In addition, large section sizes can achieve uniform hardening throughout the
cross section. 9 The properties for alloys 925 and 725 displayed in Table 2 represent material in the
optimum solution annealed plus dual aged conditions.

Alloys 925 and 725 can be provided in the solution treated plus single aged, solution treated plus dual

aged, direct aged, and cold worked plus aged conditions to obtain a variety of strength levels. 9 -1 4

Table 3 displays average Room Temperature Tensile (RTT) and Charpy-V- Notch (CVN) impact
properties for both alloys, 0.625 to 7.5 in. (1.6 to 19.0cm) diameter hot finished rod and bar ill tile
optimum solution annealed plus dual aged conditions. Excellent strength, ductility, and toughness were
observed. These are average properties and do not represent specification minimums which are a
function of hot finish technique and rod diameter.

Table 4 shows average RTT and CVN impact properties for alloy 725 0.5 in. (1.27cm) plate, solution
annealed at 1900OF (10380C), then given a variety of single and double aging treatments. The RTT
results obtained from the various aging treatments on alloy 725 were similar to those exhibited by hot
finished rod and bar products in Table 3. Longitudinal and transverse orientations exhibited similar
properties, i.e., 122 to 128 ksi (841 to 883 MPa) 0.2% yield strength, 173 to 182 ksi (1193 to 1255 MPa)
tensile strength, 31 to 36% elongation (%El), and 44 to 54% reduction of area (%RA). Transverse CVN
impact energies of C• -o 112 ft-lb (84 to 152 J) were obtained.

Table 5 displays RTT properties for alloy 725 0.217 in. (5.51 mm) wall x 2.375 in. (60.3 mm) O.D. tubing,
cold drawn i7%, then evaluated in various annealed plus dual aged conditions. The annealed plus aged
tubing also displayed RRT properties similar to the rod and bar mentioned in Table 3, i.e., approximately
a 132 ksi (910 MPa) 0.2% yield strength, 184 ksi (1268 MPa) tensile strength, 28%EI, and 39%RA.
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Table 6 exhibits average High Temperature Tensile (HTT) properties for alloy 725, 0.625 to 7.5 in. (1.6 to
19.0cm) diameter hot finished rod and bar, in the optimum solution annealed plus aged condition. As
expected, the drop in strength is low over the room temperature to 1 000°F (538°C) temperature range,
with .Y'oy 725 exhibiting excellent ductility.

Corrosion Resistance to DSGW Environments

Table 7 contains room temperature sulfide stress cracking (hydrogen embrittlement) data for steel
coupled nickel alloy C-rings evaluated in the cold worked, annealed and aged, and cold worked and
aged conditions in the NACE TM-01 77 environment. For alloy 725, aged material representing yield
strengths up to 139 ksi (958 MPa) and hardnesses up to 41.5 HRc did not crack when coupled to carbon
steel for 720 to 1000 hours. Aged alloy 718 , yield strength 130 ksi (896 MPa) and hardness HRc 34, did
not crack in 720 hours of exposure. For alloy 925, aged material representing yield strengths up to 185.5
ksi (1279 MPa) and hardnesses up to 46 HRc did not crack. See Table 7 for details.

C-ring stress corrosion cracking data for nickel alloys evaluated in high temperature sour brine
environments is shown in Table 8. These autoclave environments were designed to simulate conditions
in severe deep sour gas wells. For alloy 925, material representing yield strength up to 185.5 ksi (1279
MPa) and hardnesses up to 42 Rc, evaluated in 15% NaCI saturated with H2S plus 1000 psi (6.9 MPa) gas
phase of 1% H2 S, 50% CO 2. 49% N2 at 500'F (260'C), no cracking occurred. As expected in 15 to 25%
NaCI sour environments containing 200 psi (1380 kPa) H2S plus 100 oSi (690 kPa) CO 2 plus 1 g/L
elemental sulfur at 400 to 450'F (204 to 232 0C), cracking occurred.

Stress corrosion cracking data for C-rings evaluated in a 25% NaCI + 0.5% acetic acid + 120 psi (827
kPa) H2S + 1 giL sulfur environment is displayed in Table 9. Alloy 725 was resistant to SCC up to 450 to
500OF (232 to 260 0C). Alloy 718, age-hardened to 130 ksi (896 MPa) yield strength, cracked at 275 0 F
(135 0 C) in this environment. Cold-drawn alloy 625, yield strength 144 to 160 ksi (993 to 1,103 MPa),
cracked at 375°F (191°C). And, cold-drawn alloy C-276, yield strength 127 to 168 ksi (876 to 1,158
MPa), resisted SCC up to about 500°F (260'C).

Figure 1 displays the results of C-ring tests, in a severely aggressive 25% NaCI, 0.5% acetic acid, 1 g/L
sulfur environment with 120 psi (825 kPa) H2 S, plotted as Test Temperature versus Test Stress. For the
conditions tested the nickel alloys ranked as to decreasing resistance to SCC as follows: Alloy C-276
(N10276) > alloy 725 (N07725) > alloy G-3 (N09685) > alloy 925 (N09925) > alloy 825 (N08825) > alloy
718 (N07718).

Tables 10 and 11 display mass loss corrosion data for nickel alloy evaluated in sour brine environments
with and without free-sulfur. Alloy 925 consistently exhibited very low corrosion rates comparable to
alloys 718 (N07718), 825 (N08825), 625 (N06625) and C-276 (N10276). In contrast, alloys K-500
(N05500), 9Cr/1Mo Steel and type 316 SS (S31600) exhibited significantly higher corrosion rates.

Corrosion Resistance to Mineral and Organic Acids

Corrosion results for alloy 725 in mineral acids, compared to alloys 625 (N06625) and C-276 (N10276)
are shown in Table 12. In all of the mineral acid environments of this study, both annealed and annealed
plus aged alloy 725 exhibited corrosion resistance comparable to mill annealed alloys 625 and C-276.

Table 13 and 14 display corrosion rates for 0.125 in. (3.2 mm) sheet of alloy 925 and 725, respectively,
evaluated in mineral acid environments for varied exposure times and temperatures as per Materials
Technology Institute (MTI) of the Chemical Process Industries (CPI) Manual No.3 Procedures. A planned
interval exposure test is used (0-96, 96-192, and 0-192 hours) to provide information on any initial
corrosion effects which might influence interpretation of the data. Both alloys exhibited low corrosion
rates in many environments.
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Corrosion Resistance to Seawater

Table 15 is a summary of crevice corrosion test data for alloy 625 and alloy 725 sheet specimens,
evaluated in nominally quiescent seawater at 300C for 30 days using an acrylic crevice device with
plastic tape insert torqued to 25 in.-Ibs. (2.9 Nm). Alloy 625 suffered significant corrosion, with a large
percentage of the crevices attacked up to a maximum depth of 0.66 mm. In the 1850°F(1010 0C)/lh/WQ
+ 1375°F (7460C) dual aged condition, alloy 725 exhibited excellent crevice corrosion resistance, with
no attack observed in the 30-day exposure.

A summary of crevice corrosion test results for alloy 625 and alloy 725 tube sections, evaluated with
flowing seawater on the inside surface (I.D.) of tubes is shown in Table 16. Vinyl sleeves which
connected the tube specimens provided crevice formers in the seawater environment. Tests were
conducted in flowing seawater at a mean temperature of 24.5°C for 145.8 days.

As seen in Table 16, two of the three alloy 625 specimens initiated attack in 26 to 40 days of exposure,
which penetrated to a maximum depth of 0.78 mm. There was no attack observed in the 145.8 days of
exposure. for duplicate specimens of alloy 725 in the solution annealed condition. For alloy 725 in the
1375°F (7460C) dual aged condition, just two of the three specimens were attacked with a maximum
penetration of only 0.4 mm.

Figure 2 is a plot of Mean Axial Stress vs. Cycles of Fatigue for alloy 725 in the 1350°F (7320C) dual aged
condition, as determined by the axial tension-tension method. The general fatigue behavior in seawater
and air was similar The seawater corrosion fatigue strength was determined to be 105.8 ksi (729 MPa)
for 107 cycles life.

A similar plot of Mean Axial Stress vs. Cycles of Fatigue for alloy 925 in the 1365 0 F (740.50C) dual aged
condition is found in Figure 3. As with alloy 725, the general fatigue behavior in seawater and air was
similar. The seawater corrosion fatigue strength is 72.5 ksi (500 MPa) for 107 cycles life for alloy 925.
Table 17 shows a comparison of the seawater corrosion fatigue life of alloys 725 and 925 compared to
other alloys evaluated by the same technique.

Figure 4 is a plot of anodic current (galvanic coupling) versus time for alloy K-500 (N05500) and for alloy
725 in both the annealed and the 1350°F (7320C) dual aged condition. Tests were performed in natural
seawater, ambient temperature. The surface area ratio of alloy 625 to alloy 725 and to alloy K-500 was
10:1. Alloy K-500 displayed a significantly high anodic current (corrosion rate) in the 92 days of
exposure. Whereas, alloy 725 in both annealed and aged conditions showed an extremely low anodic
current with a negligible corrosion rate.

Welding

Applications may require welding of alloy 725. Commercially available alloy 725 welding products provide
a high strength alternative to alloy 625 welding wire. 8 Gas Tungsten Arc Welding (GTAW) and Gas Metal
Arc Welding (GMAW) are the preferred methods of weld fabrication. Submerged Arc Welding (SAW)
and Shielded Metal Arc Welding (SMAW) are not applicable methods of welding alloy 725.

Typical welding parameters for alloy 725 filler metal are listed in Table 18. One-half inch (12.7mm) plate
was Gas Metal Arc Welded with matching filer wire to produce all weld metal samples for mechanical
properties. Tables 19 and 20, respectively, display RTT and CVN impact test results for all weld metal
samples of alloy 725 in the as welded, direct aged and annealed plus aged conditions. The annealed plus
aged material exhibited mechanical properties similar to wrought products. As-welded material
exhibited excellent impact properties and somewhat lower yield strengths than the annealed plus aged
riaterial. As expected, the direct aged material exhibited low impact strength and failed 2T side bend
tests. Direct aging of alloy 725 weldments is therefore not recommended. Optimum results for welding
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age- hardenable alloys are typically obtained by annealing the material to be welded prior to welding,

then solution annealing and aging after welding.

In the Oil Patch, welding has been used to overlay a corrosion resistant alloy on low alloy steel. One of the

main concerns with the use of weld overlays has been the mechanical properties. Historically, alloy 625
has been used fc,- such applications. Because of relatively low room temperature mechanical properties,

alloy 625 weld overlays have been limited in areas where galling and high contact stress are of concern.
Alloy 725 provides an excellent high strength alternative to alloy 625 weld overlays. 8 Weld overlays of

alloy 725 deposited on 4130 and 4140 steel and aged in the 1175to 1225 0 F (635-6631C) stress relieving
range of the steels for 2 to 8 hours exhibited excellent SCC resistance to a sour oil field environment at

30C°F (1490C). Slow Strain Rate (SSR) tests were conducted on all weld metal samples of alloys 625
and 725, deposited on alloy steel, in the 5% NaCI + 75 psig H2S + 400 psig C02 environment at 300OF
(1490C). The alloy 725 weld overlays, aged during the steel stress relieving process, exhibited excellent

stress corrosion cracking resistance equivalent to or better than the alloy 625 weld overlay. i.e., the TTF,

%RA and %EI ratios were high (average > 1.00) and there was no secondary cracking as summarized
below:

Alloy 725 Overlays Alloy 625 Overlay

Mean Range Mean Range

Time to Failure Ratio 1.00 0.83 - 1.15 0.93 0.90 - 0.95

%RA Ratio 1.09 0.97- 1.24 1.06 0.92 - 1.20

%EI Ratio 1.01 0.82 - 1.17 0.93 0.90 - 0.95

In review, the most common pass/fail criteria for SSR testing is a ratio of Time to Failure(TTF), %
Reduction of Area (%RA) and/or % Elongation (%El) measured in a simulated oil patch environment
relative to the same parameter in an inert environment (air or nitrogen). TTF and %RA ratios of >0.80

typically represent passing behavior in SSR tests. If the ratios are below 0. 5O, the specimen is examined

under the Scanning Electron Microscope (SEM) for evidence of ductile or brittle fracture of the primary
fracture surface. Ductile behavior passes and brittle behavior fails. All specimens are examined for

secondary cracking in the gage length, away from the primary fracture. The absence of secondary

cracking is indicative of good Stress Corrosion Cracking resistance is considered passing.

The presence of secondary cracks fails. One to two inert SSR tests were conducted along with one to

three environmental SSR tests for each test lot of weld overlay. Air test results were averaged for

calculation of critical ratios.

Conclusions

1. Alloy 925 (UNS N09925) and alloy 725 (UNS N07725) are resistant to pitting and to stress corrosion
cracking in Deep Sour Gas Well environments containing NaCI, H2S and S, and are resistant to
sulfide stress cracking.

2. Alloys 925 and 725 also exhibit excellent resistance to other environments, such as seawater and
mineral acids.

3. Alloy 725 welding products provide a high strength alternative to alloy 625 welding wire, for welding

age-hardenable alloys or for weld overlay on low alloy steel.
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Table 1. Chemical Composition of Evaluated Heats (wt. %)
UNS N09925 UNS N07725

Ni 42- 46 55-59

Cr 19.5 - 22.5 19 - 22.5

Mo 2.5 - 3.5 7 - 9.5

Fe 22 min. 7- 11

Cu 1.5 - 3.0 -

Al 0.5 max. 0.35 max.

Ti 1.9- 2.4 1.0 - 1.7

Nb - 2.75 - 4.0

2553



Table 2. Representative Mechanical Properties of Nickel Alloys for Oil-Country Applications*

Y. S. (0.2% Offset) Tensile Strength

1000 1000 El. Hard.
Alloy Material Condition psi MPa psi MPa (%) RC

400 (UNS Annealed 31.3 216 78.6 542 52 60B
N04400) Cold Worked 93.7 646 108.8 716 19 20C

K-500 (UNS Aged 97.5 672 152.5 1051 25 28C
N05500) 1

600 (UNS Annealed 39.7 274 99.2 684 43 77B
N06600) Cold Worked 118.5 817 123.5 852 16 28C

625 (UNS Annealed 69.5 479 140.0 965 54 95B

N06625) Cold Worked 125.7 867 150.4 1037 30 33C

718 (UNS Aged 159.0 1096 191.5 1320 20 40C
N0771 8)

725 Annealed & Aged 132.0 910 181.0 1248 30 37C
(UNS7725) Cold Worked & Aged > 160.0 >1103 > 189.0 > 1303 >15 :38C

X-750 (UNS Aged 132.8 916 188.0 1296 27 34C
N07750)

800 (UNS Annealed 43.0 296 87.0 600 44 80B
N08800) Cold Worked 100.0 690 111.8 771 17 25C

825 (UNS Annealed 47.0 324 100.0 690 45 85B
N08825) Cold Worked 114.0 786 130.5 900 15 28C

925 (UNS Annealed & Aged 112.0 772 168.0 1158 29 34C
N09925) Cold Worked 129.0 889 140.0 965 17 32C

Cold Worked & Aged 153.0 1055 176.0 1214 19 -

25-6MO Annealed 48.0 331 100.0 690 42 88B
(UNS Cold Worked 138.0 952 162.0 1117 12 32C
N08926) I

G-3 (UNS Annealed 41.4 285 99.3 685 54 83B
N06985) Cold Worked 119.7 825 141.1 973 18 28C

C-276 (UNS Annealed 52.0 359 110.4 761 64 83B
N10276) Cold Worked 156.9 1082 172.5 1189 17 35C

"Properties represent various product forms. Tubular goods are supplied to specified minimum
yield strengths that may differ from values in this table.
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Table 3. Average Room Temperature Tensile and Charpy V-Notch Impact Properties for Alloy
925 and Alloy 725, 0.625 to 7.5 in. (1.6 to 19.0 cm) Diameter Hot Finished, Solution Annealed

Plus Aged* Rod and Bar

Room Temperature Tensile -75°F (-590C) Charpy V-Impact

0.2% Yield Tensile Lateral
Strength Strength Energy Expansion

Alloy ksi MPa ksi MPa % El % RA ft-lb J in. mm

925' (UNS 112 772 168 1158 29 45 65 88
N09925) I

725"(UNS 132 910 181 1248 30 44 65 88 0.032 0.81
N07725) I I I

'Solution Treated at 1850'F (1010°C) aged at 1365'F (740 0 C)/8h, at 100 0F (56 0C)/h to 11500 F
(620°C)/8h/AC.

Solution Treated at 1900°F (1038 0 C) aged at 1350'F (732 0C)/8h, at 100OF (56 0C)ih to 1150OF
(620°C) I8h/AC.

Table 4. Average Room Temperature Tensile and Charpy V-Notch Impact Properties
for Alloy 725, 0.5 (1.27 cm) Plate, Solution Annealed at 1900OF (1038 0 C), then Aged*

-75OF (-59-C)
Room Temperature Tensile Charpy V-Impact

Aged Test 0.2% Yield Tensile Lateral
Condition Orientation Strength Strength Energy Expansion

ksi MPa ksi MPa % El % RA ft-lb J in. mm

1 Long. 128 883 182 1255 33 46

1 Trans. 128 883 181 1248 31 46 77 104 0.040 1.02

2 Long. 125 862 180 1241 35 51

2 Trans. 125 862 178 1227 36 54 112 152 0.056 1.42

3 Long. 127 876 177 1220 33 44

3 Trans. 124 855 174 1200 34 45 62 84 0.039 0.99

4 Long. 123 848 175 1207 35 51

4 Trans. 122 841 173 1193 36 51 112 152 0.059 1.50

*Aged Condition:
1. 1350°F (732°C)/8h at 100°F (56 0C)ih to 1150OF (620°C)/Sh/AC
2. 1325-F (718.5°C)/8h at 100 0F (56 0C)/h to 1150°F (620 0C)/8h/AC
3. 1400OF (760 0C)/6h AC
4. 1350°F (732°C)/8h AC
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Table 5. Room Temperature Tensile Properties for Alloy 725 (UNS N07725)
Cold Drawn* 0.217 in. (5.51 mm) Wall x 2.375 in. (60.3 mm) O.D. Tubing

Yield Strength Tensile Strength
(0.2% Offset) Elong Hardness

Anneal Dual Age ksi MPa ksi MPa (%) Rc

1850°F (1010°C) 1375°F(746°C) 128 882 184 1268 28 40

1875°F(1024°C) 1375°F(7460 C) 132 910 183 1262 28 39

1900°F(1038°C) 1375°F(746°C) 133 917 183 1262 27 39

1900°F(1038°C) 1350OF 133 917 185 1275 30 38
(7432 0C) _ I

Cold Drawn 17%, Longitudinal Properties
Heat Treatment:

Anneal = Temperature/i h/Water Quench
Dual Age = Temperature/8h, Furnace Cool 100OF (56 0C)/h to 11 50°F (620 0C)/8h/Alr Cool

Table 6. Average High Temperature Tensile Properties for Alloy 725, 0.625 to 7.5 in.
(1.6 to 19.0 cm) Diameter Hot Finished, Solution Annealed Plus Aged* Rod and Bar

Test Yield Strength (0.2% Tensile Elon- Reduction of
Temperature Offset) Strength gation Area

OF °C ksi MPa ksi MPa (%) (%)

75 23 132.3 912 181.9 1254 30.8 47.3

100 38 134.4 927 183.9 1268 30.8 47.8

200 93 129.9 896 180.2 1242 28.5 45.6

300 149 126.5 872 174.3 1202 29.3 48.8

400 204 125.6 866 170.8 1178 29.7 51.3

500 260 120.5 831 166.3 1147 30.7 53.1

600 315 118.2 815 161.4 1113 31.0 54.3

650 343 120.8 833 161.2 1111 30.5 53.7

700 371 117.6 811 160.0 1103 30.3 54.4

750 399 118.9 820 158.7 1094 30.3 53.6

800 426 117.5 810 160.2 1105 30.0 52.0

850 454 117.2 808 155.9 1075 31.3 50.9

900 482 118.9 820 157.9 1089 30.7 49.8

950 510 115.1 794 153.7 1060 30.7 49.5

1000 538 117.3 809 157.3 1085 29.7 44.5
*Solution Treated at 1900OF (1038°C)/h then Aged at 1350OF (732 0 C)/8h, at 100OF (560C)/h to

1150-F (620°C)/Sh/AC
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Table 7. Sulfide Stress Cracking C-Ring Test Results for Nickel

Alloys Evaluated as Per NACE Standard Test Methods TM-01177a

Yield Strength
(0.2% Offset)

Material Simulated Hard- Dura- Sulfide
Alloy Condition Well Age 1000 ness tion Stress

psi MPa Rc Days Cracking

625 Cold Worked None 125.0 862 30.5 42 No
(UNS Cold Worked None 160.0 1103 37.5 10 Yes

N06625) Cold Worked None 176.0 1214 41 6 Yes

718 Annealed & Aged None 120.0 827 30 42 No
(UNS Annealed & Aged None 130.0 896 37 42 No

N07718) Annealed & Aged None 134.0 924 38.5 42 No
Annealed & Aged None 139.0 958 38 42 No
Annealed & Aged None 156.0 1076 41 60 No
Cold Worked None 197.0 1358 37.5 2 Yes

197 .0b 1358b 37.5 25 Yes

725 Cold Worked None 90.0 621 25 30 No
(UNS Annealed & Aged None 117.6 811 37 30 No

N07725) Annealed & Aged None 128.6 887 40 30 No
Annealed & Aged 600°F(315°C)/1000h 130.8 902 41.5 30 No
Annealed & Aged None 132.9 916 36 42 No
Annealed & Aged None 133.0 917 39 30 No
Cold Worked & Aged None 137.8 950 39 42 No

825 Cold Worked None 138.0 952 30 42 No
(UNS Cold Worked None 147.0 1014 33 42 No

N08825)

925 Annealed & Aged None 114.0 786 38 42 No
(UNS Cold Worked None 139.0 958 35.5 42 No

N09925) Cold Worked & Aged None 176.0 1214 43.5 42 No
Cold Worked & Aged None 186.0 1282 46 42 No
Annealed & Aged 500°F(260 0 C)/1000h 113.5 783 38 42 No
Cold Worked 500°F(2600 C)/1000h 139.5 962 35.5 42 No
Cold Worked & Aged 5000 F(260 0 C)/1000h 176.0 1214 43.5 42 No
Cold Worked & Aged 500°F(260 0 C)/1000h 180.0 1214 44 42 No
Cold Worked & Aged 500°F(2600 C)/1000h 185.5 1279 46 42 No

G-3 Cold Worked 600°F(3150 C)/1000h 119.4 823 26 43 No
(UNS Cold Worked 600°F(3150 C)/1000h 132.3 912 30 43 No

N09685) Cold Worked 6000 F(3150 C)/1000h 135.3 933 31 43 No
Cold Worked 600°F(315 0 C)/1000h 136.9 944 - 30 NoNoc
Cold Worked 600°F(315°C)/1000h 137.7 949 - 30 NoNoc
Cold Worked 600°F(315 0 C)/1000h 181.7 1253 - 30 No,Noc

C-276 Cold Worked 600°F(315 0 C)/1000h 126.6 873 32 43 No
(UNS Cold Worked 6000 F(315 0 C)/1000h 155.1 1069 38 43 No

N10276) Cold Worked 600°F(3150 C)/1000h 166.8 1150 35 43 No
Cold Worked 600OF(315 0C)/1000h 188.7 1301 43 43 No

aRoom temperature tests at 100% of yield strength In 5% NaCI plus 0.5% acetic acid saturated with H2S.
All specimens were coupled to carbon steel.

bTest stress was 85% of yield strength: 165,000 psi (1138 MPa).
ODuplicate test specimens.
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Table 8. C-Ring Stress Corrosion Cracking Data* for Nickel
Alloys Evaluated in High Temperature Sour Brine Environments

Yield Strength

(0.2% Offset)

Material Hard- Stress
Alloy Condition 1000 ness Test Duration Corrosion

psi MPa RC Media** Days Cracking

625 Cold Worked 128.0 883 37 A 15 No
(UNS Cold Worked 177.1 1221 41 A 15 No

N06625) Cold Worked 128.0 883 37 B 15 No
Cold Worked 177.1 1221 41 B 15 No
Cold Worked 125.0 862 30.5 C 42 No
Cold Worked 160.0 1103 37.5 C 42 No
Cold Worked 176.0 1214 41 C 42 No

718 Annealed & Aged 120.0 827 30 C 42 No
(UNS Annealed & Aged 134.0 924 38.5 C 42 No

N07718) Cold Worked 197.0 1358 37.5 C 20 Yes

825 Cold Worked 131.0 903 30 A 15 Yes
(UNS Cold Worked 138.0 952 30 C 42 No

N08825) Cold Worked 147.0 1014 33 C 42 No

925 Annealed & Aged 166.0 1145 40.5 A 15 Yes
(UNS Annealed & Aged 133.5 783 38 B 15 Yes

N09925) Annealed & Age 185.5 1279 46 B 15 Yes
Cold Worked & Aged 114.0 786 38 C 42 No

Cold Worked 139.0 958 35.5 C 42 No
Cold Worked & Aged 176.0 1214 43.5 C 42 No

Annealed & Aged 185.5 1279 46 C 42 No

G-3 Cold Worked 133.5 920 33 D 60 No
(UNS Cold Worked 133.5 920 33 D 120 No

N09685) Cold Worked 137.5 948 30 D 90 Yes
Cold Worked 137.5 948 30 D 120 No
Cold Worked 183.3 1264 38 D 120 No
Cold Worked 133.5 920 33 E 60 No
Cold Worked 133.5 920 33 E 120 No
Cold Worked 137.5 948 30 E 120 No
Cold Worked 183.3 1264 38 E 120 No

C-276 Cold Worked 194.7 1342 43.5 A 15 No
(UNS Cold Worked 194.7 1342 43.5 B 15 No

N10276)
*Autoclave tests on C-ring specimens stressed at 100% of yield strength.

**Test Media:
A = 15% NaCI plus 200 psi (1380 kPa) H2 S plus 100 psi (690 kPa) CO 2 plus 1 g/L of sulfur at

450°F(232°C).
B = 25% NaCI plus 200 psi (1380 kPa) H2 S plus 100 psi (690 kPa) CO2 plus 1 g/L of sulfur at

400°F(204°C).
C = 15% NaCI saturated with H2 S plus 1000 psi (6.9 MPa) gas phase of 1% H2 S, 50% C0 2 , 49%

N2 at 500 0 F(260°C).
D = 25% NaCI plus 100 psi (690 kPa) H2 S plus 200 psi (1380 kPa) CO2 at 4000 F(2040 C).
E = Same as D but at 425°F (218 0 C).
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Table 9. C-Ring Stress Corrosion Cracking Data Nickel Alloys
Evaluated in a Sour Brine Environment Containing Free-Sulfur

Y.S.
(0.2% Stress Corrosion Cracking
Offset)

Material 1000 350°F 375°F 400°F 4250F 450°F 475°F 500°F
Alloy Condition psi MPa (177 0C) (1910C) (2040C) (218 0c) (232°C) (246°C) (260°C)

725 Annealed 117.6 811 No No No No No Yesb No
(UNS & Aged

N07725) Annealed 128.6 887 No No No No Yes - -

& Aged
Annealed 132.9 916 No No No No No No No

& Aged
Annealed 133.0 917 No No No No No Yesb No

& Aged

718 Annealed 130.3 898 Yesc
(UNS & Aged

N07718)

625 Cold 144.0 993 No Yes . . . . .
(UNS Worked

N06625) Cold 160.0 1103 No Yes . . . . .

Worked

C-276 Cold 127.0 876 No No No No No No No
(UNS Worked

N10276) Cold 155.0 1069 No No No No No No Yes
Worked
Cold 167.0 1151 No No No No No No No

Worked
Cold 168.0 1158 No No No No No No Yes

Worked I IIIII

a. C-ring autoclave tests of 14-day duration at 100% of yield strength in 25% NaCI plus 0.5%
acetic acid plus 1 g/L sulfur plus 120 psi (827 kPa) H2 S.

b. One of two specimens cracked.
c. At 275°F (135 0C).
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Table 10. Mass Loss Corrosion Dataa for Nickel Alloys Evaluated in a Sour Brine Environment

Corrosion Rate

H2 S Pressure 300-F (149°C) 400°F (204 0 C)

Alloy psi kPa mpy mm/y mpy mm/y

625 (UNS N06625) 10 69 0.0 0.000 0.1 0.003
50 345 0.3 0.008 0.4 0.010

100 690 0.1 0.003 0.2 0.005

825 (UNS N08825) 10 69 0.1 0.003 0.1 0.003
50 345 0.4 0.010 0.5 0.013

100 690 0.1 0.003 0.5 0.013

925 (UNS N09925) 0 69 0.1 0.003 0.1 0.003
50 345 0.4 0.010 0.5 0.013

100 690 0.1 0.003 0.4 0.010

718 (UNS N07718) 10 69 3.0 0.076 0.3 0.008
50 345 0.7 0.018 2.3 0.058

100 690 0.1 0.003 1.2 0.030

K-500 (UNS N05500) 10 69 27 0.69 11 0.28
50 345 78 1.98 113 2.87
100 690 221 5.61 169 4.29

9Cr/1Mo Steel 50 345 206 5.23 278 7.06
1 100 690 299 7.59 172 4.37

a Autoclave tests of 14-day duration in 15% NaCI/distilled water with total gas pressure of 1000
psi (6.9 MPa) consisting of 500 psi (3.4 MPa) C02 plus N2 and H2 S.

Table 11. Mass Loss Corrosion Dataa for Nickel Alloys
Evaluated in a Sour Brine Environment Containing Free-Sulfur

Corrosion Rate

Alloy Test Mediab mpy mm/y

C-276 (UNS N10276) A 0.2 0.005
B 0.1 0.003

625 (UNS N06625) A 0.7 0.018
B 0.2 0.005

925 (UNS N09925) A 1.1 0.028
B 1.2 0.030

825 (UNS N08825) A 1.1 0.028
B 1.6 0.041

Type 316SS (UNS S31600) A 3.9 0.099
B 4.5 0.114

a Autoclave tests of 15-day duration on unstressed coupons.
b Solution A: 15% NaCI plus 200 psi (1380 kPa) H2 S plus 100 psi (690 kPa) CO 2 plus 1 g/L of

sulfur at 450°F (232 0C).
Solution B: 25% NaCI plus 200 psi (1380 kPa) H2 S plus 100 psi (690 kPa) CO 2 plus 1 g/L of

sulfur at 400'F (204 0 C).
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Table 12. Average Corrosion Rates for Alloy 725 (N07725) in Mineral Acids*
Compared to Literature Data for Alloy 625 (N06625) and Alloy C-276 (N10276)

Alloy
725 3% HCI 5% HCI 10% HCI Boiling

Con- 150OF 150OF 150OF 10% Boiling Boiling Boiling
dition (66°C) (66°C) (660 C) H2 SO4  10% HNO 3 30% H3 PO4 85% H3 PO4

mpy mm/y mpy mm/y mpy mm/y mpy mm/y mpy mm/y mpy mm/y mpy mm/y

1 <1 <0.03 <1 <0.03 105 2.67 25 0.64 <1 <0.03 3 0.08 73 1.85

2 <1 <0.03 <1 <0.03 268 6.81 25 0.64 <1 <0.03 5 0.13 62 1.57

3 < 1 < 0.03 < 1 < 0.03 250 6.35 25 0.64 < 1 <0.03 3 0.08 45 1.14

4 <1 <0.03 <1 <0.03 218 5.54 28 0.71 <1 <0.03 2 0.05 35 0.89

Literature

Alloy < 1 < 0.03 69 1.75 93 2.36 18 0.45 < 1 <0.03 < 1 <0.25 25 0.63
625 0

Alloy <5 <0.03 5- 0.13- 20 0.51 20 0.51 16 0.41 <5 <0.13 5-25 0.13-
C-276 20 0.51 0.64

Condition: *Two Week Duration
1. 1900 0F(1038°C) anneal
2. 1900°F(10380 C) anneal + 1400°F(760 0 C)/6h/AC
3. 1900 0F(I038 0 C) anneal + 1375°F(7460 C)/Sh, FC at 100°F(56 0C)/h to 1150°F(620*C)/Sh/AC
4. 19000 F(10380 C) anneal + 1350 0F(732 0C)/Sh, FC at 100°F(56 0C)/h to 1150°F(620 0 C)/8h/AC

Table 13. Corrosion Rates for Alloy 925 (UNS N09925), 0.125" Sheet, Evaluated in Acid

Environments for Varied Exposure Times and Temperatures as per MTI Manual No.3 Procedures

Corrosion Rate

Environment Temp (°C) 0-96 Hours 96-192 Hours 0-192 Hours

mpy mm/y mpy mm/y mpy mm/y

0.2% HCI Boiling <0.1 <0.01 <0. I <0. I <0. I <0.01

1% HCI 70 1 0.03 <1 <0.03 11 0.28

10% H2SO4  70 3 0.08 <1 <0.03 2 0.05

85% H2 PO4  Boiling 46 1.17 47 1.19 47 1.19
90 <1 <0.03 <1 <0.03 <1 <0.03

80% CH3CO2 H Boiling <0.1 <0.01 <0.1 <0.01 <0.1 <0.01
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Table 14 Corrosion Rates for Alloy 725 (UNS N07725), 0.125" Sheet, Evaluated in Acid
Environments for Varied Exposure Times and Temperatures as per MTI Manual No.3 Procedures

Corrosion Rate

Environment Temp. (°C) 0-96 Hours 96-192 Hours 0-192 Hours

mpy mm/y mpy mm/y mpy mm/y

0.2% HCI Boiling <0.1 <0.01 <0.1 <0.01 <0.1 <0.01

1% HCI Boiling 4.6 0.12 1.9 0.05 10.2 0.26
90 25.0 0.64 2.0 0.05 2.0 0.05

5% HCI 70 193.8 4.92 203.3 5.16 169.7 4.31
50 52.8 1.34 52.5 1.33 44.7 1.14
30 9.4 0.24 6.6 0.17 7.8 0.18

10% H2S0 4  Boiling 9.9 0.25 21.5 0.55 4.6 0.12

60% H 2SO4  70 25.5 0.65 25.6 0.65 16.0 0.41
50 23.1 0.59 0.71 0.02 29.0 0.74
30 1.5 0.04 1.3 0.03 7.1 0.18

95% H2SO4  70 66.3 1.68 67.5 1.71 42.0 1.07

50 72.6 1.84 50.1 1.27 23.0 0.58
30 11.0 0.28 13.3 0.34 13.0 0.33

85% H2PO4  Boiling 30.7 0.78 31.2 0.79 58.0 1.47
90 0.54 0.01 0.50 0.01 0.32 0.01

80% CH3CO 2 H Boiling <0.1 <0.01 <0.1 <0.01 <0.1 <0.01

Table 15. Summary of Crevice Corrosion Test Data for Sheet and Strip Specimens
of Alloy 625 (N06625) and Alloy 725 (N07725), Evaluated in Quiescent Seawater at
30 0C for 30 Days Using an Acrylic Plastic Crevice Torqued to 25 in.-Ibs. (2.9 Nm)

Alloy Observed Initiation Percent of Maximum Depth
(days) Sites Attacked of Attack (mm)

625 (N06625)a 2 to 5 25 to 75 0.02 to 0.66
(Average 0.26)

725 (N07725)b None at 30 days 0 0.00

a Data for 4 heats of mill annealed commercial sheet, duplicate specimens.
b Data for 1 heat of hot rolled commercial strip in condition: 1850 0F(1010 0C)/1h/AC +

1375°F(746°C)/8h, FC at 100°F(568C)/h to 1150°F(6200 C)I8h/AC.
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Table 16. Summary of Crevice Corrosion Test Data for Tube Specimens of Alloy 625 (N06625) and
Alloy 725 (N07725), Evaluated with Flowing Seawater on the ID Surface at a Mean Temperature of
24.5°C for 145.8 Days Using Vinyl Sleeves Secured with Clamps as a Crevice Former

Observed Initiation Maximum Depth of Attack
Alloy (days) (mm)

625 (N06625)a 26 to 40 <0.01 to 0.78
(no attack of 1 specimen)

725 (N07725)b 0 0

725 (N07725)c 42 to 80 <0.01 to 0.04
(no attack of 1 specimen

a Data for 3 specimens of commercially produced welded tubing,
b Data for 2 machined tube specimens in the 1900°F(1038 0C)/lh/WQ solution annealed condition.

c Data for 3 machined tube specimens in condition: 1900 0F(1038 0C)/IhIWQ + 13750 F(7460 C)1Sh,
FC at
100 0F(56 0C)/h to 1150°F(620 0 C)/8h/AC.

Table 17. Seawater Corrosion Fatigue Strength for alloy 725 (N07725) in the Solution Annealed plus
1350OF (732 0C)Dual Aged Condition, Compared to Other Commercially Significant Alloys

Corrosion Fatigue Strength*
Alloy Ultimate Tensile Strength in Seawater at 107 Cycles

ksi (MPa) ksi (MPa)

MP-35N 303 (2089) 124.1 (856)

718 (N07718) 238 (1641) 130.0 (896)

AISI 4140 236 (1627) 42.5 (293)

PH 13-SMo 219 (1510) 67.5 (465)

925 (N09925) 170 (1172) 72.5 (500)

725 (N07725) 180 (1241) 105.8 (729)
*Axial tension-tension fatigue test.

Table 18. Typical Hobart Ultra-Arc 350 Programs for Alloy 725 Filler Metals

Wire Diameter (inches) 0.035 0.045

Peak Current (amp) 324 400

Time at Peak (mil sec) 3.0 3.4

Minimum Current (amp) 30 40

Delta Current (amp) 350 100

Wire Feed Speed/100 amp (ipm) 310 170

Starting Current (amp) Useful down to; 350 - 45 amp 350 - 60 amp

Shielding Gas: 100% Ar 100% Ar
or 75% Ar, 25% He or 75% Ar, 25% He

Flow (cfh) 50-60 50-60
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Table 19. Typical Alloy 725 Filler Metal All Weld
Metal GMAW Room Temperature Tensile Properties

Test Base Metal Post Side
Orienta- Pre-Weld Weld Tensile Yield Bend

tion Condition Treatment Strength Strength El R.A. Indications

ksi MPa ksi MPa % %

Transv. Anneal As Welded 124.9 861 73.6 507 39.0 34.4 P 2T

Long. -- As Welded 119.8 826 76.0 524 33.0 30.6 P 2T

Long. -- Age 172.1 1187 130.1 897 20.0 22.5 F 2T

Transv. Anneal Age 179.8 1240 141.0 972 13.0 19.5 P 4T

Long. -- Ann,Age 173.9 1199 129.9 896 19.0 28.6 P 4T

Transv. Ann,Age Ann,Age 171.4 1181 131.8 909 25.0 29.8 P 4T

Long. -- Ann2,Age 174.8 1205 126.5 872 21.0 28.4 P 4T

Transv. Anneal Ann2,Age 172.8 1191 126.6 873 28.0 42.7 P 4T

Ann = 1900'F (1038°C)/1h/AC P = Pass
Ann2 = 1950'F (1066 0C)/lh/AC F = Fail
Age = 1350'F (732°C)/8h, FC 100°F (56'C)/h to 1150'F (620°C)/8h/AC

Table 20. Typical Alloy 725 Filler Metal All Weld Metal GMAW Impact Propeties

75-F (23.9-C) CVN Impact -75 0 F %-59.30 C) CVN Impact

Post Weld
Heat Treatment ft - lb J ft - lb J

1 66 89

2 16 22 18 24

3 42 57 39 53

4 56 76 79 107

Condition: 1. As Welded
2. 1350°F(732 0C)/Sh, FC at 100°F(56 0C)/h to 1150°F(6200 C)/8h/AC
3. 1900°F(1038°C) anneal + 1350°F(732°C)/Sh, FC at 100°F(56 0C)/h to 1150°F

(620 0C)I8hAC
4. 1950°F(1066°C) anneal + 1350°F(7320 C)/8h, FC at 100°F(56 0C)/h to

1150°F(620 0C)I8hAC
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Test Stress, MPa
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Figure 1. Results of autoclave C-ring tests in a solution of distilled water containing 25% sodium
chloride, 0.5% acetic acid, and lg/L sulfur with pressure of 120 psi (825 kPa) hydrogen sulfide.
Test stresses were 100% of yield strength (0.2% offset).
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Figure 2. Mean Axial Stress Versus Cycles of Fatigue for Alloy
725 in the 1350°F Dual Aged Condition, Tension-Tension Test
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Figure 3. Mean Axial Stress Versus Cycles of Fatigue for Alloy 925
in the 1365°F (740.5 0 C) Dual Aged Condition, Tension-Tension Test.
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Figure 4. Anodic Current ver-suss Time (Galvanic Coupling to alloy 525) for Aged
Alloy K-500 and for Alloy 725 In Bo~th the Annealed and Annealed + Aged Conditions.
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Stress Corrosion Cracking Behavior of Austenitic and Duplex Stainless Steels
in Simulated Sour Environments

Kari Saarinen
VT', Technical Research Centre of Finland
P.O. Box 26 (Kemistintie 3)
SF-02151 Espoo, Finland

Abstract

The exploitation of the new oil fields or the chemical changes in the environment of the
fields already in operation usually means that the production facility will be operated in more
hostile environments than earlier. This is due to higher temperatures and pressures or
increased contents of hydrogen sulphide, carbon dioxide or chlorides. To evaluate the effects
of these more hostile environments on the reliability and durability of tC structural materials,
stress corrosion cracking behavior of several austenitic and duplex stainless steels has been
studied by using stressed specimens immersed into simulated sour environments.

The studies were carried out in a NACE solution (5% NaCI + 0.5% CH3COOH, deacrated,
pH = 3 and saturated with H2S at room temperature) and in the modified NACE solution
(20% NaCl + 0.5% CH3COOH, deaerated, pH = 3 and saturated with H2S at room tempera-
ture) by using four-point loaded as well as U-bend specimens. The testing temperature was
200 'C and the pressure 300 bar in the NACE solution test. In the modified NACE solution
the testing temperature was 150 'C and the pressure was 150 bar. The materials studied were
commercial stainless steels delivered by Outokumpu Polarit Oy and Materials Technology Oy
(Subsidiary of Rauma Oy). For failure cases a fractographical inspection was performed.

In the NACE solution failures were observed in the austenitic alloys POLARIT 725, 757 and
ir, th, duplex alloys DUPLOK 22 and 25. In the austenitic alloys the fracture mode was
mainiy intergranular, whereas in the duplex alloys the fracture has occurred mainly
transgranular. To compare the sulphide stress corrosion cracking susceptibility of the different
alloys, a SCEN (stress corrosion equivalent number) that was gained by dividing the pitting
resistance equivalent number (PREN) with the applied stress, was used. According to the
results failures were observed in the duplex alloys as the SCEN number was less than about
80. 10r, whereas for the austenitic alloys the critical SCEN number was about 90. 10'. In the
modified NACE solution failures were observed in the alloys POLARIT 725 and POLARIT
757. The failure mode was mainly intergranular as observed also in the studies conducted in
the NACE solution. In the failure cases in these austenitic alloys the critical SCEN was
observed to be the same about 90.10.3 as was observed in the NACE solution.

Key terms: Stainless steels, stress corrosion cracking, oil production, sour environment,
hydrogen sulphide, high temperature, high pressure
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Introduction

The exploitation of the new oil fields or the chemical changes in the environment of the
fields already at operation usually means that the production facility will be operated in more
hostile environments than earlier. This is due to higher temperatures and pressures or
increased contents of hydrogen sulphide, carbon dioxide or chlorides. The changed environ-
ments usually also mean that the maintenance costs and the corrosion requirements of the
construction materials will increase. To meet the changed material requirements and to
reduce the demand for maintenance, new materials are being introduced for the offshore
industry and more corrosion resistant alloys are being used in the offshore constructions.

In sour wells the oil and natural gas are often contaminated by hydrogen sulphide, the
content of which may vary from a few parts per million up to 30 %W. In the presence of
hydrogen sulphide the atomic hydrogen that is produced on the surface of the steel by the
corrosion reactions tends to enter the steel and cause embrittlement. This phenomenon is
called sulphide stress corrosion cracking (SSC). The SSC susceptibility is enhanced by
chlorides and the results obtained by Fliethmann et al. indicate that the cracking mechanism
is a mixed mechanism of hydrogen- and chloride induced SSC 2. Beside cracking, consider-
able general corrosion can be observed due to presence of carbon dioxide that acidifies the
mixture of brine and oil'. In order to optimize the SSC behavior of the austenitic and duplex
stainless steels, the chemical composition and the ferrite / austenite ratio have to be consid-
ered3. Also microstructure, heat treatment conditions, grain size and form of nonmetallic
inclusions plays an important role in the SSC resistance of construction materials4 . Thus, for
reasonable assessment of the applicability of a duplex stainless steels in a certain sour
environment, it is important to consider practical experience and to use suitable SSC test
methods, both regarding the loading procedure and the environment6 .

The localized corrosion resistance is related to the chemical composition and thereby to the
pitting resistance number (PREN) of an alloy. The initial process of SSC could be the break-
down of the passive film3 and thereby the increase of the chromium and molybdenum content
of the alloys increases the passivity of the surface layer. However, it has been pointed out
that the ferritic phase of duplex stainless steels is richer in chromium and molybdenum than
the austenitic phase and hence the PREN of the austenitic phase seems to play a more
important role on the pitting resistance and hence on the SSC resistance of the duplex
stainless steels than the PREN of the ferritic phase3. The SSC susceptibility of the duplex
stainless steels is also greatly affected by the ferrite / austenite ratio, distribution and grain
size. The threshold stress for SSC in simulated sour environments have been observed to be
highest at the c-content of 40 to 45 %5 and an alloy with a a-content exceeding 80 % is
reported to have a high susceptibility to pitting and intergranular corrosion.

To evaluate the effects of hostile environments on the reliability and durability of the
structural materials, stress corrosion cracking behavior of several austenitic and duplex
stainless steels has been studied by using stressed specimens immersed into simulated sour
environments.
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Experimental

I. Test Materials

The materials investigated in this study are commercial austenitic and duplex stainless steels
delivered by Outokumpu Polarit Oy and Materials Technology Oy. For reference materials
were selected SAF 2205 delivered and manufactured by SANDVIK Co. and Nicrofer 6020,
Nicrofer 5716 and Nicrofer 5923 delivered by Cronimo Co. and manufactured by VDM
Nickel-Technologie AG. The chemical compositions of the test materials, their pitting
resistance equivalent numbers (PREN = Cr + 3,3 Mo + 32 N) and stress corrosion cracking
equivalent numbers (SCEN = PREN / applied stress * 1000) are presented in Table 1.

II. Test Equipment and Environments

The high temperature studies were carried out by using the unique Materials Research Shuttle
Laboratory facility that can withstand hostile environments and pressures up to 1500 bar and
temperatures up to 300 'C. The facility consists of a high temperature and high pressure
autoclave with a room temperature storage tank and a recirculation loop "Figure V". The
facility is also equipped with an environment monitoring system to control the water
chemistry of the autoclave. The facility is assembled into a freight container "Figure 2" that
was transferred outside the laboratory facilities in order to avoid any indoor leakages of
hydrogen sulphide.

The corrosion potential measurements were carried out by using Ni/NiSO4 reference electrode
and the results are presented in a scale of standard hydrogen electrode.

In the NACE solution (5% NaC1 + 0.5% CH3COOH, deaerated, pH = 3 and saturated with
H2S at room temperature) both four-point loaded specimens and U-bend specimens were
used. The four-point loaded specimens were prepared from commercial austenitic stainless
Polarit alloys grades 774 and 778 and duplex alloys DUPLOK 25, DUPLOK 27, DUPLOK
27 HS PM, CF8M and SAF 2205. The preparation and the stress calculations of the
specimens followed the ASTM standard G 39-79. The stress applied on the four-point loaded
specimens was 90 % of the yield strength of each material. The U-bend specimens were
prepared from alloys POLARIT 725, 757, DUPLOK 22 and CF8M. The applied stress for U-
bends was considered to be the yield strength. The testing temperature was 200 'C and the
pressure was 300 bar. The exposing time for four-point loaded specimens was 250 hours and
for U-bend specimens 100 hours.

In the modified NACE solution (20% NaCl + 0.5% CH3COOH, pH = 3, deaerated, saturated
with H2S at room temperature) U-bend specimens were used. The specimens were prepared
from all alloys mentioned in Table 1. The testing temperature was 150 'C and the pressure
was 150 bar. The exposing time was 400 hours and the applied stress was considered to be
the yield strength.

After testing the specimens were examined by using an optical microscope and the failures
were reported. For failure cases a fractographical inspection was performed.
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Results

In the NACE solution the failures were observed in the austenitic alloys POLARIT 725, 757
and in the duplex alloys DUPLOK 22 and 25. In the austenitic alloys the fracture mode was
mainly intergranular "Figures 3a, 3b". In the duplex alloys the fracture partly follows grain
boundaries between the ferrite and austenitic faces, but mainly the fracture is transgranular
"Figure 3c". When the susceptibility of the alloys was compared by dividing the PREN with
the applied stress related to the yield strength differences between austenitic and duplex
alloys were observed. In the duplex alloys failures were observed as the SCEN was less than
about 80- 1 , whereas a failure was observed in the austenitic alloy having a SCEN of about
90. 1 o3. The corrosion potential of all the alloys during the experiment was near -100
mV(SHE).

In the modified NACE solution the failures were observed in the alloys POLARIT 725 and
POLARIT 757. The failure mode in these austenitic alloys was mainly intergranular as
observed also in the NACE solution. The critical SCEN for cracking was also observed to be
the same about 90-10.3 as was observed in the NACE solution. The corrosion potential of all
the alloys during experiment was near -100 mV(SHE). A small change to a positive direction
in the corrosion potentials of the austenitic alloys could be observed.

Discussion

It is known that the corrosion cracking susceptibility of austenitic alloys increases as the
temperature increases. The more alloying elements the material has the higher the critical
cracking temperature is. In this study the temperature of 150 'C was high enough to cause
intergranular corrosion cracking in the austenitic alloys having a PREN under about 30 and
SCEN under about 90. I 03. The cracking behavior of the austenitic alloys was the same in the
NACE solution and in the modified NACE solution. According to the high temperature pH-
potential diagrams for the Fe-S-H 20, Cr-S -H20, Ni-S-H 20 and Mo-S-H 20 systems7 at pH 3,
only iron and nickel sulphides are stable in the environments studied. Therefore the failure
cases of the austenitic alloys are apparently related to the various nickel contents of the
different alloys, since the nickel contents of the unfailed specimens were clearly higher than
the nickel contents of the failure cases.

It is also known that the cracking resistance of duplex alloys is enhanced compared to the
austenitic alloys having the same level of alloying elements and mechanical properties.
According to the SCEN examination the same effect was also observed in this study, since
the SCEN boundary for no cracking was lower in the duplex alloys than in the austenitic
alloys. This was observed inspite of the fact that the SCEN does not include the nickel
content of the alloys and thereby the volume of the austenitic phase in the duplex micro-
structure that effects on the stress corrosion cracking susceptibility of the duplex alloys5 .
Normally the initiation and the growth of the cracks in the duplex stainless steels takes place
in the austenitic part of the material. In this case, however the cracking was observed to grow
not only in the austenitic structure, but also in the ferrite phase. This was probably due to the
high contents of hydrogen sulphide and thereby high contents of hydrogen in the environ-
ment.
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Conclusion

In this work the evaluation of sulphide stress corrosion cracking behavior of several
austenitic and duplex stainless steels in simulated sour environments has been made by using
U-bend and four-point loaded specimens. According to the results

- in the high temperature and pressure NACE solution test failures were observed in the
austenitic alloys POLARIT 725, 757 and in the duplex alloys DUPLOK 22 and 25,

- in the austenitic alloys the fracture mode was mainly intergranular,
- in the duplex alloys the fracture occurred partly on the grain boundaries of the ferrite

and austenitic faces, but mainly the fracture was transgranular,
- in the duplex alloys failures were observed in the NACE solution as the SCEN

number was less than about 80. 10-3,
- in the austenitic alloys failures were observed in the alloys having a SCEN number

less than about 90.10-3,
- the corrosion potential of all the alloys during the experiments was near

-100 mV(SHE),
- in the modified NACE solution the failures were observed in the alloys POLARIT

725 and POLARIT 757,
- the failure mode in the austenitic alloys was mainly intergranular as observed also in

the studies conducted in the NACE solution,
- in the austenitic alloys the critical SCEN for cracking was observed to be about

90. 10U in the modified NACE solution.
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Table 1. Nominal composition of the materials used in the study given by the manufactures.

Material C Si Mn S P Cr Ni Mo Cu Al Co Nb Fe N2  PREN SCEN SCEN
U-bend Four-

point

POLARIT 725 0.027 0.41 1.45 0.001 0.034 18 8.6 0.019 0.18 0.001 0.17 0 bal 0.0565 20 74

POLARIT 757 0.049 0.49 1.51 0.007 0.029 17.1 10.6 2.51 0.16 0 0.21 0 bal 0.046 27 91 -

POLARIT 774 0.02 0.55 1.46 0.001 0.015 20 24.7 4.48 1.67 0.022 0.22 0 bal 0.0765 37 118 1131

POLARIT 778 0.024 0.4 0.46 0.001 0.019 19.8 21.5 6.15 0.79 0.024 0.37 0 bal 0.21 47 123 137

LOK-Mo 5 0.024 0.35 0.49 0.005 0.032 20.7 24.0 5.2 0.57 0.01 0.05 0.02 bal 0.20 44 176

LOK-Mo 6 0.025 0.30 0.48 0.003 0.030 19.6 17.9 6.1 0.66 0.02 0.05 0.03 bal 0.20 46 184 204
DUPLOK 21 0.012 0.60, 0.58 0.008 0.032 20.7 8.3 2.8 1.25 0.03 0.05 0.06 bal < 0.06 32 86 -

DUPLOK 22 0.013 0.53 0.52 0.010 0.033 23.0 6.1 3.0 0.19 0.02 0.10 0.02 bal 0.15 38 77 -

DUPLOK 25 0.015 0.43 0.62 0.008 0.030 24.5 6.4 3.0 1.45 0.03 0.07 0.04 bal 0.14 39 71 79
DUPLOK 26 0.023 0.20 0.72 0.010 0.030 26.2 7.6 2.95 0.68 0.02 0.07 0.02 bal 0.22 43 84 -

DUPLOK 27 0.01 0.28 0.52 0.008 0.032 27.1 7.9 3.0 2.5 0.01 0.05 0.03 bal 0.24 45 83 93
DUPLOK 27 HS PM 0.01 0.50 0.55 0.005 0.030 27 8 4 2.5 0.010 0.05 - bal 0.3 50 77 85

CF8M 0.005 0.68 0.87 0.007 0.030 18.7 9.6 2.1 0.26 0.03 0.15 0.02 bal <0.06 28 122 135
CA6NM 0.01 0.55 1.02 0.005 0.020 12.5 3.8 0.40 0.16 0.01 0.10 0.02 bal <0.02 14 25
SAF 2205 0.018 0.40 1.51 0.007 0.025 22.5 5.7 3.0 0.07 0.01 0.05 0.02 bal 0.14 37 72 80
Nicrofer 6020 0.01 0.13 0.17 0.005 21.8 bal 8.5 0.06 0.16 0.05 3.4 3 53 101
Nicrofer 5716" 0.01 0.05 0.37 0.005 19 bal 15 0.08 0.09 0.10 0.04 6.5 72 170 1__
Nicrofer 5923 0.01 0.12 0.15 0.005 22.5 bal 14 0.01 0.2 0.00 0.03 0.5 1 72 1-

The tungsten (W) content -of fhe alloy Nicrofer 5716 is 4 %.
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Figure 1. The chemistry and flow of the test environment can be monitored and con-
trolled with sophisticated instrumentation. In the figure the 120 liter storage
tank, H2S-cylinder, high pressure pumps and part of the recirculation loop can
be seen.

Figure 2. The process autoclave facility is assembled into a freight container. For opera-
tors safety, the container is divided between autoclave area and protected
compartment, which contains all control and measurement devices.
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A

B

Figure 3. The fracture surfaces of a) alloy POLARIT 725, x 500 and b) alloy POLARIT

757, x 500 are mainly intergranular. The fracture in the alloy DUPLOK 22 has

partly occurred on the grain boundaries between the ferrite and austenitic faces,

but the fracture is mainly transgranular c), x 500.
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Role of Expert Systems in Technology Transfer of Materials for Petroleum Applications

Sridhar Srinivasan
Cortest Laboratories, Inc.
P. 0. Box 691505
Houston, Texas 77269-1505

Abstract

Material evaluation for oil and gas applications requires an in-depth understanding of corrosion
phenomena and materials behavior. Expert systems developed at Cortest Laboratories have been
shown to be valuable tools in assimilating and disseminating hard to access expertise to end-users,
so as to create consistent methods of material evaluation across the band-width of users. This
paper describes a series of expert systems related to material selection in different areas that have
played a catalytic role in bringing together pooled expertise from different sources: (i) Evaluation
of metallic materials for resistance to SSC in sour environments (Susc-EPT) (ii) Selection of
corrosion resistant alloys (CRAs) for oil and gas production (SOCRATES) (iii) Selection of
corrosion resistant alloys (CRAs) in non-production environments (SOCRATES-B) (iv) Evaluation
of steels for resistance to HIC and SSC in sour pipelines (STRATEGY-A) and (v) Evaluation of
steels for resistance to HIC and SSC in wet H2S refineries (STRATEGY-B). Such programs have
enabled technology transfer across different companies and countries in critical applications
related to petroleum production and in doing so, have become vehicles for sharing corrosion and
materials information and knowledge.

Keywords: Expert systems, sour service, corrosion, cracking, environmental severity, material selection

1. Introduction

Selection and evaluation of materials for different types of petroleum applications related to oil
and gas production, transmission and refining requires extensive knowledge into behavior of
materials in different types of environments and development of methods to utilize existing
experience and data to create appropriate material and environment characterization techniques.
Given the enormous amount of information that is involved in decision-making for material
evaluation in petroleum applications, a natural need has arisen to encapsulate this body of
knowledge in a medium that would facilitate access to appropriate information and promote
consistency in material selection decision-making. Expert systems have been developed at Cortest
Laboratories over the last five years to address different aspects of materials associated with
several types of oil and gas production servicel, 2. These include expert systems for:

"* Evaluation of metallic materials for resistance to SSC (Suscept)
"* Selection of Corrosion Resistant Alloys Production Service (Socrates)
"* Evaluation of steels and weldments in sour pipeline and refinery service (Strategy)
"• Selection of CRAs in non-production environments (Socrates - B)

All these programs have been developed as multi-client sponsored programs that bring together a
representative industry group together to create the specifications for development. The group of
companies in these development programs typically span the gamut of materials scientists and
engineers, from material manufacturers and equipment suppliers to end users such as oil
companies. All the programs have been developed by creating a body of material selection and
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environmental evaluation rules gleaned from available literature, laboratory test data and field
experience. In developing these expert systems, there was a significant exchange of information
between the different participant companies, an effort to create a consistent and accurate decision-
making logic to be embodied in the computer. This exchange of information in developing these
expert systems has several obvious benefits to the end-user community:

"* Access to material selection and corrosion evaluation information representing the state-of-the-art
expertise in these areas

"* Creation of a consistent methodology for environment and material characterization, representing a
consensus view of available technology

"* Creation of a knowledge base of material evaluation information which can be easily distributed and
augmented

"* Access to a tool that can be used to disseminate domain expertise about materials for petroleum
production service and relevant corrosion concerns to non-specialist end-users

Most of these expert systems provide a framework for further development and customization of
both the knowledge bases and the databases. They can play a critical role in training personnel in
technical areas and to impart a measure of consistency coupled with correctness in decision-
making across a company and industry groups. The experience from the development of these
systems has created a two way technology transfer and communication channel that allows all
participants in the development benefit from shared experiences and expertise.

The rest of the paper is organized as follows: The organization of the different expert systems
developed at Cortest Laboratories for sour service material selection is given in Section 2.
Section 3 describes fundamentals of expert systems and knowledge base system development.
The Socrates expert system is described in Section 4 and the Strategy system is described in
Section 5. The role of expert systems in materials for petroleum applications are examined and
conclusions are presented in Section 6.

2. Expert Systems for Selection of Sour Service Materials

The expert system development effort for selection of sour service materials has been broadly
divided into three phases: Phase I (SusCEPT) deals with evaluation and specification of metallic
materials for resistance to sulfide stress cracking (SSC). This system embodies information about
different types of oil and gas applications and metallurgical conditions for different materials for
SSC resistance. This system is also coupled with a database containing information from
literature and field experience. The Phase II system (SOCRATES) 3 ,4 provides access to the
material selection decisions and the decision logic of a domain expert in the selection of Corrosion
Resistant Alloys (CRAs). The SOCRATES system also embodies information from published
literature and proprietary test data on evaluation CRAs. The SOCRATES system also allows the
user to perform a cost analysis to compare costs of using CRAs and steels for a given application.
The SOCRATES-b program evaluates CRAs based on considerations relevant to non-production
environments such as those with injected water, acidizing and well completions 5 .

General corrosion, pitting, sulfide stress cracking and anodic stress corrosion cracking are of
particular concern when selecting CRA materials 6. Further, for many CRAs, there is relatively
limited documented field experience to define their limits of use. Selection of CRAs often involves
decision-making based on seemingly contradictory laboratory data. Also, selection involves
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understanding and characterizing the effects of the following variables in terms of mechanical,
corrosion and cracking considerations, such as7 :

"* Mechanical requirements such as strength, heat treatment and hardness criteria
"* H2S partial pressure
"* CO2 partial pressure
"* Minimum and maximum operating temperatures
"* Bicarbonates and Hydrogen ion concentration (pH)
* Sulfur
* Gas to Oil ratio and Water to Gas ratio
* Metallurgical composition

Conventional steels, on the other hand, are quite susceptible to different types of hydrogen
cracking (sulfide stress cracking, hydrogen blistering, hydrogen induced cracking, stress-oriented
hydrogen induced cracking and sulfide stress cracking) which can occur in sour pipeline and wet
H2 S refinery applications 8 . Environmental factors affecting performance of steels in these
applications include:

"* H2S, CO2 concentration
"* Minimum and maximum operating temperatures
"* Bicarbonates and pH
"* Cyanides
"* Ammonia
"* Gas to Oil ratio and water cut

The Phase III program (STRATEGY) 9 evaluates refinery and sour pipeline environments and
provides recommendations for HIC and SSC resistant steels. The overall structure and
organization of the different expert systems in given in Figure 1. The different components of
Figure 1 address different aspects critical to sour service material selection. Each of the different
systems encapsulate significant domain expertise; however, together they provide a
comprehensive reasoning and decision-making tool. The SOCRATES and the STRATEGY systems
are discussed in the sections 4 and 5 from a stand point of providing an overview of the
development methodology and the knowledge stored in these systems. Fundamentals of expert
systems are discussed in the next section.

3. Expert Systems, Rules and Knowledge Representation

Expert systems are defined as intelligent computer programs using expert knowledge to attain
high levels of performance in narrow problem domains10 . The term expert in the expert system
implies the narrow specialization and competence of a human expert which has been embodied
into the system. Expert systems have a specific structure that distinguishes them from
conventional computer programs. Structural components in an expert system are shown in Figure
2. The knowledge base and the inference engine form the heart of the expert system. The
knowledge base houses the expertise that is embodied in an expert system. The inference engine
controls the manner or the logical path used by the expert system to utilize the information (facts
and rules) in the knowledge base to make decisions.

Knowledge or expertise in a particular area (termed as domain-expertise) is stored in the
knowledge base in terms of facts and rules. Knowledge representation in the expert system refers
to the scheme used to represent a given piece of information in an expert system. Decision
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making in an expert system can be represented through interconnected rules. The rules are used in
a specific sequence in order to reach decisions.

Each of the programs discussed in this paper have been developed through support from a multi-
client industrial group to create knowledge bases that represent a Lonsensus view point on many
aspects of materials characterization for different environments and focusing on different aspects
of corrosion and cracking, as well as capture expertise within each organization. The Socrates
expert system is described in Section 4.

4. Socrates: Expert System for Selection of CRAs

The organization of different frames in the SOCRATES system is shown in Figure 3. The system
performs material selection by applying constraints at different hierarchical levels. The constraints
are organized such that a comprehensive initial solution set of applicable materials is refined and
reduced in size as the system proceeds through the different levels.

At level 1, the initial set of applicable materials is obtained by determining the application for
which the CRA is to be selected. If the application is not known, all classes of materials known to
the system become part of the solution set. These include the following classes of materials:

"* Stainless Steels: Conventional austenitic, high alloy austenitic, martensitic, precipitation hardened,
duplex and ferritic.

"* Precipitation hardened and solid solution nickel base alloys, nickel copper alloys.
"* Cobalt-base, titanium and zirconium alloys.

The constraints at this level include yield strength, material condition (heat treatment/cold work)
and hardness limitations. At this level, the constraints operate independently and hence are applied
sequentially. For example, a material in a required yield strength (SMYS) range (say, 110-130)
can also be cold worked. Here, materials available in the required yield strength range are
selected prior to applying the material condition (cold worked) requirement.

At level 2, the environment is characterized in terms of severity for general corrosion using the
following environmental parameters:

"• H2S and CO2 partial pressure
"* Bicarbonates
"* pH
"* Minimum operating temperature
"* Chlorides and Sulfur
"* Water to gas ratio and gas to oil ratio

The parameters used in the material evaluation based on the environment operate concurrently.
When materials are evaluated at this level, the system considers both the effect of the individual
parameter as well as the effect of the cumulative interactions. An environmental severity index,
based on the environmental parameters, is computed to represent the synergistic effect of the
different parameters operating in concurrence. The environmental severity index is determined
based on the pH, chloride content and the H2 S partial pressure of the environment. The program
determines the pH based on this environmental severity index which is used to select the set of
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applicable materials. Typical environmental variables and corresponding severity indices are
shown in Table 1.

At level 3, materials are evaluated for their susceptibility to stress corrosion cracking. Factors in
evaluation here include,

* H2S partial pressure
* pH
* Chlorides
"* Maximum operating temperature
"* Material composition in terms of nickel, chromium, molybdenum, tungsten and columbium

A typical rule for material evaluation for resistance to SCC is given in Table 2.

At level 4, the materials are evaluated for their susceptibility to pitting corrosion. A Required
Minimum Pitting Index (RMPI) is computed based on maximum temperature, and environmental
severity determined at level 2. Further, a pitting index is computed for each of the materials in the
solution set using the relation11 ,

Pitting Index = Cr + 3.3Mo + IIN + 1.5(W + Cb)
Where Cr, Mo, N, W and Cb represent Chromium, Molybdenum, Nitrogen, Tungsten and
Columbium content of the alloy. All alloys that have a pitting index greater than or equat to the
RMPI are selected for further evaluation. At level 5, all applicable materials from level 4 are
evaluated for qualification based on sulfide stress cracking requirements as well as certain rules of
thumb based on application requirements. The SOCRATES system contains 115 commonly used
CRAs and their metallurgies which are used during the evaluation process. The architecture of
the expert system facilitates easy modification of the database and its alloys without affecting the
reasoning embodied in the system or the knowledge base. The knowledge base for the STRATEGY
system is described in Section 5.

5. STRATEGY: Evaluation of Steels in Sour Pipelines and Wet H2 S Refineries

Serviceability of refinery process equipment exposed to wet H2S environments and pipelines
exposed to sour (H2S-containing constituents) have been issues of significant concern in recent
years. Most of these concerns stem from premature failure of steel equipment in these
applications related to absorbed hydrogen produced by the sulfide corrosion process. Cracking
problems in these applications arise from one of the following four phenomena:

"* SSC - formation of brittle cracks in hip)1 strength steels
"* Hydrogen blistering - formation of internal blisters in low strength steels
"* Hydrogen Induced Cracking (HIC) - the linking of small blister cracks that can traverse the cross-section in

a step-wise manner
"* Stress-Oriented Hydrogen Induced Cracking (SOHIC) - Similar to HIC, but the small blister cracks are

aligned in the through-thickness direction by the action of tensile stress.

The STRATEGY system evaluates steels for specific types of service typically seen in wet H2 S
refineries and sour pipelines. The structure of the Strategy system for refinery service is shown in
Figure 4. The steel evaluation and selection process, as in the SOCRATES system, is accomplished
through a four step process, specified below:
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1. Ranking of the refinery/pipeline environment in terms of severity from a stand point of
hydrogen cracking.

2. Ranking of steels based on metallurgical parameters affecting cracking resistance.
3. Normalization and synthesis of the environmental and material ranks to assess suitability of a

given steel to a given environment.
4. Determination of a reliability factor as a function of the materials resistance factor and the

environmental severity factor.

5.1 Determination of Environmental Severity

There are two types of wet H2 S environments found in refinery and pipeline service:
1. The mildly acidic sour pipeline environments, whose pH and severity vary in correspondence

with acid gas content.
2. The typically alkaline refinery environments, which under some conditions may turn slightly

acidic.
System pH and the H2 S contents are the two most significant components of the pipeline
environment. Based on the pH and H2 S values, the pipeline environment can be categorized into
different regimes of severity such as mild, intermediate, severe and very severe. Other parameters
that have an effect on severity of hydrogen charging include effective dehydration, the presence of
a persistent oil phase and chemical inhibition.

Refinery environments are generally more complex and unstable as opposed to pipeline
environments. However, in the STRATEGY system, refinery environments are ranked on an
interval scale of 1-10, based on the following parameters:
"* pH
"* Cyanide concentration
"* Maximum temperature
"* H2S concentration
"* Ammonia, Bicarbor.ates and Polysulfides

5.2 Methodology for Ranking Steels

Critical material parameters are combined in this step to determine a material rank on an interval
scale that represents the cracking resistance of the materiall 2. For example, for HIC resistance,
the following parameters are important:
"* Product form (hot-rolled plate or pipe, forging, casting etc.)
"* Heat treatment (as-rolled, annealed, normalized or quenched & tempered)
"• Micro structure (centerline segregation, ferrite/pearlite banding, minor banding, no banding)
"* Presence of inclusions (elongated clusters/stri.:gers. isolated globular etc.)
"* De-oxidation practice (Si-Al killed, Si-killed, Ca-treated)
Each steel is ranked with respect to each of the above parameters on a scale, in the order of
increasing HIC resistance. Also, the following alloying elements have been determined to be
critical factors in determining HIC cracking behavior of steels:
" Sulfur Very low < 0.002%

Low 0.002 - 0.01%
Medium 0.011 - 0.02%
High > 0.02%

" Phosphorus Low < 0.0 1%
High >0.1%

" Carbon Very Low • 0. 1%
Low 0.11 -0.15%
Medium 0.16-0.2%
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High > 0.2%
All these compositional elements affect HIC resistance such that increasing levels of these
elements typically reduce HIC resistance of both pipeline and plate steels. Other parameters such
as yield strength, tensile strength and hardness do not play a major role in determining HIC
resistance of the steel whereas maximum susceptibility to hydrogen blistering is typica~ly seen in
lower strength steels. However, hardness is very critical to determining SSC resistance and
strength ratio is critical to SOHIC resistance in steels.

In the STRATEGY system, the different parameters are combined in such a way as to produce a
material rank that represents the overall HIC resistance of the material. The system compares the
environmental ranking and the material rank to guide the user about the applicability of a given
steel in a specific refinery or pipeline environment.

5.3 Applications of the SOCRATES and STRATEGY Systems

One of the most important aspects of expert systems formulated on empirical data and state-of-
the-art knowledge is that they must be flexible and be able to accommodate changes in our
fundamental knowledge and available data used in the materials selection process. The
methodologies utilized in SOCRATES and STRATEGY systems can be easily modified through
changes to the associated rules and databases. The importance of the ability of an adaptive system
for selection of materials for sour service applications has been highlighted by the rapid growth of
databases and operating experience with these materials.

In two recent studies performed by Cortest Laboratories1 3, SOCRATES accurately predicted
problems associated with SCC of duplex stainless steels and localized corrosion problems in
martensitic stainless steels based on the definition of the service environment. This aspect of the
expert system, to assist in accurate selection of stainless alloys and reproducibly monitor the
effects of up to seven environmental variables critical to alloy corrosion performance, we believe,
underscores the relevance of such systems. Furthermore, these studies has also shown that such
expert systems can significantly reduce the time required to conduct a proper selection of sour
service materials and have shown a cost benefit of at least 5 to 1 based on the engineering time
saved.

6. Conclusions

Expert systems have been developed to provide material selection guidelines for different aspects
of petroleum production and processing applications. The SOCRATES system performs
comprehensive evaluation of CRAs from a stand point of general corrosion, stress corrosion
cracking and localized corrosion where as the STRATEGY system evaluates different types of steels
for wet H2 S refinery and sour pipeline service. Both systems have been developed using a group
of experts who have come together to provide state-of-the-art information to the development of
these systems. All the expert systems have been developed so as to facilitate customization of
their knowledge bases as well as to allow for incorporation of updated information on material
performance as technologies progress.

The knowledge bases for the different expert systems were developed using available expertise
from industry and lio:rature as well as field and lab data. The creation and review of the
knowledge bases proved to be a convenient vehicle for exchanging information about material
behavior between different companies and facilitated transfer of technology as a means to the
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creation of consistent material selection and evaluation methodologies. The growth of the
development program into other allied areas indicates the success of this type of development
where expert systems bring together the expertise from different companies around the world in
creating an effective approach to documenting and disseminating critical material evaluation and
corrosion characterization technologies.
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Table 1 -- Typical Environmental severity rankings for different combinations of
pH, H2 S and chlorides

Low Moderate High
(pH •4) (4 < pH • 55) (pH > 5.5)

20 15 10 Low ca.,o. mop.)
HS pp! S1 psi 25 20 15 Moderate (,o.w a-, i,.oDM

30 25 20 High (a-> Iop.)

30 15 10 Low
1 psi < LHS pp 10 psi 50 40 20 Moderate

60 50 30 High
60 30 20 Low

1O psik HS pp ! 100 psi 85 50 40 Moderate
HS 100 psi + Sulfur 140 120 120 Moderate

150 150 150 High

Table 2 -- A Typical Rule in Socrates

IF
I Temp > 60 C < 80 C and

{(Chlorides 100000 > ppm and H2 S > 1.5 psia) or
(Chlorides 10000 Ž ppm and H2 S > 15 psia))

or
Temp> 80C <120Cand
{(Chlorides 10000 > ppm and H2 S Ž 1.5 psia) or
(Chlorides 1000 > ppm and H2 S > 15 psia))

or
Temp> 120C and

{(Chlorides 10000 > ppm and H2 S -> 0.15 psia) or
(Chlorides 1000 > ppm and H2 S > 15 psia))

THEN
Duplex stainless steels are susceptible to stress corrosion cracking.
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EXPERT SYSTEMS FOR SELECTION
OF SOUR SERVICE MATERIALS
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Figure 1 - Organization of different expert systems for selection of sour service materials
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The Effect of Certain Compositional Aspects on the Behavior
of Tank and Pipe Linings under Laboratory and Field Conditions

Max A. Winkeler
Sigma Coatings USA
PO Box 816
Harvey, LA 70059

Abstract

In spite of all the progress made in analytical and testing
techniques, certain aspects of the performance of chemical
resistant linings are marginally understood. Although this paper
will not give an answer to all of the causes and effects, it will
address the theories behind the blistering of coatings under
immersion conditions; the adhesive forces that have to counteract
the separation of the film from the steel surface to prevent
blistering; the influence of the transition temperature of the
lining on the performance under high temperature immersion
conditions and more specifically the effect of a temperature
gradient over the coating film. As test methods the use of
autoclave and atlas cell equipment will be discussed. Finally some
results will be mentioned, obtained with coatings made according to
new insights.

Introduction

In general, organic coatings used for the protection of metals are
composed of resins or binders, pigments, solvents and almost always
one or more additives to assist in obtaining the required
properties of the liquid as well as the cured coating material.

After WW II complete new resin technologies announced the era of
the thermoset materials. Unless triggered by high temperatures or
moisture in which case the reaction partners are latent, most of
these coatings consist of two separate components. Mixed together,
these components will react and form a continuous, flexible or hard
film after application. Two-component epoxy coatings and
polyurethane coatings are not the only, but certainly the most
prominent representatives of this class of materials, although
unsaturated polyester and vinylester products are important as
well. This paper will predominantly address the category of two-
component epoxy resin based thermoset coatings.

All the coating ingredients: Resin(s) (including curing agents),
pigments, solvents and additives play their own, specific role in
the properties of the coating before, during and after application.
The following presentation addresses some of the effects caused by
the choice of ingredients on the behavior of linings for tanks and
pipelines. In many instances such coatings are exposed to harsh
environments such as high temperatures, pressures, aggressive
chemicals and often steep temperature gradients over the film if no
thermal insulation is used.
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I. COATING COMPOSITION

For a coating applied in a liquid form , a resin or binder is
indispensable. Pigments and solvents only, even with the help of
additives will not adhere to any substrate. Clear, transparent
coatings or varnishes, don't make use of color pigments but some
fillers, extender pigments or flatting agents may still be
incorporated. Most anticorrosive primers and coatings contain both
color pigments and inert pigments. It is disappointing that still
some end users of coatings believe that extender pigments are only
used to make the product cheaper. It should be recognized by now,
that extender pigments play an extremely important reinforcing role
in the protective and mechanical properties of coatings.

A. Resin (Binder)

The purpose of the resin is to attach the composition to the metal
and in the case of a pigmented composition, to "glue" the solid
pigment particles together.

The chemical structure of the resin has a great effect on the
physical, chemical and mechanical properties of the resulting film.
As far as epoxy resins are concerned, many different oxirane ring
terminated resin species have been synthesized since their initial
introduction in the early 50's. The best known are the bisphenol A
based resins with molecular weights ranging from 380 for the liquid
type to 8000 for the extreme hard type. These resins are mainly bi-
functional and although they are excellent for many applications,
they lack high temperature and very high chemical resistance. As
reaction partner(s), mainly amines, polyamines, polyamides or
polyamidoamines are used in air drying compositions. The chemical
structure of these curing agents play of course also an important
role in the overall properties of the cured material. No more will
be said here than that in general amines, polyamines and their
epoxy adducts are preferred when high chemical resistance is
required.

To improve further on those resistance properties, multifunctional
epoxy resins are used alone or in combination with phenolic resins,
standard bisphenol A resins or the newer, lower viscosity bisphenol
F based epoxy resins. Representatives of these multifunctional
resins are the novolac and cresol-novolac epoxy resins. Figure 1.
illustrates one of the reasons of the enhanced properties. The
diagram shows schematically the difference between 3 and 4
functional epoxy resins after reaction with a two functional amine
compound. The higher crosslink density of the higher functional
resins combined with the high concentration of the aromatic rings
in the cured coating film leads to greater solvent and heat
resistance. Still, the choice of curing agent will have a markedly
effect on the end results. Aliphatic amines in general are
relatively good resistant against alkalies and reasonable against
diluted mineral acids. The solvent resistance is in general not
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very high. Aromatic amines have a much better acid resistance both
mineral and organic, but their cure rate is much slower and often
insufficient for curing at ambient temperatures. Heat curing is
therefore often necessary although specific accelerators may
overcomp that prob2e-. Due to recent regulations, the use of MDA
containing aromatic amine curing agents will most likely be
drastically curtailed. Cycloaliphatic amines, as more or less
expected, seem to have properties in between.

Reaction mechanisms between epoxy resins and amine type curing
agents are well described and analyzed in many books and paper s
of which the handbook of epoxy resins from Lee & Neville (i) is
still a good example. It has to be mentioned however, that the
specific reaction kinetics, when more than one resin, curing agent
or catalyst is involved, are quite complicated. In the literature
of most coating manufacturers a time of 7 days drying at room
temperature is mentioned until "full" cure is reached. Although
the coating may be hard by then and resistant against the service
conditions, a 100% cure is seldom achieved for a long time. As a
rule of thumb the degree of curing after 7 days will be at best in
the neighborhood of 60 to 75 %. The coating film may even never
reach the 100%, unless heat cured. Solvent retention in the film
will slow down the curing and keep the T below that of the fully
cured composition. Another important fac"Tor related to curing is
the ratio between epoxy resin and amine hardener. Stoichiometric
amounts don't always give the optimum results under specific
exposure conditions. A slight excess of epoxy for instance will
increase the water resistance, but decrease the solvent resistance,
where on the other hand an excess of amine gives better solvent
resistance but the water resistance decreases.

By increasing the functionality, the resin will in general be more
reactive. Gelation of the mixture will take place faster and the
growing molecules become immobilized before a high degree of
crosslinking is reached. Further reaction will not take place
unless higher curing temperatures are exercised. (Fig. 2)

The crosslink density of the reacted mixture is expressed as the
distance between the crosslinks per unit of length. A short
distance between the crosslinks adds to higher chemical resistance
but also greater hardness or brittleness.
The following diagrams and table schematize the effects of
functionality and molecular size of epoxy resin and curing agent on
the properties of the cured network.

Functionality 4 Short Molecule

A
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Functionality 4 Long Molecule

B

Functionality 2 Short Molecule

C

Functionality 2 Long Molecule

D

The next tables give a general idea about some important coating
properties related to the difference in resin functionality and
size of molecules. The effect of side chains, steric hindrance
and the presence of other specific groups are neglected here for
simplicity reasons.

Hardness 1>2>3>4 Highest Lowest
Flexibility 1>2>3>4 Highest Lowest
Geltime 1<2<3<4 Shortest Longest
Viscosity 1<2<3<4 Lowest Highest
Crosslink Density 1>2>3>4 Highest Lowest
T 1>2>3>4 Highest Lowest
CRem. Resistance 1>2>3>4 Highest Lowest

A B C D

Hardness 1 3 2 4
Flexibility 4 2 3 1
Gel Time 1 2 3 4
Viscosity 2 4 1 3
Crosslink Density 1 2 3 4
T 1 2 3 4
C~emical Resistance 1 2 4 3
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Other characteristics than functionality and length of molecule
play a role in the properties of the final composition. Although
known already for some time, the use of Bisphenol F i.s.o.
Bisphenol A in the reaction with epichlorohydrin gives epoxy
rcsins of lcwcr viscosity with Lhe same or better chemical
resistance of the cured film.

Epoxy phenol novolacs contain a higher concentration of phenol
groups per molecule and have therefore a higher temperature
resistance than bisphenol A or bisphenol F based epoxy resins.
Together with the higher functionality, they can give very chemical
and temperature resistant coatings, with a high crosslink density,
higher HDT and higher Tga It is however more difficult for such
resin/curing agent system to come to adequate cure when
simultaneously short molecular and high functionality amino type
curing agents are used. The workable period after mixing of the
components (potlife) is often short and further decreased by the
exothermic reaction. Only by using the correct combinations of
polyamines and catalysts, an acceptable level of degree of curing
can be achieved at room temperature. Many of the combinations need
forced curing at higher temperatures to achieve their full
resistance capabilities. There are ways to adjust the overall
functionality to the point, that more complete curing can be
achieved, although this takes somewhat away from the crosslink
density. (Fig.2)

Summarizing this resin section, we can say that for use as internal
pipe and tank lining exposed to sever conditions of heat and
aggressive liquids often accompanied by pressure, it is important
to select resin systems, that result in a high Tg, because a more
compact and complete cured network can control better the
penetration of liquids and gases through the film.

B. Pigmentation

The role of pigments in the properties of coatings is in general
reasonable well understood by coating developers, but less by end
users. Many in the last mentioned category still believe, that
good pigments are only used in the coating to obtain a certain
color, or for anti-corrosive properties, other "pigments" are only
used to make the coating cheaper (fillers!). Some specifiers go
even so far to reject coatings with a PVC above a certain level
because they insist on getting their money's worth of "resins" and
not cheap fillers. Many extender pigments however have a
reinforcing effect and contribute to better protective properties
of the coating. Not only the chemical composition differs from
pigment, but also the shape, size and the surface topography.

PVC stands for Pigment Volume Concentration and is expressed as the
volume of pigment as a percentage of the total volume solids of the
coating. This % can readily be calculated from the weight and the
specific density of the components in the coating.

In 1956, M. van Loo, published a schematic to illustrate the
relation between the Pigment Volume Concentration and several
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coating film properties( 2 )(4)(see fig 3). The curves for gloss,
blistering, rusting and permeability showed a more or less sharp
break at approximately the same point where the lines intersect,
which he called the Critical Pigment Volume Concentration (CPVC).
Foi the products he exami,,ed, the CPVC was around 45%. Van Loo used
the following definition for CPVC : "It represent the condition of
tightest possible packing of the pigment particles, compatible with
the presence of the minimum amount of binder needed to provide the
adsorption layer on the pigment particles and to fill the
interstices between the wetted particles."

Since then, the concepts of PVC and CPVC have been further
developed, but in the middle 70's the shortcomings of these
concepts in explaining many coating characteristics came to light.
Compare two particles of the same pigment but one with a radius 2x
(A) that of the other(B) (fig 4).
The volume of A is then 8x the volume of B, so that 8 particles of
B take the same space as 1 particle of A. The surface area
(assuming perfect smooth round surfaces) of A is however 4x that of
the surface area of one particle B, so that 4 particles of B have
the same surface area as 1 particle of B. In fact, we need
almost twice as much resin to encapsulate the same volume of
pigment.

Dittrich( 3 )( 4 ) in 1976 and 1977 describes the relation between
packing density, critical wetting point and corrosion resistance.
He introduced the pigment surface area concentration in steeA of
the pigment volume concentration as the determining parameteL in
many properties of coatings. In fact the absorption of oil used to
characterize a pigment, is clearly related to the available surface
area of the pigment and not its volume. Of one specific, well
defined pigment (a micronised red iron oxide ), he determined the
specific surface area and through the resin adsorption values (
rather than oil adsorption values!) calculated the relative active
surface area of other pigments.

The reference pigment was almost ideal in the sense, that the
particles were perfectly round and equal in size with an average
particle radius of 0.15 micrometer. The specific Volume (V) of 100
grams of this pigment was 19.6 cm3 ( 100 / 5.1, where 5.1 is the
specific gravity of the pigment). The specific Surface Area (A)
was therefore 3 x 19.6 / 0.15 x 10-4 = 392 m2 for 100 grams
pigment.

To determine the minimum amount of resin necessary to just wet the
pigment, the coating industry is usually using the oil absorption
number (ASTM ......... ). Dittrich used other model liquids, which
better imitate the polarity range of the actual resin used in
specific coatings. After determining the Resin Adsorption Value of
the reference pigment as well as the pigment(s) he used for his
experiments, he calculated the Relative Active Surface Area of
those pigments with the relational equation:
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A1 / A2 = RAV1 / RAV2

A1  = relative active surface area of the new pigment (m2 /100g)
A2  = active surface area of the reference pigment (m2 /100g)
RAV1 = resin adsorption value of the new pigment (cm3 /100g)
RAV 2 = resin adsorption value of the reference pigment(cm3 /100g)

The Pigment Surface Area Concentration (PAC) is calculated from the
Relative Active Pigment Surface Area (A) divided by the volume of
resin in the coating or film and expressed in m2 /cm•- (fig. 5)

The Critical Pigment Surface Area Concentration (CPAC) is then the
Relative Active Pigment Surface Area (A) divided by the Resin
Adsorption Value (RAV) and also expressed in m2 /cm3 "

There are obviously big differences between the PVC/CPVC and the
PAC/CPAC approach (Fig. 7). The volume of pigment will not change
with increased dispersion. Nevertheless, the resin demand increases
with further de-agglomeration of the pigment and that can only be
due to the increasing pigment surface area. A thin layer of resin
is adsorbed on the surface of the pigment (Fig. 7). Coarser
particles will need less resin before the flow point is reached in
comparison to finer particles. The distance between the fine,
dispersed particles is bigger than between coarse particles which
is best understood after realizing, that there is more resin in a
certain quantity of paint with fine particles than in the same
volume of coarse particles. Why is this discussion about PVC and
PSAC so important ? Some of the main mechanisms of water permeation
through a coating film is the diffusion through the resin matrix
and along the pigment surface where it can move from one pigment
particle to another. By increasing the surface area of pigments
through intense dispersion, not only more resin is adsorbed, but it
will also be easier for water to travel alongside the pigment
particles because of the wrater surface area. "Finer" is therefore
not always "better". (2)(5)(14)

By using the method of Dittrich, the optimum packings density can
be obtained from the resin adsorption values and he could prove,
that a primer with good protective properties, using active
anticorrosive pigment (zinc chromate), could be equaled or even
improved upon without zinc chromate as long as the same or a
tighter packings density was achieved with inert pigments. The
yr.tical particle distance was calculated to be approximately 0.5-4m

The following table shows the differences between the Volume and
the Surface Area approach.
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Specific Volume (V) cm3 /lOOg Specific Surface Area (A) m2 /100g

Pigment Volume Concentration Pigment Surface Area Concentration
(PVC) in % (PAC) in m2 /cm 3

Pigment Volume x 100 Active Pigment Surface Area

Volume(Pigment+Resin) Volume Resin

Critical Pigment Volume Conc. Critical Pigment Surface Area Conc.
(CPVC) in % (CPAC) in m2 /cm 3

100 Active Pigment Surface Area

1 + RAVV Resin Adsorption Value

RAVv = Resin Adsorption Value
in cm3 per cm3 of pigment

Note: The CPVC is normally expressed in the same way as the PVC
but using for the resin volume, the resin (oil) adsorption value
expressed in cm3 per 100 gram of pigment

The blistering of paint films under immersion conditions has been
and still is the subject of quite a number of studies. W. Funke( 1 0
and H. Leidheiser(iu)- There is no doubt, that the pigmentation in
quality and quantity plays an important role in the blistering
phenomena.

Summarizing the pigment section we can state, that a high packing
density, which not automatically implies a finer particle size, and
a strong bond between resin and pigment, will contribute to better
performance under severe immersion conditions. Moreover a high
packing density results in less resin, which often is the weakest
link in the resistance against blistering.

C. Additives

Most coatings contain one or more additives to add specific
properties. They range from flow agents, wetting and dispersing
aids to air release and thixotropic additives. All these additives
have different effects in specific coating composition and a lot of
trial and error is involved to find the correct compounds.

Wetting agents and dispersion aids help to remove air from the
surface of the pigments and contribute to a better bond between
pigment and resin. This is necessary to decrease or eliminate the
possibility of water transport along the surface of the pigment
particles inwards in the direction of the metal substrate.
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Pigments are available in all shapes and sizes. The pigments in
their dry form will reach the coating manufacturer in a more or
less agglomerated form. Dispersion is necessary to break up those
agglomerates and wet the particle surface with resin. This
dispersion is accomplished by putting the mixture of resin and
pigment under high shear. Sometimes the word "grinding" is used for
this process, but it seldom happens, that the agglomerates are
broken down further than the elementary particle size. Especially
when high concentrations of pigments are used, such as in primers,
a wetting or dispersion aid will assist in having most of the
particles wetted out properly.

Still, the bond created between pigment and resin with the help of
conventional wetting aids is open for improvement. In the early
60's , adhesion promoters and coupling agents were examined for
their properties in reinforced plastics and composites. Around 1975
the use in coatings was studied (cleveland society for Paint
Technology, J. Coatings Technology 1979, 51, 653)

In a series of 5 articles, P. Walker (16) discusses the mechanisms
and the improvement of the adhesion of organic coatings in the
"dry" stage and the "wet" adhesion after exposure in liquids. The
silanes were all of the type R-Si(OR1 ) 3 , where R is group capable
reacting with a polymer matrix and the (OR1 ) is a hydrolisable
ester group. This last group is responsible for the improved
adhesion to the substrate not only in the dry state, but primarily
during and after long term immersion in liquids. Since then a
variety of other adhesion promoters have been studied such as
titanates and zirconates. The effects of all these agents which are
added in very small quantities are very specific and much work is
involved not only in testing these adhesion effects under different
conditions, but also in monitoring stability and studying the
reproducibility of the results.

Although primarily intended to improve the adhesion to substrates,
the adhesion promoters have also an effect on the wetting of the
pigments and the resulting bond between pigment and resin. Because
of the combination of a resin-reactive side and a hydrolizable
side, these additives are able to decrease the adsorbed resin layer
on the pigment, so that less resin is necessary to reach the "flow"
point. The distance between the pigment particles can be decreased.

Other additives are used to improve specific properties such as
deaeration aids, which help release the air during production of
the coating and during the application.

2. Testing

Apart from a long list of physical, mechanical and chemical tests
which have to be performed on tank and pipelinings, there are two
which are of specific interest. The Autoclave Test and the Atlas
Cell Test.

a. Autoclave Test
NACE Standard TM-01-85 (16) describes this method for the
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evaluation of internal plastic coatings of tubular gcods, but
the same method can very well be used for tanklinings. In
general three phases are used: hydrocarbon (kerosine/toluene
1/1), water (brine or fresh) and gas. Depending on the expected
composition, the gas phase can contain H2 S, C02 , CH4 as the main
components. The other variables in the test are: temperature,
pressure, length of pressure period, speed of depressurization
and the number of cycles.

Temperatures as high as 500OF and pressures as high as 10,000
psi have been used. For air drying coatings, these temperatures
are in first instance far above the Tg. The coating will
therefore go through a transition phase and melt or rubberize
before it hardens again due to a shift upwards of the Tg Every
coating material will have its specific maximum Tg. During the
transition towards a higher Tg, the film is much more sensitive
to attack by the environment than when in the glass phase.
Liquids and gases molecules can encer the film more easily and
deform the resin matrix. All vacuoles between the molecules are
filled quickly and the rubber film will accommodate more foreign
incoming molecules of liquid and gas than in the glass phase.
Because inside the cylinder of the autoclave pressure and
temperature will reach the same conditions.

The pressurization step by itself does not seem to be so
destructive, it is the depressurization, that does the most
harm, especially when this is done in a matter of minutes. The
pressurized gas in the film has to expend and can only do that
by rupturing the film. If the coating is very hard, the
expansion (temperature under Tgj may take longer and it is not
uncommon, that the coated panels immediately removed from the
autoclave show no defects, but 5 or 10 minutes later the
blisters become clearly visible.

Our experiments indicate that, apart from the necessary chemical
resistance, better results are obtained at higher temperatures
and pressures when the coated panels meet the following
properties:

High T ( higher than testing temperature)
Comple~e cure
No air inclusion in the film
High packing density of the pigments
Maximum bond between pigment and resin
Perfectly clean metal substrate
Maximum bond strength between metal and coating

Because seldom all these criteria are met, the results are less
than perfect. Because some of the factors are likely to dif.1fer
from time to time, such as the metal substrate itself,
application and curing conditions, results are not always
consistent.

For airdrying coating systems our experiments indicate, that the
maximum acceptable pressure followed by rapid depressurization
is in the neighborhood of 3500 psi but in that case the
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temperature has to stay under or close to the Tg* When on the
other hand the temperature in the autoclave is around 225OF to
250 0 F, any more pressure than that due to the heating in the
closed cylinder, will effect the coating. Although far from
scientifically proven, the relation between temperature and
pressure of some coatings is practically linear.

b. Atlas Cell Test

An atlas cell is an open, metal or glass cylinder, in which
liquids are in contact with coated metal panels. The liquid in
the cylinder can be heated and in the case of the metal cell,
also pressure can be exerted, which opens the possibility for
adding special gases. In our experiments a glass cylinder type
was used. The uncoated backside of the panels are cooled with
water to variable temperatures. Most Atlas cells have the
uncoated backside of the panels in contact with room conditions.

The creation of a temperature difference between the coated
frontside and the cooled backside, while at the same time the
frontside is exposed to hot water with a hydrocarbon layer on
top, has a strong effect on the coating film. Depending on the
temperature difference inside and out, blistering may occur
within one day or may take many weeks. Schenk (15) did some
experiments with polyamide cured epoxy coatings in an atlas
cell partly filled with water and "tube material". At 80°C and a
temperature difference over the panel of 100C he saw blistering
after 14 hours, while the same system under isothermal heating
at 80°C snowed only blisters after 2300 hrs. He also found, that
w'th the same temperature difference, but at a lower inside
temperature (60'C), the blister free period increased from 14
hours to 68 hours. P3lyamide cured epoxy coatings have in
general lower heat distortion temperatures than amine cured
epoxy coatings, moreover Schenk did not address other
particulars such as pigmentation, surface preparation.

Our experiments show, that also in the case of the Atlas Cell
test the same compositional aspects mentioned under the section
"Autoclave Test" play a decisive role. Again, the packing
density, the use of additives to improve the bond between
pigment and resin as well as between resin and substrate, the Tg
of the coating film, and also the surface preparation play a
decisive role in the prevention of blistering.

Much work has to be done to increase the understanding of the
blister phenomena due to hot/cold wall effect. Fig. 8 shows one
of the effects of penetrating liquids in the film. It is
expected, that the liquid molecules enter the film individually
or at least in small clusters, but condense on their way to the
cold wall. the growing clusters take more space and will after
reaching the metal surface start lifting the film in discrete
areas which may be related to the phase separation theory of
Funke. It is interesting and intriguing to see that most times
the blistering occurs right at the water/ hydrocarbon interface
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and mainly on the waterside. It is sure, that distilled water
(used for these experiments) has a tremendous penetrating power
and the temperature difference over the film works as a pressure
difference so that there is definitely a reason for the water to
penetrate deep into the film. Most likely there are at the same
time inside the film vertical movements of liquid molecules
taking place. At high temperatures, the toluene could soften the
coating inside the film and under the outside waterline, so that
the water has an even stronger effect in that area. Fig. 9 gives
a schematic picture of a typical Atlas cell panel after the
test.

As mentioned earlier, by optimizing the composition in all
aspects and removing all foreign materials from the metal
surface before coating application, almost perfect results can
be obtained in the presence of steep temperature gradients. In
our work no pressure was used inside the cell and it is known,
that this definitely has an effect on the performance of the
coating. By itself, the temperature gradient is already a
destructive factor and a coating that does not resist this test,
will certainly not succeed when the extra pressure is used.

Fig. 10 gives the relation between the blister free time and the
PVC for a certain product composition and a 70°C/10 0 C gradient.
Other aspects of the coating were optimized previously and used
in all the coatings tested. In fact, the Relative Active Pigment
Surface Area approach was used in the optimization and
afterwards recalculated as PVC.

3. Conclusion

It is possible to improve on the protective properties of tank and
pipelinings by using modern techniques and understanding.
Blistering of coatings is considered to be an important negative
aspect often encountered and although blisters may not always
cause corrosion, it is highly likely, that eventually those
blisters will open, after which corrosion will definitely take
place. Unfortunately, coatings resistant against steep temperature
gradients are very inflexible because of their high Tg and high
packing density of the pigments. However because of their high bond
strength to the metal substrate, they will survive the normal
mechanical effects in tanks and pipes.
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Abstract
Various laboratory testing methods for the performance of internal linings in

oilfield production environments have been evaluated. In general, the testing methods
involve two separate components; exposure to the production environment, and
evaluation of properties after exposure.

The exposure methods include stationary autoclaves, circulating pressure vessels,
atlas cells, pressured atlas cells, and rocker arm machines. The goal of an exposure test is
to accelerate the aging process, but it is difficult to accomplish this without unfairly
"punishing" the coating. The pressured atlas cell has been found to be the best method for
simulating actual operating conditions inside production vessels, while the rocker arm tests
better simulate stratified three-phase flow for internal pipe linings.

Evaluating the panels after exposure is often a mix of objective and subjective
analysis. The most important coating property for corrosion mitigation is adhesion of the
coating to the steel substrate, although interlayer disbonding may also lead to failure.
Blistering is a dramatic indication of poor adhesion; the number, size, and depth of the
blisters can be counted for an objective performance rating. Physical deformities such as
cracks are often an indication of application problems, but nonetheless must count against
coating performance.

Electrochemical impedance spectroscopy is a non-destructive method for
evaluating the adhesion of a coating. It combines the exposure and evaluation steps,
allowing the coating performance to be measured with time. Impedance data is difficult to
interpret and is therefore most valuable when used together with traditional coating
evaluation techniques.

Key terms: coating, lining, atlas cell, rocker arm, adhesion, impedance specroscopy
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Introduction
A. Coatings in Oilfield Production

Protective coatings and linings are an integral part of all aspects of the oil
industry. Corrosion mitigation is essential for avoiding costly production shutdowns
and to prevent hazardous environmental leaks. Common areas of corrosion in oilfield
production include downhole tubulars, three-phase flow lines, separator vessels, and
above ground storage tanks.

Protective coatings and linings for the oil industry often must withstand the
harshest of environments. The most common corrosives in production vessels are
carbon dioxide, hydrogen sulfide, and condensed water, in addition to crude oil and
natural gas. Along with the chemical environment, process vessels are often operated
at high temperatures and pressures, increasing the severity of the corrosion problems.

The choice of protective coatings must be based on not only the expected
performance in service, but also on the economics of coatings versus other corrosion
mitigation methods, such as the use of corrosion resistant alloys, non-metallic
alternatives such as fiberglass pipe and plastic sleeves, and chemical inhibition. Thus,
oil companies must continuously search for coatings which will perform satisfactorily
for many years to justify the selection of coating as corrosion mitigation.

B. Coatings as Materials
In order to considet a cuathig from a materials perspective, one must break

down the behavior of a protective coating in terms of its component parts. The relative
weighting factor for each component depends on factors such as the coating thickness,
operating temperature, and overall chemistry of the system. These factors, for the
purposes of this paper, do not consider the variation in surface preparation and
cleanliness, but focus solely on the performance of the coating.

First of all, the coating itself is a composite material, and has its own unique set
of stand-alone properties. A composite may be defined as a combination of dissimilar
materials (in this case, organic resins combined with inorganic fillers) which maintain
their individual characteristics after combination and which make a separate
contribution to the overall properties. This definition distinguishes a composite from a
compound, in which single phase materials are formed. The innerconnectivity of each
phase determines the properties of the coating; coatings with a high PVC (pigment
volume content) often have a more highly connected filler phase and tend to be more
brittle. If the PVC is increased to near the critical PVC, at which the filler phase
becomes continuous, porosity may appear in the coating film.

Second, the integrity of every coating is determined by maintaining of
interfacial adhesion to the substrate. In the case of protective coatings for the oil
industry, the substrate is usually carbon steel, although alloys are sometimes coated for
acid protection. Optimal adhesion is obtained when the interfacial bond is as strong as
the bonding within the coating. For the purposes of corrosion protection, the
interfacial bond must be able to absorb as much energy as is imparted by the
atmosphere. Cumulative damage to the interface lowers the amount of energy required
to break this bond.
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Exposure Tests
A. Methods of Exposure

Exposure tests are intended to provide an estimate of the long term performance
of coatings in a short time period by pinpointing signs of material deterioration or
adhesion failure. Exposure tests for internal linings differ greatly from atmospheric
coatings", 2 due to the nature of the corrosive agents.

Simple immersion testing is a quick, easy way of determining the chemical
compatibility of a coating with the production environment. Chemically, immersion
tests indicate (1) the solubility of the coating in the atmosphere, and (2) any chemical
reaction (e.g. acid/base reactions, crosslinking, etc.) which takes place between the
coating and the atmosphere at the test temperature. For a simple screening of
materials, some "negative" answers can be obtained; in other words, gross
incompatibility can be determined. Certainly, a coating which dissolves, blisters, or
cracks in immersion testing can be immediately dismissed as a potential candidate.
However, in typical oilfield production environments, immersion testing provides few
answers.

The next step "up" in severity is to add gas pressure to the atmosphere, in order
to "force" the chemical constituents into the coating film as well as to evaluate gaseous
corrosives such as CO 2 and H2 S. Pressure vessels may be stationary or circulating,
and the degree of circulation can vary. In a circulating autoclave, the entire pressure
vessel is rotated so that all parts of the coated sample are exposed to all phases within
the environment. In a stationary autoclave, the coated panel is exposed to the
atmosphere in distinct zones, usually an oil phase, a water phase, and a gas phase. The
effect of pressure on coatings is an increase in the solubility of the chemical atmosphere
in the coating.

The conventional atlas cell, as diagrammed in Fig. 1, adds another variable into
the exposure; the "cold wall" effect. By exposing the coated panel to the production
fluids at temperature while the back side of the panel is exposed to ambient
temperature, a continuous thermal gradient is maintained. AT's of up to 5°F have been
measured across the 3/16" panels. Unfortunately, the conventional atlas cell, made of
glass, must be run at ambient pressure and nominal gas phase.

The pressured atlas cell, developed by ARCO in the early 1970's, combines the
cold wall effect with the utilization of pressure and a concise gas phase. The pressured
atlas cell (see Fig. 2) is made from stainless steel or hastelloy, depending on the
amount of corrosion resistance desired within the cell. For sour oilfield testing,
hastelloy cells are essential. Pressured atlas cells simulate oilfield separator vessels,
into which three phase production lines empty and separate into three separate phases,
with the gas phase vented off of the top into gas lines or to flare stacks, the oil phase
drawn into production lines, and the heavier water phase falling to the bottom of the
vessel.

The final exposure method, also developed at ARCO, is the rocker arm
machine. In the rocker arm exposure, a section of pipe approximately 2' long and 2"-
4" in diameter is internally coated and fitted with pressure-tight end plugs, as pictured
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in Fig. 3. The production fluids are added through the fitted end plug and the pipe is
pressured with the gas phases to the test pressure. This sample pipe is placed in the
rocker machine which rocks the pipe at a predetermined rate, accurately simulating
stratified flow through a pipeline.

B. Discussion of Exposure Methods
Autoclave testing is a standard method of materials evaluation, and has great

flexibility along with a potentially large sample throughput and low operating cost.
The stationary autoclave also permits separate evaluation of the coating in all three
phases, while the circulating pressure vessel continuously "washes" the coating in the
atmosphere. The circulating pressure vessel may be thought of as a pressured
immersion test, since the coating sample is more or less immersed in a mix of all three
phases. In the field, the three phases act separately on the coating; inspection of
vessels during shutdowns reveals differing degrees of damage severity in the three
phases. Thus, the stationary autoclave is preferred for oilfield environments.
However, many coatings pass the autoclave test but fail in the field; it is not a severe
enough test on which to base coating selection.

The atlas cell lends itself to visual observation of the coating during exposure,
since the cell itself is transparent. The condition of the coated panel can be monitored
daily, and the effects of varying temperature in-situ can be observed. The weakness of
the conventional atlas cell is that a pressured gaseous atmosphere is not possible; the
most common oilfield corrosives are CO 2 and H2 S, neither of which can be fairly
evaluated in the glass atlas cell.

The pressured atlas cell test has been found to be the most severe of all of these
exposure methods. The most severe damage, in all cases, is seen at the oil-water
interface. When a coating fails badly in the atlas cell test, a common appearance is
seen, as illustrated in Fig. 4. A complete row of blisters is seen at the oil water
interface; these blisters continue down into the water phase, becoming smaller and
more spread apart, until they disappear. The severity of the damage appears to be
proportional to the distance from this interface.

The remarkable property of the pressured atlas cell is that it not only simulates
the conditions in separator vessels, but the same type of failure is seen in the field when
the separator vessels are inspected. Rows of blisters near the water/oil interface are
common, as well as some blistering at the oil/gas interface. We have seen samples
perform well in both stationary and circulating autoclaves while blistering in the atlas
cell.

Both standard and pressured atlas cells illustrate the severity of the "cold wall"
effect. This effect is present in all above ground production facilities in the oilfield.
The thermal gradient and resulting heat flux results in a non-equilibrium situation inside
of the atlas cell and through the coating. Thus, while a stationary autoclave may be
considered a static test in which the conditions do not change with time, panels in an
atlas cell test are subject to a constant thermal stress and resulting fluid movement,
particularly at the oil/water interface where there is additional energy of the water
going into and coming out of solution with the oil phase.

Rocker arm testing is the standard test procedure for downhole tubulars; again, the
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results of the rocker arm test accurately reflect field performance. The value of the rocker
arm test is that in addition to a cold wall effect, the internal stresses related to cylindrical
coatings can be investigated, and "weak" areas of the coating such as near welds,
mechanical joints, and irregularities can be examined after long periods of exposure to the
corrosive atmosphere.

Evaluation Methods
A. Quantitative Ratings

After exposure, the relative amount of "damage" to a coating must be somehow
quantified in order to compare the performance of different coating systems, to compare
results of tests run by different people, and to compare new data to old data. Quite often,
a coating which "looks bumpy" to one eye might later look "textured" to the same
observer, even though those observations convey different meanings. Nevertheless, a
highly detailed quantitative rating system also has inherent problems; such systems often
make sense only to the person devising the test. In addition, the rating system must
correlate with field data exactly or the test is of no use.

It is for these reasons that ARCO has developed a rating system for coatings based
on a mix of subjective and objective analysis. Table I lists the quantitative "scoring" for
the different evaluation components; the lower the score, the betfer the rating for a
coating. The first quantitative ratings were developed by examining the atlas cell and
rocker arm test performance of coatings which were proven performers in the field. Since
their performance was a proven commodity, any shortcomings were necessarily
downgraded in significance. Thus, the first quantitative ratings were "massaged" in order
to provide us with the answers that we already knew, so to speak.

The primary consideration for internal linings is adhesion of the coating to the
substrate; it is the loss of adhesion which results in corrosion of the steel. The numerical
rating therefore concentrates on factors related to interfacial bonding.

Many coatings evaluators rely on pull tests for adhesion, in which a knob is
cemented onto the coating and pulled off with a device that records the adhesive strength.
Problems with pull tests are numerous: they yield inconsistent results, sometimes they do
not work at all (if the coating adhesion is stronger than the pull knob cement), and the
results are an average over a rather wide area on the coating.

A simple knife test can yield a wealth of information in a very short time. By
shear scribing an "X" in the coating then popping off areas of the coating around the
scribe, a subjective estimate of the adhesion is possible. The shear stress imparted by the
scribe creates a natural tendency for the coating to "lift off" the substrate or to delaminate.
Our rating system uses a standard A through F grading system with numerical values
attached to each grade to assign this subjective measurement a quantitative value. An "A"
adhesion means that when coating is popped off, none of the substrate is visible
underneath. For "B" adhesion, less than 50% of the substrate is visible under the popped
off coating. A "C" means that greater than 50% but less than 100% of the substrate is
visible. "D" ratings are for cases in which no coating is left within the blast profile on the
substrate, and "F" ratings are reserved for cases in which the coating completely pops off
diring scribing before we even try to evaluate it.
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Numerical values are assigned to each grade, with a sharp difference between a
"C" and a "D", while little differences exist between an "A", a "B", and a "C". This is
necessary for two reasons. First, since the test is somewhat subjective, some coatings
take a lot more to "pop off" than others, so they should not be penalized if after they pop
off there is more substrate showing than for a soft coating which is easy to pop off.
Second, a "D" or "F" rating means that there is no coating left on the substrate, the worst
of all cases from a material protection standpoint. Penalizing a coating which leaves 55 %
substrate showing vs. 45 % substrate showing for a rival coating is counterproductive;
again, all of these decisions are based on comparison of test data with actual field life
data.

Blistering is the most dramatic indication of poor adhesion. The most important
aspect of a blister is what is underneath; is there bare metal underneath, or is it merely an
interlayer blister? For maximum metal protection, we have found that primer coats are
not only unnecessary but undesirable since high-performance materials tend to have both
good adhesion and good cohesion. Topcoat materials which perform well generally don't
need primer.

The causes of blistering are not well understood. A blister may be the result of
local corrosion concentration cells, but on test panels blistering is usually uniform and
repeatable, not what would be expected from random defects. Blistering could be the
result of electrochemical responses to the thermal gradient across the panel, an effect
which appears to be concentrated at the oil/water interface in the the atlas cell. Water
molecules are in a constant state of flux at this interface, going into limited solution with
the crude oil (particularly at high temperatures). For coatings which have a great deal of
cohesive strength, the interfacial bond is weaker than the intrinsic coating bonding, so that
blistering occurs rather than splitting or tearing. That helps to explain why we have seen,
over the years, that "loose" coatings which do not show a great deal of cohesive strength
perform better in atlas cell tests than "tight" coatings which have high cohesive strengths.

Blistering between coating layers is not as significant, due to the simple fact that
corrosion will not occur between coating layers. Often interlayer adhesion problems are a
result of contamination between coats rather than an inherent bonding problem.
Nevertheless, interlayer blistering and disbonding results in an overall weakening of the
coating system. The protective nature of coatings implies that the entire coating system
must act in unison to protect the steel; thus, any damage to the outer layer of coatings
affects the protective action of the coating system.

When a blister is noticed in service, the first question which comes to mind is,
how significant is this with regards to the corrosion of the entire system? That is why our
coatings evaluation rating system notes not only the presence of blisters but the size and
number of blisters. Very large blisters convey that general disbonding has been seen. A
large number of smaller blisters indicates that while general dihbonding is not present, a
large number of disbonding sites is present; thus, a poor rating is necessary. The rating
system measures the size and number of blisters, with a certain maximum amount (by
number and size) not differentiated; once a coating has blistered to a point, it may be
assumed that the coating will not perform in service.

One problem with this type of rating system is that blisters are almost alway,
accompanied by "D" or "F" adhesion. While it may be that such coatings are being
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doubly penalized for blisters (by receiving correspondingly poor marks in adhesion), it is
this property which is a precursor to field failure.

Cracks in a coating are almost always the result of solvent entrapment. Coatings
with a high solvent content are most susceptible to cracking, and as such receive lower
performance ratings. Cracking results when the evaporation rate of the solvent from the
surface is greater than the diffusion rate of solvent to the surface. In addition, the
cohesive energy of the coating must be lower than energy of vaporization of the solvent to
avoid cracking. When several layers are applied, any one of these layers, if applied too
quickly, may result in a layer which contains a high level of solvent. This will increase
the level of energy of vaporization to a point beyond the cohesive energy, resulting in
cracking. Thus, cracking may be avoided by (a) keeping the solids level high and (b)
controlling the application so that the wet film thickness is not too great and that the
necessary time for drying is allowed.

It is unclear whether slight mud cracking is detrimental to coating performance,
since this cracking is often limited to the top layer of coating. In addition, since it has
been seen that slightly porous coatings provide excellent corrosion protection, it can be
argued that a small, discontinuous crack differs little from a pore. The true detriment to
cracking may in fact be the reaction of field personnel to cracked coatings, since cracks
convey poor properties and become accentuated when saturated with black crude oil.

B. Impedance Spectroscopy
While previous in-house testing methods have successfully provided information to

guide coatings decisions, a need exists for improved evaluation methods and better
understanding of the mechanism behind corrosion mitigation by coatings. Until the
mechanisms of failure are understood, the development of products, with improved
performance will be a struggle.

The next generation of coatings evaluation techniques will monitor performance
during exposure. One promising candidate is electrochemical impedance spectroscopy (EIS).
By separating the electrical effects of the coating from the electrochemical corrosion
reactions through the use of models, the performance of a coating can be evaluated long
before any visual evidence of degradation is apparent. Analysis of EIS data also provides
insight to the protection mechanism of each coating. This information can be used to
correlate physical coating properties with performance in a particular environment.

A rapid test for coating degradation is to examine the change in polarization
resistance with time. The measured polarization resistance will be small for a damaged
coating relative to a fully protective layer. This change in corrosion resistance can usually be
identified well before any change in the coating characteristics can be visually identified.
Collecting impedance data from coated steel can be difficult because of the high electrical
resistance of organic coatings. The current resulting from a potential perturbation is small
and therefore difficult to measure. However, as the coating degrades, the current associated
with a defect or blister can be easily measured.

The analysis of impedance data collected from coated steel has been performed with
the aid of equivalent circuits. The goal of a circuit design is to model the response of each
important physical process by an element. The most commonly used circuit 3 is shown in
Figure 5. A perfect barrier coating will act as a capacitor whose impedance, Z, can be
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represented by

Z=R.,(1)

where Rs is the resistance of the coating material and Cc is the coating capacitance at
frequency (o. With time, the dielectric film will be short circuited by electrolytic paths created
by microscopic defects. This phenomenon can be represented by a pore resistance ROo in
parallel with Cc. This resistance depends on defect area4 :

Spd = ]•l-da(2)

where p is the intrinsic coating resistivity, d is the coating thickness, and Ad is the defect or
delaminated area. The charge transfer resistance Rct and double layer capacitance associated
with a reaction at the base of the pore are in series with Rpo and in parallel with Cc. Both of
these parameters depend on defect area by:

R ,b and Cd bare (3)

By regressing the equivalent circuit to experimental data, the defect area of a coated
metal can be determined. However, the technique is limited to coatings which can be
represented as dielectrics whose properties are constant with time and simple charge transfer
reactions unaffected by mass transfer. The breakpoint frequency method is a method for
determining RpoCc without regressing a circuit 4 .

The success of EIS methods for quantitative determination of defect area will be
limited by the ability to correctly simulate the behavior of coating systems. More complete
models must be developed that include the properties of specific coatings, the reactions
occuring underneath them, and the transport of chemical species involved in the reactions.
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TABLE I: Scoring system for the performance of internal linings

Adhesion Rting Points
A 0
B 2
C 4
D 12
F 40

Blisters Points Points
Number Diamte (if.nttometal) (ftom

0 0 0 0
1-2 <=.0625 4 12

1 .125 4 12
2 .125 6 16
1 .25 8 18
2 .25 10 30

>=3 any 20 40

Delamination ? Points
No 0

Yes 20

Cracks ? Points
No 0
Yes 20

Application 2 Points
Not Difficult 0

Difficult 20

INLET PORTS FOR FLOWING
GAS, THERMOCOUPLES,

ELECTRODES, ETC.

GAS AT

OI1L PHASE

WATER PHASE

COATED SAMPLE
PANELS

Figure 1: The conventional glass atlas cell.
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Figure 2: Schematic of the pressured atlas cell (not drawn to scale).
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Figure 3: Schematic of the rocker arm test sample with plugs and control attachments (not
drawn to scale).

2610



Figure 4: Failed coating panel, illustrating the row of blisters at the oil/water interface.
The scratch marks in the oil and gas phases are knife scribes from the evaluation
process.
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R3 
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Figure 5: Equivalent circuit model for impedance spectroscopy
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Abstract

Polymer coatings degradation mechanisms are described for hot production service perfor-
mance on internal metal surfaces of vessels and pipes. The degradation mechanisms are
described: blistering, wet adhesion, cathodic delamination, and anodic undermining. Other
coatings barrier properties provide corrosion protection by limiting transport of corrosive- or
polymer-degradation agents. Thermal behavior and stability affect the performance character-
istics by altering the polymer chemistry and diffusion properties. Hydrothermal properties of
coatings are the combined action of water and temperature and can have strong influence on
the degradation processes. Electrochemical impedance and positron annihilation data for
protective polymer coatings materials are presented with emphasis on processes affecting
their degradation while under hot production service.

Key terms: polymer coating, degradation, steel, corrosion, cathode, delamination, hydro-
thermal, blistering, adhesion, deadhesion, disbondment, electrochemical impedance, free
volume, positron annihilation lifetime.

Introduction
Internal polymer coatings have been described in detail for use in hot petroleum production1-3
Coatings degradation and failure occur by diverse mechanisms. Pressure, heat and aggres-
sive agents have strong influences3 on protective coatings degradation mechanisms particular-
ly for hot petroleum production systems. Failure mechanisms include blistering, wet
adhesion loss, cathodic delamination and anodic undermining. Barrier properties of polymer
coatings systems are important for corrosion protection and are related to failure mecha-
nisms. The barrier properties can be strongly influenced by pressure, heat and the type and
concentration of materials in production vessels or pipes. A better understanding of the
degradation processes or mechanisms provides for more successful use of internal protective
coatings. The focus of this paper is to describe the general degradation mechanisms and
some of our current work related to the mechanisms.
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Background
Polymer coatings degradation mechanisms associated with corrosion processes have been
studied extensively in our laboratory4 11 . Particular emphasis has been placed upon innova-
tive methods for investigating the coating/metal interface. Detailed discussions of specific
processes are beyond the scope of this paper.

Coatings Degradation Mechanisms
General descriptions of blistering, wet adhesion, cathodic delamination and anodic undermin-
ing are described in the subsequent sections.

Cathodic blistering. The formation of blisters associated with the electrochemical reduction
of oxygen or hydrogen ion forming alkali beneath a coating having no physical damage
(defect) is termed cathodic blistering. Oxygen, water and cations diffuse through the paint
film as cathodic reactants (see following Cathodic Delamination) and the center of the blister
is considered the anode. The blister is usually liquid-filled due to alkali formation or may
contain some gas in the cases of very low pH.

Gas blistering. This blistering is due to hydrogen ion reduction to form hydrogen gas, H2.
It is associated with acidic environments where hydrogen ion reduction is more likely than
oxygen reduction, for example in the absence of oxygen. Thus the process is unusual in
environments containing oxygen but is more likely in petroleum production environments.

Osmotic blistering. A process by which blistering occurs due to high liquid phase pressure
induced by soluble materials beneath polymer films is termed osmotic blistering. For
production environments in which soluble salt concentrations change, blisters may occur
upon exposure to low salt or potable water.

Polymer swelling. Swelling of the polymer in some coatings is due to uptake of water or
other liquid phase and induces stress on the coating leading to possible disbondment in
systems with poor adhesion. Blisters may form as a result of the stresses, particularly when
wet adhesion is poor.

Wet adhesion. The loss of adhesion upon permeation of water or a liquid phase to the
polymer/metal interface is wet adhesion. The adhesion loss may be regained after drying.
Physical damage to the coating is more likely while the coating system possesses decreased
adhesive strength.

Cathodic Delamination. This mechanism is caused by cathodic processes leading to
disbondment and separation of a coating from a metallic substrate 12-17. The main feature of
the mechanism is reduction of oxygen or hydrogen ion at the coating/substrate interface, seen
as

0 2 + 2H 20 + 4e- = 40H- , (1)

or
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2H* + 2e- = H2  (2)

This electrochemical reaction identifies oxygen, water and electrons as the required reactants.
Oxygen and water are capable of diffusion through polymer coatings although the rates vary
widely with polymer type, coatings formulation and film thickness. Nonetheless, transport of
oxygen and water usually occurs at a sufficient rate to support the reaction. Possible
exceptions will be discussed later. The electrons are provided by the metal substrate
conductivity from anodic sites. Another prerequisite for this cathodic reaction is availability
of cations for charge balance (electroneutrality). The degree to which the electrochemical
reaction causes damage to the coating/metal interface depends upon the nature of cations
present at or transported to the interface'8 . The greatest damage occurs with alkali metal
cations such as sodium or potassium. Alkali cations allow the attainment of the highest
alkalinity (pH) at the coating metal interface. Values greater than pH = 14 have been
measured' 9. High alkalinity is greatly damaging to many polymers useful for coatings
purposes; dissolves oxides, phosphates and many types of surface treatment layers; and
promotes the corrosion of metals such as iron and zinc by shifting the electrode potential to
more active values. A schematic of the general cathodic delamination process is shown in
Figure 2. The rate and specific mechanism for the cathodic delamination process depend on
the nature of the substrate metal, interphase layers, polymer and fillers, and coating
thickness, morphology and uniformity.

Cathodic delamination is a generally applicable mechanism for many types of polymer/metal
systems such as ships, pipelines, bridges, appliances, food container liners, circuit boards
and electronic components. Specific details for automotive coatings disbondment depend
upon materials, thickness and coatings system design. There are two circumstances which
should be considered for cathodic delamination contributions to the disbondment process with
automotive systems: Defect-free coatings and physically damaged coatings. In the former
case, reactants for degradation process diffuse through the coating very slowly establishing
what is often the rate-controlling mechanism. Thus, premature coatings system failure is not
likely for systems having adequate barrier properties or low interfacial reaction rates for
oxygen reduction. This statement presumes other coatings properties are adequate such as
hardness, flexibility and toughness and processes such as osmotic blistering due to contami-
nants and controlled by proper attention to material and application quality. In the latter
case, reactants are transported to the reaction sites through the physical defects. According-
ly, degradation can occur rapidly, dependent upon the aggressiveness of the environmental
factors and the ability of the coating system to resist corrosive attack associated with the
physical defect. A subset of this latter case occurs when the physical damage does not
perforate completely the polymer coating system. In the case of partial perforation, the
result can be cathodic blister formation with little or no rust formation until the blister cracks
or breaks.

Anodic undermining is the dissolution of the metal beneath the phosphate layer and is
associated with the prence of cathodic regions formed at defects where the oxygen
concentration level is higher or the metal coating becomes galvanically coupled to the more
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noble steel substrate in automotive systems. This process is associated with acidification

resulting from hydrolysis of metal ions formed in the anodic reaction, for example,

Fe + + 2 H20 = Fe(OH)2 + 2 H + (3)

Thermal cycling, alone or in conjunction with other disbondment processes, causes stresses
on the coating which can break adhesive bonds to the substrate.

Experimental Methods
Electrochemical impedance spectroscopy (EIS) and positron annihilation lifetime spectroscopy
(PALS) are the major focus of recent and on-going work on protective polymer coatings
characterization in our laboratory. The former4' 7' 9'20 and latter10'11 methods have been
described in detail and are presented briefly here.

EIS Method
Data were obtained from a system consisting of an EG&G Princeton Applied Research Corp.
Model 173/179 potentiostat with a computer-controlled Solartron 1250 frequency response
analyzer. The impedance spectra were determined from 65.5 kHz to 3.1 mHz. The input
amplitude was 15 mV above 100 mHz and 50 mV below 100 mHz. A diagram of the
impedance measurement system is shown in Figure 3.

The electrochemical cell was a glass cylinder clamped and o-ring sealed to the specimen
surface. The seal exposed 8.8 cm 2 of specimen surface to the distilled water test medium.
The reference electrode was Ag/AgCl, and a high density graphite rod served as the counter
electrode. Spectra obtained for polymer coated specimens were evaluated using equivalent
circuit models shown in Figure 4. Model 1 was satisfactory in cases of a single inflection in
log I Z I versus log f plots obtained on defect-free coatings, whereas Model 2 was useful in
more complex cases involving coating degradation. Typical coating degradation versus
exposure time as monitored with EIS is shown in Figure 5.

Studies were conducted on separate sets of specimens, each at room temperature (RT), and at
one of three elevated temperature excursions (40, 60 or 80'C). The typical sequence
consisted of: (1) the impedance spectrum taken at RT (this procedural step was designated,
RTl); (2) the specimen incubated at the test temperature for 1.5 h and the impedance
spectrum taken at the elevated temperature (this step was designated by the temperature used,
e.g. 60°C); (3) the specimen equilibrated at RT for 1.5 h and a spectrum recorded (designat-
ed RT2); and (4) specimens equilibrated at ambient laboratory conditions (22'C and 50%
RH) for 1 week and a final spectrum was begun immediately after filling with electrolyte
(final step designated RT31. Defert-free coatings yielded impedance spectra similar to those
shown in Figure 6 when subjected to hydrothermal measurement sequences.

Additional impedance measurements were made using powdered graphite as the conductive
phase between the specimen and counter electrodes to determine the response to temperature
without an electrolyte or water.
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PALS Method
The lifetime measurements were made with a standard fast-fast coincidence system based on
fast plastic scintillators, RCA photomultipliers, and EG&G Ortec electronics. A diagram of
the experimental setup is shown in Figure 7. The sources of positrons used were 10 ,uCi
(water uptake measurements) and 15 /.Ci (nitrobenzene uptake measurements) 22Na, each
sealed in 1. 1 mg/cm2 Kapton foils. In a typical experiment, the positron source was placed
between two coated specimens of approximately equal thickness, where the coated side was
in direct contact with the source. The spectrum was measured until 60K counts were
accumulated in the peak channel. The positron lifetimes and intensities, and their uncertain-
ties were obtained from the raw data using the POSITRONFIT2' program. Data obtained
with four materials are presented in Figure 8. Note the curve shapes to the left of the main
peak which clearly demonstrate differences between copper or nitrobenzene (small intensity,
short lifetime) versus water or polytetrafluoroethylene (PTFE).

Specimen preparation
Specimens were prepared from 10 x 20 x 0.05 cm SAE-1010 steel panels. The panels were
wet ground with 240 grit SiC paper, rinsed with ethanol and dried in warm air with a blow-
drier. Table 1 describes the components for the coatings. The coatings formulations and
cure conditions are given for the PALS and EIS studies in Tables 2 and 3, respectively.
Formulations were applied by draw bar at a thickness of 0.015 cm wcL After curing, the
panels were cut into 5 cm squares. Final cured thicknesses ranged from 0.0025 to 0.0040
cm.

Polybutadiene. Substrates for polybutadiene specimens were also prepared in the same
manner, but were cut into 5 cm squares before applying the coating. Polybutadiene was
applied by spin-coating and cured by baking at 195°C for 30 min. Cured-film thickness was
0.003 cm.

Polyester Baking Enamel. The polyester coating formulation consisted of the following
components: Components (weight %) - Polyester resin-N.V. (33.39); TiO1 (35.58);
Melamine Resin (11.12); Flow aid (0.076); Catalyst (0.894); Solvents (18.94). The blended
formulation was applied by spin-coating. The wet specimen was protected from dust, baked
at 190'C for 20 min and equilibrated at 22°C and 50% RH for 1 d before testing.

Urethane. A general-purpose, two-part urethane was applied by spin-coating and cured
under ambient conditions of 22°C and 50% RH for 7 d before testing. Cured-film thickness
was 0.004 cm.

Results and Discussion
EIS
Hydrothermal responses typically observed with polymer matrices are presented in Figure 9.
The sensitivity limit for the measurement system with 8.8 cm2 specimen area is approximate-
ly 10"1 ohm-cm 2. The 60'C log IZI values show 1-5 log units changes. The urethane
coating showed the largest change and failed to return to its initial value upon equilibration at
RT. Permanent degradation of the urethane coating occurred at 60°C during the short
exposure period. The epoxy, polybutadiene and polyester exhibited smaller changes than the
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urethane and no permanent changes to these coatings were observed due to the single, short
duration thermal exposure. These observations demonstrate the general impedance responses
obtained for polymeric coatings subjected to transitory exposures to heat and aqueous media.

Figure 10 plots the responses of 15 epoxy coatings to thermal transitions during water
exposure. Examination of Figure 10 suggests the cured polymer structure can be more
important than the presence of hydrophilic or hydrophobic tail solvents. Hydrophobic
solvents may be somewhat beneficial versus hydrophilic solvents. The absence of solvents in
the epoxy formulation does not appear to adversely affect the water resistance of the coating.
Additional details are provided in another paper22 .

PALS
Figure 11 shows the relationship between the equilibrium volume of water absorbed (vl) and
the change in coating free volume fraction upon water saturation (Af ) for two types of
polymer structures. The behaviors of the polymers are strikingly different with respect to
infusion of water. Free volume of the bisphenol epoxy decreases with water uptake.
Conversely, the aliphatic epoxy free volume increases with water uptake. These changes
have been related to solvent/polymer interactions 23 . Additionally, the coatings making up the
negatively sloped line offered excellent corrosion protection while the coatings making up the
positively sloped line offer extremely poor corrosion protection. The addition of the aliphatic
epoxide resin to the bisphenol epoxide resin caused the resulting coating (BG1) to fall on the
positively sloped line, and consequently this coating was found to offer poor corrosion
protection. Thus, the addition of the aliphatic epoxide, which is used as a reactive diluent
and plasticizer, to the bisphenol epoxy system causes a loss of corrosion protection which
can be predicted by PALS data. Table 4 lists calculated values for molecular cavity size,
solvent/polymer interaction parameter, X , and volume fraction of the solvent in the coating.
For comparison, values for PTFE are listed to emphasize the importance of X -- No water or
nitrobenzene occupies the large free volume sites in PTFE due to large (unfavorable)
interaction parameters. The combined effects of polymer crosslink structure and solvent
interaction strongly affect the degradation resistance of the coating material. These combined
effects can be directly measured by PALS and isolated into respective contributions by
subtracting the solvent effect obtained by theoretical calculation.

Relationship to Internal Coatings
The major degradation processes for internal coatings used for hot petroleum production
involve infusion of materials into the polymer coating. After infusion, coatings can be
damaged by a rapid pressure loss or by cyclic pressure transients, chemical interactions
resulting in adhesion losses, or electrochemical reactions which damage the polymer/metal
interface. The damage can be avoided by enhancing the barrier properties of the coatings
systems. EIS and PALS methods presented here provide measurements of the barrier
properties which are useful in accessing the coatings performance in hot production service.
Both techniques can be performed in situ using thermal and pressure conditions appropriate
for petroleum production.
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Summary
Polymer coatings degradation processes have been described which are related to internal
vessel and tubular cnvironments for hot petroleum productions. Ingress of materials into
polymer matrices is an essential step in most coatings degradation mechanisms including
those for blistering, wet adhesion, cathodic delamination and general (chemistry-related)
adhesion losses. Barrier properties are important criteria for coatings used in pressurized,
hot petroleum environments. Coating properties can be evaluated using EIS and PALS
techniques under conditions similar to those encountered in hot production. Hydrothermal
behavior of polymer coating materials can be rapidly evaluated. Free volume measurements
provide details on materials interactions critical to barrier property appraisal. Information
obtained by the property evaluations should be useful in the accessment current coating
materials for specific conditions and in the development of new polymeric formulations.
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TABLE 1. EPOXY COATING COMPONENTS

Material Equiv. Description Solvent Solubility
I wt. IIIin H20_

Resin-i 172-176 diglycidyl ether of none none
bisphenol A (DGEBA)

Resin-2 175-205 polyglycol diepoxide none slight

TETA 24.4 triethylenetetramine none complete

AEP 43 aminoethylpiperazine none complete

Hardener-i 116 polyamide resin none 0.5%

Hardener-2 325 polyamide resin 30% xy- 0.4%
lene

Surfactant - --- solution 'f a mono- xylene
polyether phenyl glycol 11.5-1-
modified 3.5%
dimethyl-

polysiloxane
copolymer

TABLE 2. EPOXY COATINGS SYSTEMS' FOR PALS MEASUREMENTS

Coating Epoxide I Curing Agent phr 2  Curing Conditions

Bi Resin-i TETA 14.0 2 h, 100°C

B2 Resin-2 Hardener-i 66.7 2 h, 100°C

B3 Resin-1 Hardener-2 187.0 2 h, 100°C

B4 Resin-i AEP 24.7 2 h, 100°C

GI Resin-2 TETA 12.8 2 h, 100°C

G2 Resin-I Hardener-i 61.0 2 h, 100°C

G3 Resin-2 Hardener-2 171.0 2 h, 100°C

BG1 3  Resin-i & TETA 13.4 2 h, 100°C
Resin-2

1. All coatings have 0.1 parts per 100 by mass of surfactant.

2. phr - (amine H EW x 100)/(Epoxide EW).

3. 1:1 ratio of Resin-1 : Resin-2 by mass.
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TABLE 3. EPOXY COATINGS SYSTEMS FOR IMPEDANCE MEASUREMENTS

POLYMER SYSTEM CODE

NO SOLVENT HYDROPHOBIC HYDROPHILIC

I SOLVENT SOLVENT

Resin-i El Ei-O El-I
TETA

Resin-i E2 E2-O E2-I
Hardener-i

Resin-2 E4 E4-O E4-I
Hardener-1

Resin-l:Resin-2 (1:1) E5 E5-O E5-I
TETA

Resin-l:Resin-2 (1:1) E6 E6-O E6-I
Hardener-i

15 Systems: Solventless, Hydrophobic* and Hydrophilic*
5% solvent before oven cure

TABLE 4. FREE VOLUME AND SOLVENT INTERACTION COMPARISON
BETWEEN WATER AND NITROBENZENE

Material Water Nitrobenzene

molecules x vi molecules X vi
per cavity I I per cavity I I

Bi 2.3 4.88 0.0256 0.41 0.58 0.005
B2 3.2 " 0.0482 0.57 " 0.259
B3 3.7 " 0.0560 0.65 " 0.349
B4 2.2 " 0.0383 0.39 " 0.028

Gi 3.1 4.52 0.246 0.55 0.82 0.398
G2 3.6 0.176 0.64 " 0.416
G3 4.1 0.133 0.72 " 0.498

PTFE 12 17 -0 2.1 18 -0

X - solvent interaction parameter; X - 0.34 + (Vm/RT)(6 1 -62) , where
V, is the molar volume of the solvent, and 61 and 62 are the solubility
parameters of the solvent and polymer, rqspectively.

v- volume fraction of the solvent in the coating.
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Impedance versus Time Epoxy Coating

12 r Impedance versus Temperature
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Figure 5. Impedance versus time for polybuta- Figure 6. Epoxy coating exhibiting large hydro-

diene. thermal impedance change at low frequency.
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Figure 7. PALS instrumentation. Figure 8. PALS data for four materials with
differing long lifetime characteristics.
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Rpo VERSUS TEMPERATURE FOR 15 EPOXY COATINGS
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Figure 9. Coatings exhibiting large and small Figure 10. Hydrothermal impedance behavior of
hydrothermal impedance changes at low frequen- 15 epoxy coating systems: Room temperature-
cy. 60'C transitions.
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Abstract

The coking and carburisation, decoking and subsequent oxidation of several cast
heat-resistant steels have been observed. A commercial HP grade, a high silicon
version of this steel and an experimental aluminium-containing steel were found all
to coke similarly at 1000 0 C in hydrogen-propylene. The aluminium steel did not
carburise extensively, being protected by an A12 0 3 surface layer, but the other two
steels underwent rapid internal carburisation.

Subsequent exposure of these reacted steels to air-steam mixtures led to rapid coke
burn-off according to linear kinetics. This left the steels with a surface scale of
M7 C3 which covered the surface of the HP grade and the high silicon modification,
but formed as islands on the aluminium steel. Further exposure to air-steam at 800
and 9000C led to slow oxidation of this carbide. This reaction proceeded initially
according to slow, parabolic kinetics but was later rather irregular due to occasional
scale spallation. The practical consequence of this behaviour was that it proved
impossible to passivate the steel surfaces in a reasonable time under the conditions
employed.

Key terms: high temperature corrosion, pyrolysis, scale formation, decoking.

Introduction
Pyrolysis tubes in steam-cracking furnaces must withstand the effects of a strongly
reducing, highly carburising process stream on their interior and an oxidising
environment on their exterior, which is fired to temperatures of up to 1150 0 C. The
materials used in these applications are cast, austenitic steels most commonly of HP
grade. A typical composition is shown as alloy A in Table 1.

In service, these materials fail ultimately as a result of carburisation, caused by
carbon dissolution into the steel at the tube wall inner surface. Because of this,
there is considerable interest in the possibility of protecting the steel from the
carbon with an appropriate coating or scale. The possibility of finding an effective
scale is particularly attractive because, in the normal course of operations, the
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interior of the tubes is periodically subjected to strongly oxidising conditions. This is
necessary in order to burn out accumulated carbon deposits, which would otherwise
constrict the tube diameter. This procedure, known as "decoking", might afford the
possibility of developing a protective oxide scale on the metal surface, if suitable re-
action conditions can be defined.

As part of a larger program 1, 2 on alloy modifications for improved performance in
steam-cracking furnaces, a study of the oxidation of heat-resistant steels which have
already undergone carburisation and coke deposition, has commenced. The present
paper reports the results of a preliminary investigation of the oxidation behaviour of
a current technology commercial steel, together with two developmental steels.

Experimental
The compositions of the three alloys used in this work are given in Table 1. Alloy A
is a commercial HP grade material produced by Schmidt & Clemens GmbH and
known as G4852 Mod A. Alloys B and C are experimental materials, produced by the
same company. Alloy B is very similar to the commercial material but possesses an
unusually high silicon content. Alloy H is a complex material containing significant
levels of a number of reactive elements as well 14.3 w/o (weight percent) cobalt, 3.1
w/o molybdenum and 1.65 w/o aluminium. The latter two alloys were chosen for use
in this study because of the potential benefits which might be expected from the
strong oxide formers, silicon and aluminium.

Sample coupons were approximately 2 mm thick and had a total surface area of
approximately 2 cm 2 . Specimen surfaces were ground to a 600 grit finish and
ultrasonically degreased in acetone immediately prior to use.

The kinetics of coking, decoking and oxidation were monitored continuously using a
Combustion Instruments Electronics MK2B Microforce microbalance with a sensi-
tivity of 0.02 mg. An alloy specimen was suspended from the balance on a silica
cradle and thread inside a Vycor tubular reactor. The reactor was heated externally
with an electric furnace, and the temperature of the specimen was controlled within
± 20C. The required reaction gas mixtures were flowed through this reactor at rates
fast enough to ensure that mass transfer was not rate controlling. The coking/
carburising gas was 89% hydrogen, 11% propylene at a total pressure of 1 atm and
the flow rates yielded a residence time in the hot zone of the furnace of
approximately 5 seconds. Coking was always carried out at 1000 0C. The decoking and
oxidising gas was 55% air, 45% steam which was flowed through the reactor with an
inlet gas residence time of about 4 seconds.

In a typical experiment, the system was purged first with argon and then with
hydrogen. The pre-heated furnace was then raised over the reactor tube and, once
thermal equilibrium was established, propylene was added to the gas flow and the
weight gain accompanying carbon uptake was observed to commence. When the
desired degree of carbon uptake was achieved, argon was again purged through the
system whilst the temperature of the furnace was slowly lowered to the level chosen
for decoking and oxidation. Values of 720, 800 and 9000 C were used. Once the
desired value was reached, the air steam mixture was introduced and coke burn-off
commenced. Unfortunately the first 30 seconds or so of reaction could not be
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observed due to mechanical instabilities of the balance following the change in
viscous drag of the test gas flow. After this period, a weight loss was observed until
most of the coke had been removed. From this point on, the weight gain due to
oxidation was followed. At the conclusion of each experiment the specimen was
allowed to cool in flowing argon.

After reaction, specimen surfaces were examined using scanning electron microscopy
and energy dispersive X-ray spectroscopy as well as X-ray diffraction. In addition,
metallographic cross-sections were prepared and examined.

Results
The sequential stages of coking, coke burn-off and oxidation are dealt with
separately.

Coking/Carburisation
Alloy B gained weight at a slightly slower rate than Alloy A, while the rate for alloy
H was significantly slower. Weight uptake kinetics for alloys A and B were parabolic,
as shown in Fig. 1, and reasonably reproducible. Regression on the parabolic rate
equation

i
2

AW/A + W' = (2 kpt) (1)

where AW/A is the weight change per unit area formed in time, t, and W', kp are
constants, yielded estimates for the rate constant which are shown in Table 2. The
behaviour of alloy H was quite irreproducible with kinetics ranging from linear in
some cases to parabolic in others. In a number of cases initial, slow, linear kinetics
were succeeded by rather slow, parabolic kinetics as shown in Figure 1.

Analysis by in-situ XRD of the deposits formed on the alloys identified the metal
carbide, M7 C3 , and graphitic coke. The appearance of these deposits on alloys A and
B was very similar and an example is shown in Figure 2(a). In both cases the deposit
had the appearance of pyrolytic graphite. The deposit on alloy H was also mainly
pyrolytic coke, but in addition, filamentary coke was present, as shown in Fig. 2(b).

Cross-sections of the alloys after exposure to the coking and carburising gas
revealed that alloys A and B behaved rather similarly, but alloy H was different.
Alloys A and B both formed poorly adherent, brittle external carbide scales, but also
underwent extensive internal carburisation. An example is shown in Fig 3(a). Alloy H
formed very little external scale, and the degree of internal carbide formation was
very much less than for the other alloys, as seen in Fig 3(b). Internal carburisation
was uniform for alloys A and B, but for alloy H occurred only in localised areas.

Decoking 2
After coking for two hours at 1000 0 C, weight gains of approximately 3 mg/cm for

Alloys A and B and 0.5 mg/cm2 for Alloy H were recorded. Subsequent decoking in
steam-air mixtures led to linear weight loss kinetics at 720, 800 and 900 0 C. These
linear kinetics were observed after an initial period of about 30 sec, during which
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data was unobtainable because of balance instabilities. Typical data are shown in
Figure 1 and linear rate constants are listed in Table 2.
Once a significant proportion of the coke on the specimen surface had gasified, the
rate of weight loss was found to slow until all the coke had been removed. At this
point weight gain due to oxidation was observed to commence.

Oxidation
The oxidation in air-steam mixtures at 800 and 9000C of decoked surfaces was found

to follow parabolic kinetics initially, but subsequently displayed much more complex
behaviour, including periods of weight loss. Typical data is shown in Figure 1.
Kinetic data for the initial post-coking oxidation was subjected to regression on
equation 1, yielding the estimates for the rate constants which are shown in Table 2.
Oxidation at 720 0C was too slow to measure.

For comparison purposes, fresh alloy samples which had not been exposed to the
carburising/coking gas, were oxidised in the same air-steam mixture and the kinetics
observed. Results are shown in Figure 4 where it is seen that at 9000 C all three
alloys oxidised according to parabolic kinetics with alloy H reacting very much more
slowly than the other two. However, at 8000 C alloys A and B oxidised initially
according to parabolic kinetics and subsequently showed a very irregular pattern of
behaviour, including occasional weight losses. At this lower temperature, the
oxidation of alloy H was too slow to be measured.

Parabolic rate constants for steam-air oxidation of fresh alloys are compared with
the corresponding values for early stage steam-air oxidation of coked and carburised
alloys in Table 2. The rates at which coked and carburised samples oxidise in the
steam-air atmosphere are generally slower than the corresponding values for
previous unreacted alloy surface. An exception appears to be alloy A at 9000 C, for
which a slightly higher rate is recorded for post-coking steam oxidation. These

comparisons are valid only for the initial stage of reaction. In the longer term, steam
oxidation at 9000 C of pre-coked alloys A and B departs dramatically from parabolic
kinetics, whereas for non-coked alloys parabolic oxidation kinetics continue.

Analysis by X-ray diffraction was carried out on the sample surfaces after steam
oxidation. The results are summarised in Table 3 where it is seen that the effect of
coking prior to steam oxidation Is reflected in the persistence of M7C 3 in the surface
layer even after subsequent oxidation treatment. It was also found that whereas
Cr 20 3 was the majority species in the scale formed by steam oxidation of fresh
metal surfaces, the proportion of spinel was increased in the products of post- coking
steam oxidation so that Cr 20 3 and spinel were present in approximately equal
proportions.

Alloys oxidised in air-steam mixtures without prior coking and carburisation were
examined metallographically. It was found that alloys A and B were very similar in
appearance and a cross-sectional view is shown in Figure 5(a). A thin continuous
external scale is seen to have formed. Alloy H behaved quite differently as is seen in
Figure 5(b) where significant internal oxidation is apparent.
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Cross-sectional views of alloys subjected first to coking and then to steam-oxidation
were rather similar in appearance to those of the same materials after simple steam
oxidation. One critical difference however is that the external scale formed in this
procedure is not continuous. An example is shown in Figure 6 where a thin patchy
external scale is visible on the surface. Immediately beneath the surface a narrow
zone in which carbides have been dissolved is seen. This zone forms as a result of
outward chromium diffusion to form external chromium-rich scale during both the
carburisation/coking stage and the oxidation stage.

The difference in reaction products produced by simple steam-air oxidation and
steam-air oxidation after precoking is most clearly shown by SEM examination of the
external topography. It is seen in Figure 7(a) that the scale formed by air-steam
oxidation of alloy B has reproduced the grinding marks on the original alloy surface.
Steam oxidation of precoked specimens of the same alloy produced a very different
appearance as shown in Figure 7(b). Here a rather fine grained surface has formed,
which bears no relationship to the original alloy surface grinding marks. The origin of
this oxide mcrphology was investigated by examining the surface of an alloy which
had been precoked and then undergone carbon burn-off but for which the reaction
had been stopped before the commencement of weight uptake, that is prior to the
beginning of oxidation. Such a sample is shown in Figure 8 where a fine, nodular
appearance is apparent. Analysis by X-ray diffraction revealed that the surface
region was composed entirely of carbide, M7C 3. It is apparent, therefore, that the
appearance of the subsequently oxidised surface is dictated by the fact that it is the
surface carbide which is oxidising under these circumstances.

Alloy H developed surface deposits of quite different appearance. The surface of a
sample which had been air-steam oxidised after precoking is shown in Figure 9. The
smooth, featureless region which makes up most of the surface was found to be
aluminium-rich and is presumed to be A120 3 . The dark regions were chromium-rich
oxide, and the lighter coloured nodules were found to contain reactive elements. The
surface of a similar sample prior to the onset of oxidation, that is after the burning
off of coke, is shown in Figure 10. Again the smooth region is aluminium-rich and
the dark, localised regions are chromium-rich, but in this case the chromium-rich
phase is carbide.

Discussion
The carbon uptake shown by these alloys when exposed to hydrogen-propylene
mixtures was due to two different processes, coking and carburisation. Coke deposi-
tion on the surface from the gas phase is known 3,4S to proceed with linear kinetics.
At 1000 0C, coke deposits are formed mainly by gas phase pyrolysis, and similar
coking rates are observed for all materials. The coke deposits formed in the present
work had the appearance and the graphite structure expected of a pyrolytic process.
Only in the case of alloy H was some additional coke of filamentary morphology
present. Coke of this type is generally thought 6,7 to result from catalysis at metal
surfaces of hydrocarbon degradation reactions. Its presence therefore indicates the
presence of a somewhat different surface on this alloy during exposure to these
gases.
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Carburisation takes the form of internal precipitation of chromium-rich carbides
resulting from the dissolution of carbon into the alloy and its inward diffusion. As is
well known, 8-11 the diffusion-controlled nature of these processes causes the
kinetics to be parabolic.

The observed parabolic weight uptake kinetics for alloys A and B show that the
majority of the carbon is incorporated into the alloy itself in a carburisation process.
The amount of coke deposit is relatively small. Alloy B carburises more slowly than
alloy A as a result of its higher silicon content, which depresses carbon solubility and
diffusivity in the austenitic matrix 12

The irreproducible carbon uptake behaviour of alloy H clearly results from the very
variable carburisation behaviour of this alloy. The small extent of carburisation of
this material is known2 to be due to formation of an almost continuous aluminium-
rich surface oxide layer. Localised failure of this layer is a consequence of the
rather low alloy aluminium content and leads to local regions of carbon entry into
the alloy. It has been shown1 3 that a level of at least 2.7 wt % aluminium is
necessary to enable a stable, protective oxide layer to form under the strongly
reducing, carburising conditions employed here. The localised failure of the A12 0 3

surface film not only permits internal chromium carbide formation, but exposes the
remnant alloy matrix, principally iron and nickel, to the hydrocarbon gas. These
metals are strongly catalytic to coking reactions, and the observed filamentary coke
results.

The linear kinetics observed for coke burn-off are to be expected for a surface
controlled reaction 4,6,14. As the coke is mostly pyrolytic, similar combustion rates
would be expected for the deposits on all alloy surfaces. Differences arise in
measured burn-off rates through the somewhat different morphologies of the
deposits and their consequently different surface areas. In addition, the deposit on
alloy H was observed to contain some filamentary or catalytic coke. This material is
known to burn extremely fast 4 and it was probably removed during the very initial
stages of decoking.

The oxidation of non-coked alloys in air-steam mixtures led to parabolic kinetics at
9000 C, but irregular reactions at 8000 C. At the lower temperature the irregularities
were caused by occasional, local spallation of the oxide scale. Alloys A and B formed
scales made up largely of Cr 20 3 and containing also some spinel. The same pattern
of reaction products has already been found for cast heat-resistant materials exposed
to high temperature air 15 . Alloy B was considerably more resistant to oxidation than
alloy A, presumably because of its high silicon content. No discrete silicon-rich layer
was found in the oxide scale on alloy B. However, EDAX analysis did indicate some
silicon enrichment at the scale metal interface. The much slower oxidation rates
observed for alloy H are a consequence of the formation of a protective A120 3 scale
over much of the alloy surface. As noted above, this alloy contained insufficient
aluminium to form a continuous and truly protective scale. In consequence, localised
ares of chromium-rich oxide were also produced. An additional consequence of this
alloy's rather low aluminium content was the formation of internal oxide.
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The occurrence of spallation during air-steam oxidation of alloys A and B at 8000 C
was surprising. Oxidation of this sort of material in air does not lead to spallation1 5,

and the mechanism whereby the steam has this effect is not apparent.

The initial oxidation in air-steam mixtures of pre-coked and carburised alloys was In
general substantially slower than air-steam oxidation of fresh alloy surfaces.
Although the kinetics are complicated by the subsequent spallation of reaction
product from the alloy surfaces, it is nonetheless clear that carburised alloys oxidise
more slowly than new material.

This difference in oxidation rate can be ascribed to the fact that alloys subjected to
coking/carburisation treatments, followed by coke burn-off, are left in a state where
their surfaces are covered by a chromium-carbide scale. The subsequent oxidation of
this material

4 Cr7C 3 + 2702 = 14 Cr 20 3 + 12 CO (2)

is evidently a rather slow process. This has been noted before in a qualitative
fashion 1 6 , but actual kinetic data has not previously been available.

The much greater tendency to spallation during oxidation of a carburised surface can
be understood from reference to equation 2. A substantial volume expansion
accompanies the conversion of carbide to oxide. It can be calculated from the
densities of these compounds that the volume expansion amounts to 77%. Substantial
stress accumulation is expected to accompany this change. The effect would be
exacerbated by the release of gas implied by reaction 2. In view of these factors, it
is not at all surprising that localised failure of the reacting carbide scale is a
common event.

The carbide, M7 C 3, can contain quite high levels of iron 17 . The solubility limit at
1000 0 C corresponds to about 38 atom percent of the carbide metal component being
iron. Oxidation of this mixed carbide obviously leads to the formation of a sub-
stantial amount of iron-rich spinel in addition to the Cr 20 3. This explains the much
higher proportion of spinel found in products of steam-air oxidation of pre-carburised
material than in the oxide scale formed on a fresh alloy surface.

Conclusions
The phenomena observed during sequential coking, coke burn-off and subsequent
oxidation are all easily understood in terms of the materials chemistry involved.

The most important finding is that steam-air oxidation of pre-coked and carburised
alloy surfaces is surprisingly slow. This was exemplified by the fact that oxidation
for 24 hours at 9000 C failed to establish a continuous, protective, oxide scale. Even
in the case of alloy H, which was in large part protected by an aluminium-rich oxide
layer, the surface regions where this layer had failed did not form a useful oxide
scale in a reasonable time at 900 0C.
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The reason for the failure of these alloys to passivate by oxidation was slow
oxidation of the prior carbide scale.
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Table I Chemical Composition of alloys (wt%) (Fe balance).

Alloy C Si Mn Cr Mo Ni Zr Nb Ti

A 0.45 1.8 1.1 24.0 0.0 32.3 0.1 0.8 0.2

B 0.4 2.6 1.0 24.0 0.0 32.4 0.0 0.8 0.1

H* 0.4 0.7 0.4 17.7 3.1 31.3 0.5 0.4 0.3

* contains 0.1 w/o Y, 1.65w/o Al, 1.2w/o Ta, 1.3w/o Hf and 14.3w/o Co.

Table 2 Rate Constants

Alloy Coking Decoking in air-steam
k x102  klin x -lx 102

(mg cm min- 1) (mgcm mir-)

1000 0C 7200C 8000 C 9000C

A 3.3 ± 0.75 1.9 3.8 15

B 3.3 ± 0.3 3.5 5.5 30

H 0.27 ± 0.1 2.8 4.5 25

Alloy Steam oxidation Post-coking steam-oxidation
k x 105  k x 105

(mg2c-4min-4) (mg2Pm4min-)

8000 C 900 0C 7200 C 8000 C 9000C

A 1.5 7.0 0 0.1 8.6

B 1.3 2.0 0 0.1 0.6

H - 0.4 0 0 0.1
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Fig.l. Weight change kinetics for.
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(b) replicate coking experiments for alloy H at 1000°C
(c) decoking at 9000 C
(d) post-coking oxidation at 9000C
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*

Fig.2. Topographic views after coking at 1000°C of Alloy A (left)
and Alloy 11 (right)

Fig.3. Cross-sections of Alloy 13 (left) and Alloy If (right) after coking
at 1000 0 C for 2h. Carbides are stained dark.

2635



0.30 0.12
goo *C amo 0 c

0.10

9 0.20 o0.08 0 ° 0o

0 O

0.060

0.10 0.04

I0 A 0.02 .

0

0 0 A 0

.0 0.00

0 10 20 30 40 0 5 10 15 .1 25

Square root of time (rain/'a) Square root of time (main'/$)

Fig.4. Air-steam oxidation of fresh alloy surfaces.

U -

0 10 20 0ti 400d0 1 20 25m

Fig.5. Cross-section of Alloy A (left) and H (right) after steam-air
oxidation at 900fC for 24h.

2636



lot~~i 406 2IK X150 I* D

Fig.6. Cross-section of Alloy A. Fig.7(a). Surface of Alloy A
steam-air oxidation at 9000 C after steam-air
for 24h, after pre-coking. oxidation for 24h.

Fig.7(b). Surface of Alloy A after Fig.8. Surface of Alloy A after

steam-air oxidation at 9000 C carbon burn-off of pre-

of pre-coked surface. coked surface.
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Fig.9. Surface of Alloy H after Fig.10. Surface of Alloy H after
steam-air oxidation at 9000 C carbon bum-off of pre-
of pre-coked sample. coked sample.
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Abstract

The ability to predict the performance of materials in H2S-containing environments is becoming increasingly
important in the search for oil and gas. In this context, resistance to sulphide stress cracking (SSC) is essential,
since the occurrence of SSC can result in a catastrophic and potentially hazardous failure. Therefore, SSC per-
formance of several grades of downhole tubular were evaluated using a combination of test methods over a wide
range of testing conditions.

The results have identified that thesusceptibility to SSC, thecrack growth rateand the resultant fracture morphology
are dependent on the solution chemistry. The dominant effect of H2S presence is found in acidic solutions where
hydrogen adsorption increases and causes enhanced hydrogen entry into the steel. Results derived from different
test methods showed a good correlation and were complementary. The use of double cantilever beam (DCB)
specimens backed by crack growth monitoring using alternating current potential drop (ACPD) technique enabled
the identification of a threshold stress intensity factor and crack propagation rate. The results have led to both
mechanistic and engineering data providing qualitative and quantitative information on the performance of
materials in sour service media.

Key terms: carbon and low alloy steels, crack propagation rate, sour service, sulphide stress cracking,
test methods

Introduction

Corrosion is a natural potential hazard associated with downhole tubulars. This results from the fact
that an aqueous phase is inevitably co-produced with the oil and/or gas. The inherent corrosivity of
this aqueous phase is heavily dependent on the levels of CO2 and H2S acidic gases which are also
co-produced. The appropriate choice of materials for downhole applications is an important factor in
the economic b•,ioss of oil and gas activities. This is becoming increasingly important as wells are
drilled deeper and downhole conditions tend to become more corrosive and contain higher levels of
acidic gases. Materials choice is governed by mechanical properties, resistance to beth corrosion damage
and sulphide stress cracking (SSC), availability and cost. The presence of H 2S, CO 2 and brine in wells
not only gives rise to increased corrosion rates, but also can lead to environmental fracture associated
with enhanced uptake of hydrogen atoms into the steel. Resistance to SSC is often the principal factor
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affecting the choice of materials for H2S-containing environments, since the occurrence of SSC can result
in a catastrophic and potentially hazardous failure. The risk of SSC and lack of a realistic knowledge
on the corrosivity of produced fluids often leads to the selection of highly alloyed, highly priced materials
with an abundant cost penalty. Therefore, it is important to have a method of assessing the performance
of candidate materials that leads to the most appropriate and cost-effective choice.

The SSC performance of materials has long been recognised and has prompted extensive studies of the
subject [1-51. Effort has been expended in studying factors controlling the performance of materials in
production environments in an attempt to define the safe operating limits of candidate materials in terms
of the environmental and mechanical conditions. This knowledge is gained, in part, from service
experience. Nonetheless, it is imperative that candidate materials are assessed in the laboratory prior
to their application in the field, so that costly and potentially hazardous failures are avoided. Many test
methods have been developed to assess the degree of susceptibility of candidate materials to SSC [6].
However, such approaches are often fraught with danger. This is because the tests have to be "accel-
erated" to produce results within an acceptable time frame, so that the environments and/or loads used
are often unduly severe when compared to the expected service conditions. Furthermore, the relevance
of some of these short term tests to long term performance had been exceedingly difficult to establish
other than by long term experience or evaluation. Recent application of a finite number of test methods
and appropriate solution chemistry has proved extremely effective in drawing a realistic picture of the
SSC performance of tubular goods [3,4,81.

In this study, a selected range of techniques were utilised to evaluate the SSC behaviour of downhole
materials. Based on this an alternative test procedure has been developed showing discriminatory data
and providing qualitative and quantitative information on the performance of a wide range of oil country
tubular good (OCTG) steels exposed to sour service environments.

Experiments

Materials

Four grades of oil country tubular good (OCTG) carbon steels were used for the test programme. These
included grades K55, L80, C90 and P110 steels. The chemical composition and mechanical properties
of these are tabulated in Tables 1 and 2, respectively.

Environments

The test solution was based on that specified in NACE TM0177-90 [61 and contained 5% NaCl and 0.5%
acetic acid. The solution was prepared with analytical grade reagents and distilled water. Prior to the
commencement of each test, the solution was purged with nitrogen for an hour and then saturated with
H2S (or a mixture of H2S and nitrogen) for an additional hour. Details of experimental procedures are
presented elsewhere [3,4,81.

The initial pH of NACE solution was found to be 2.8 and little or no variation in pH was recorded during
each test. All tests were carried out at room temperature (23 °C) as this represents the worst case
conditions for the occurrence of SSC [4].

SSC Test Methods

"Th-ee standard categories of test were utilised in the present study. These included smooth specimen
tensile (ST) test, constant extension rate tensile (CERT) testing and pre-cracked double cantilever beam
(DCB) testing. In using ST testing, both constant load and sustained load arrangements were employed
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in order to find out the extent to which the results derived from each test method differ. ST and DCB
testing were in accordance with NACE TMO177-90 standard test method whereas details of CERT testing
are described elsewhere [3,81.

Cylindrical tensile test specimens taken in parallel to the pipe axis, were used for both ST and CERT
testing having a 2.5mm diameter over a 25mm gauge length. Specimens were prepared in accordance
with the requirement specified in NACE TM0177-90. Prior to exposure, the specimens were degreased
with acetone and dried in a stream of warm air. ST tests were run for a period of 720 hours. CERT data
were analysed on the basis of normalised strain to failure, i.e. the ratio of strain to failure in solution
over the corresponding value produced in air [3,81.

KI.c was identified through both the method defined in TM0177-90 [61 and using Equation (2). In both
cases a factor for the effect of .the ride grooves was included. The specimens were madcined from each
tubing in the longitudinal direction measuring 100 mm long, 25 mm high and 9.5 mm thick. Side grooves
1.9 mm deep were used to control the crack direction. This geometry was in accordance with the pro-
cedures specified in NACE TMO177-90. All speimens were faliguep•e-cracked toatleast 1.5 rnmbeyond
the root of chevron notch following the procedures described in NACE TMO177-90 and taking ISO 7539-6:
1989 (E) recommendations into account. DCB specimen loading was made by means of a screw placed
through one arm. Arm deflections recommended in NACE TM0177-90 were applied. In DCB testing,
test duration was kept to 360 hours.

In defining the Klssc, calculations were made on the crack tip stress intensity so that, where the crack
came to a halt, plane strain criteria were satisfied, i.e.

B > (K ../ay)' (1)

where: acy is the yield strength.

Crack Growth Rate Studies

In studying the crack propagation rate of the OCTG materials, DCB specimens were used. In these cases,
the crack tip stress intensity factor (K) was calculated using the load-line displacement equation for DCB
specimens (ISO 7539-6: 1989(E)) which includes a factor for the effect of the side grooves as described
by Heady 191. This equation is as follows:

[tSEh[3h(a + 0.6h)2 + hj] NB M (2)

[4 [(a +0.6h) 3+ahj] ~~

where 3 is the displacement at the load line, E is the Young's modulus of the material, a is the crack
length measured from the load line, h is the specimen half height and B and B, are the width of the
grooved and ungrooved specimen, respectively.

Continuous crack length measurements were madeduring the tests usingan alterna tingcurrent potential
drop (AC/PD) system. Figure 1 shows the positioning of the four point probe system used in monitoring
crack length with elapsed time. This arrangement provided satisfactory sensitivity tc crack increment
across the specimen width. The load setting bolts of the DCB specimens were fitted with insulated
inserts to avoid a low resistance path across the crack. Measurements of crack length (a) and elapsed
time were converted to crack growth rate (da/d t) using a computer program based on a seven data point
polynomial curve fitting method as described in ASTM E-647. Equation (2) was used to calculate the
corresponding stress intensity factor.

2641



Results

SSC Test Results

SSC test results of grade L80 steel using different test techniques are presented in Figures 2, 3 and 4.

The time to failure data using constant load and constant displacement arrangements are presented in
Figure 2 showing minor disparity. However, the constant load arrangement or using a sustained load
arrangement with a compensation for the load relaxation during the testing [2,5] are preferred methods.
This is due to the possibility of load relaxation resulting in lowering of effective applied load on the
specimen and subsequent crack halt.

The analyses of CERT data based on normalised strain are shown in Figure 3 illustrating an excellent
ranking of materials with respect to their SSC performance. Normalised strain to failure was used based
on its proven sensitivity to detect the susceptibility to SSC [3,81.

Crack Growth Rate Studies

A typical crack length/time curve is shown in Figure 4 for grade P110 material in the NACE solution
saturated with gas containing 10% H2S. A region of constant crack velocity is apparent.

Crack growth rate data were displayed correlating crack growth increment (da/dt) with crack tip stress
intensity factor (K) on a semi-logarithmic basis. An example of the effect of the crack tip stress intensity
factor (K) upon the crack propagation rate (da/dt) is shown in Figure 5. The curve clearly exhibits three
distinct stages. At low values of K, threshold stress intensity value (KL,) is set, below which cracking
does not occur. KL, was defined as the value at which the crack velocity became less than 10" m/s. At
intermediate values of K, da/dt is strongly dependent on K (region I) and at higher values of K, da/dt
becomes relatively independent of K (region II).

The Effect of H2 S Concentration

The effect of H 2 S concentration on the KL, values are recorded in Table 3 and Figure 6 showing that the
threshold stress intensity decreases with H2S concentration. KL. values for grade P110 material were
found to be lower than that of grade C90, as expected, since grade P110 material is a more susceptible
steel to SSC. Little or no experimental scatters were experienced in the generation of Kc. Furthermore,
K, calculated using both NACE TMOI 77-90 and Equation (2) showed good consistency.

Discussion

Based on the data presented using a number of materials and employing a combination of test methods,
an overall approach to materials selection with respect to the SSC behaviour is summarised in Figure 7.
This is based on using data generated through CERT, ST and DCB testing. A combination of these
techniques provides both qualitative and quantitative information on the SSC behaviour of materials.
The test methods are as follows:

i. Qualiiative information wasachieved through constant extension rate tensile(CERT) testing.
This method was used as a rapid and efficient method of ranking materials with respect to
resistance to the environment under consideration.

ii. Quantitative information was provided by means of a fracture mechanics approach through
which the threshold stress intensity (KI,) value for a material/environment system was
identified. The K1• value represents the threshold stress intensity factor below which the
material can be used without risk of failure due to SSC.
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iii. Complementary information was provided by testing smooth specimens under constant
load. This was the conventional method of testing for resistance to SSC and gave meaningful
and plain engineering data. These data provide additional confidence in the interpretation
of results.

For SSC to occur, a combination of mechanical, environmental and metallurgical parameters is required.
Mechanical parameters are portrayed by the manner by which tensile stress is applied. Environmental
variables are illustrated by solution chemistry and metallurgical parameters by the type of material. The
above approach caters fully for mechanical parameters combining the conventional methods with the
ease of CERT testing and the accuracy of fracture mechanics. The data presented in Figure 6 and Table
3 have shown the importance of solution chemistry in defining the SSC behaviour of steels, reiterating
the findings of previously published works 12-41. The importance of solution chemistry was conveyed
through a domain diagram relating solution pH with H2S partial pressure - the two principal parameters
in the occurrence of SSC [4].

The results produced by the three methods were found to be complementary in providing sufficient
information in materials ranking. The use of these methods enabled a realistic picture of the SSC
performance of a range of OCTG steels paving the way towards establishing long term performance of
tubular goods. This is in support of results produced by other workers using a combination of test
techniques 1161.

It is apparent from Figure 5 that there are three regions of velocity versus stress intensity factor. In
region I velocity varies exponentially with the stress intensity factor. In region I1 the velocity is virtually
independent of stress intensity. Region III where the velocity is again exponentially related to stress
intensity factor was not identified in this study, simply because the stresses in this region are well beyond
those anticipated in service and were considered irrelevant to the performance of tubulars in sour service
conditions. However, region III data emerge with the fracture toughness properties of materials and
should be dealt with separately.

It can be seen from Figure 5 that the conventional method of time to failure tests to define materials
performance is not very relevant for mechanistic studies, because time to failure may span over these
regions as well as the initiation period and super critical crack growth. The general shape of velocity
vs. stress intensity plot was found to be similar in all environments studies. However, the position of
region I and region II changed with the concentration of H2S in the solution. The behaviour in the regions
I and II are characteristic of hydrogen-assisted cracking [101.

Observations made on the dependency of crack propagation rate with stress intensity factor show that
region I velocity is governed by electrochemical kinetics at the crack tip wherein the equilibrium is
reached between the hydrogen available in the metal lattice just below the crack tip surface and hydrogen
available in the solution. Through the elastic interaction between this interstitial solute and the effective
strain rate at the crack tip hydrogen is transported ahead of crack tip thus resulting in a progressive
increase in da/dt with increasing K. A somewhat similar conclusions has been put forward for other
systems using a da/dt vs. K relationship 1101. The relationship shown in Figure 5 illustrate the inter-
mittent nature of crack increment. This is considered to be the result of either an optimum requirement
for hydrogen build up at the crack tip to cause the sudden crack increment or the build up of a brittle
layer at the crack tip causing discontinuous cracking. Other workers using different systems have
reported a somewhat similar phenomena 113-151.

The crack growth behaviour observed in region II, is the result of some rate limiting mass transport
reaction. Additional tests are reported elsewhere 112] confirming this overview by determination of the
apparent activation energies for both these crack velocity regions.
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At Kl,,, hydrogen fugacity is thought to be below a certain value (with all other experimental conditions
remaining constant) and the crack comes to rest. This is supported by other workers using a combination
of DCB testing and hydrogen permeation measurement [13,141. Threshold stress intensity is an extremely
important parameters in design of tubulars. By using KL, material's behaviour can be predicted with
a greater degree of confidence since it takes into account the manufacturing defects and anomalies which
are present on tho tubular sections. Design of tubular components based on stresses below the KL
would result in their safe use.

Precracked DCB specimen testing provided qualitative as well as quantitative information on the SSC
performance of materials. The latter was gained through a fracture mechanics approach [7]. The data
led to the identification of a threshold stress intensity (K,,) value for a material/environment system.
The KL,, value represents the threshold stress intensity factor below which the material can be used
without risk of failure due to SSC. KL• derived using either the procedure recommended in NACE
TM0177-90 or Equation (2) at regions where crack growth rate approaches 10' mm/s were found to be
somewhat similar and within the experimental scatter of each other. It is therefore, recommended that
for ease of testing, NACE TM0177-90 procedure should be used for ranking purposes. However, da/dt
data provides complementary information both in termsof confidence in KL, and in terms of mechanistic
information. This is particularly relevant to the SSC performance of corrosion resistant alloys where
test duration may be prolonged [13,141.

It is apparent that factors which promote hydrogen embrittlement would in turn affect the SSC behaviour
of materials. These include factors which influence hydrogen availability, entry and its transport within
the metal lattice [3,81. Thus solution chemistry, as defined by its acidity, can govern the performance of
materials in sour environments. Solution acidity in the presence of sulphide ions (sour environments)
both facilitates the hydrogen evolution reaction, making it the dominant cathodic reaction and enhances
the amount of hydrogen absorbed within the lattice, thus increasing the degree of susceptibility to SSC.
Therefore, a knowledge of solution chemistry, and in particular the in-situ pH, can lead to the estab-
lishment of the SSC performance of materials. This is in support of earlier published data on the SSC
behaviou of steels [3,41 which in turn leads to a better definition of materials suitability for sour service
exposure. Laboratory test results and the understanding of the mechanism of SSC suggest that the
severity of the corrosive medium should be expressed in the form of a pH - H 2S partial pressure diagram.

CONCLUSIONS

1. The slow strain rate tensile method has been successfully used to assess the relative aggres-
sivity of environments and define susceptibility to SSC.

2. The use of DCB method backed by the AC/PD system has shown mechanistic as well as
engineering information. This information is highlighted by crack growth rate behaviour and
threshold stress intensity factor below which the material can be used safely with no risk of
SSC.

3. The overall procedure using a combination of three test methods has offered qualitative and
quantitative information on the SSC performance of tubular steels. All the three test methods
provides effective means of materials ranking with respect to SSC.

4. Crack growth rate data has shown that SSC time to failure based on engineering stress can be
inappropriate.
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5. Crack growth monitoring using an alternating current potential drop (ACPD) technique
enabled accurate identification of a threshold stress intensity factor and crack propagation
rate. These led to both mechanistic and engineering information on the performance of
materials in sour service media.
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NOMENCLATURE

a Crack length B Specimen width

B,, Specimen width at grooved area E Young's modulus

I Hydrogen flux h DCB specimen height

K Stress intensity factor K,.. Threshold stress intensity factor

t Elapsed time aly Yield strength

da/dt Crack growth rate
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TABLE 1

CHEMICAL ANALYSIS

MATERIAL ELEMENTAL COMPOSITION (wt%)
C S Si Cr Mn Fe Mo

Grade K55 0.28 <0.01 0.15 0.52 1.3 Bal. <0.05
Grade L80 0.14 0.001 0.243 0.013 1.24 Bal. 0.006
Grade C90 0.26 <0.01 0.16 1.0 0.47 Bal. 0.53

Grade Pilo 0.25 <0.01 0.18 0.17 1.4 Bal. <0.05

TABLE 2

MECHANICAL PROPERTIES

MATERIAL 0.2% Prrof Stress Ultimate Tensile Elongation to
(MPa) Strength Fracture

(MPa) (%)
Grade K55 469 713 16"

Grade L80 660 772 21.1"

Grade C90 653 778 8.8"
Grade PI 10 840 857 5.5'

TABLE 3
THRESHOLD STRESS INTENSITY FACTOR RESULTS

H2 S OCTG
Conc. Grade
(%) C90 P110 L80

100 39.6 22.1 38.6
10 69.6 18
1.0 74.6 32.2
0.1 >73 43.3
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Sulfide Scales for the Protection of Steels in H2 S-Containing Atmospheres
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Abstract

In several high temperature processes in chemical and petrochemical industry conditions are
encountered in which lifetime of the components is determined by H2 S-corrosion in
atmospheres of sulfidizing nature.
The damage cases observed are not only a consequence of the relatively rapid growth of the
sulfide scales but are also due to cracking and spallation resulting from scale growth stresses
and temperature changes.
An exclusive materials solution to prevent metal wastage often was unsatisfactory considering
costs and results. Another approach can be based on avoiding conditions for scale failure due
to stresses which originate during scale growth. In this case even sulfide scales can play a
quasi-protective role. Therefore the work to be reported in the paper aims at a quantitative
approach to assess the conditions leading to sulfide scale failure taking component geometry
into account.

A carbon steel, a low chromium steel (I Cr-0. 5Mo-steel, TI12), a ferritic chromium steel (12Cr-
I Mo-steel) and an austenitic steel (I 8Cr-9Ni-steel, AISI 321) were investigated concerning
scale growth and failure in Ar/H 2 /H2 S in a temperature range of 400-600'C with subsequent
cooling down to room temperature. Acoustic emission measurements accompanied the
experiments in order to detect cracking and spallation of the sulfide scales. First results of this
study are presented.

Key terms: Sulfidation, steels, scale stresses, acoustic emission

Introduction

The rate of metal loss caused by a high temperature corrosion process is decreased if the
chemical reaction between the metal and the gaseous species is retarded by its own corrosion
products. On the premises of non-volatile reaction products they can form a compact layer on
the metal surface preventing it from a direct access of the gaseous phase. Thus, material
transport for continuing the reaction is realized by diffusion through a solid phase which - in a
common temperature range - is much slower than a gasphase transport. This protective
mechanism is maintained as long as the scales are intact. Cracking or even spallation of the
scales result in the loss of any protective effect and a regain of protection during operating
conditions is only possible by subsequent scale formation.
In technical processes exposing plant equipment to high temperature gaseous environments
with high sulfur activity and low oxygen partial pressure, e g in coal gasification, in the
distillation of tar and in waste pyrolysis H12S-corrosion becomes the major life-limiting factor.
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Sulfide scales are formed on the surface of e g heat exchangers operating in a temperature
range of 300 - 600'(C Although the transport properties of metal sulfides are not as beneficial
as they are known from metal oxides the sulfide scales can be considered to be quasi-protective
in the way described above if they are mechanically intact.

Damage on the steel components is predominantly observed at "hot spots", zones of high
temperature gradients and on bends of tubes, sites where high stresses are expected in the
scales.
Cracking and spallation of sulfide scales is caused by growth stresses (isothermal conditions)
and stresses resulting from differences in the thermal expansion coefficients of the metal
substrate and the scale (temperature change conditions). Aim of the study to be reported was
to elucidate the scale growth and failure mechanisms. The first step is the characterization of
the sulfides formed on the metal surface. The conditions leading to damage can be
characterized by critical stresses or strains, in the case of thermocyclic service by critical
temperature changes.

Experimental

The commercial steels investigated were a carbon steel, a low chromium steel (ICr-0.5Mo,
German mat. no. 1. 7335, American designation T 12), a ferritic chromium steel (12Cr- I Mo,
German mat. no. 1.4922) and an austenitic steel (I,8Cr-9Ni, German mat. no. 1.4541,
American designation AISI 321). Their actual composition is given in table 1.

Table 1:

Steel C Si Mn Cr Mo Ni Ti V

IWt.-%O

Carbon •0.17 Traces 0.2-0.5 - -- -

lCr-0.5Mo 0.17 0.22 0.6 0.88 0.46 - - -

12Cr-lMo 0.20 0.20 0.46 11.6 0.89 0.45 - 0.25

18Cr-9Ni 0.058 0.38 1.75 17.17 - 10.75 0.35 -

Samples were machined from seamless heat exchanger tubes (0 38x4mm or 0 38x5mm) in
the form of tube segments (L:20mm, W: 14mm). To investigate a possible influence of different
surface treatments before sulfidation specimens of the carbon steel were tested as received
(oxidized in production process), with a ground surface, and additionally pickled. Samples of
the low chromium steel were either formed on a lathe or ground. The 12Cr-IMo-steel was
sandblasted and pickled, AISI 321 was investigated without additional surface treatment. All
specimens were cleaned and dried with alcohol.

The experiments were carried out at temperatures of 400, 500 and 600'C by means of electric
furnaces heating the specimens either in a horizontal silica tube or in a vertical silica tube
adapting the specimen to an acoustic emission transducer by a platinum wire.
The required gas composition (I Vol.% H2 S in Ar/H 2 ) was obtained by mixing an Ar/5%H 2
gas mixture with H-,S. The equilibrium sulfur pressures were. 5x10' lbar at 4000 C, 3x 10-%ar
at 5000 and 8x I 0-bar at 600'C.
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Experiments under isothermal conditions for 50-700 hours were carried out to investigate scale
growth, scale morphology and -composition and appearance of surtfce damage on the various
steels bv means of weight-gain measurements, optical and scanning electron microscopy and
electron probe microanalysis (EPMA). Additionally Pt-Marker experiments were performed to
elucidate scale growth mechanisms concerning the direction of material transport. Furthermore
samples were monitored during isothermal annealing and subsequent cooling by means of the
acoustic emission technique in order to detect cracking and spallation of the sulfide scales.

Results

Scales formed on the surface of the commercial steels were always duplex and consisted of an
outer layer of large columnar crystals grown perpendicularly to the metal surface and an inner
fine-grained equiaxed layer. The latter were rather porous and inhomogenious on the carbon
and the low chromium steel. On contrast the 12Cr- I Mo and the Cr-Ni-steel formed relatively
compact inner scales. Pt-Marker experiments showed that the outer layer grows in outward
direction whereas the inner layer grows in inward direction starting from the former metal
surface.

The outer scales consist of pure FelxS in all cases (with a partial enrichment of Ni in the case
of AISI 321 ). With the exception of the carbon steel the inner regions contained chromium in
various concentrations depending upon the metal composition. EPMA-investigations identified
the spinell FeCr 2 S4 within the inner scale of the Cr-Ni-steel whereas the 12Cr-IMo steel
contained a mixture of sulfides ((Fe,Cr)S).

The kinetic of scale growth derived from discontinuous weight change measurements shows an
approximately constant rate at 400'C and 500'C for the carbon and the low chromium steel
(linear kinetics). This type of behaviour confirms previous results 1,2. Concerning the kinetics
no significant influence of surface treatment before sulfidation could be observed. The 12Cr-
I Mo steel also sulfidizes at constant rate but at a lower level whereas AISI 321 shows a
parabolic behaviour at 400'C and 500C. Investigations of ferritic chromium steels with similar
chromium contents and austenitic steels with similar chromium and nickel contents are in
agreement with these observations 3.

The FeS scales formed on all steels tended to detach and frequently spalled after removal of
the specimens from the furnace at the end of the experiments. An influence of surface
treatment before sulfidation was observed in so far that pickled specimens showed an improved
scale adherence due to their enhanced surface roughness. The inner scales adhered to the metal
substrate in all cases. On the carbon and the low chromium steel through scale cracking was
observed (See fig. 1).

On monitoring specimens by the acoustic emission equipment it was intended to find out
whether scale failure occurs during isothermal annealing or during temperature change
conditions The rate of acoustic emission signals was highest in the case of temperature change
conditions and showed a remarkable increase when the temperature fell below approximately
330 0 C.
However acoustic emission could also be detected during scale growth As an example fig. 2
shows the development of counts (cumulative counts of impulses exceeding a threshold of IV)
during isothermal annealing of a 12Cr-IMo steel specimen at 500'C in the H2 S-containing
atmosphere for 300 hours and subsequent cooling. The average cooling rate was I°C/minute.
The results indicate that a significant damage occurs already during scale growth.
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Optical and scanning electron microscopic investigations confirm this observation. Fig. 3
manifests a completely new FeS scale growing beneath the detached outer scale. The different
FeS layers with deviant grain sizes are additionally depicted in fig. 4 A, B. The detached outer
scale also shows cracks predominantly at the grain boundaries.

Discussion

The formation of duplex scales on carbon steels and Cr-containing steels is in agreement with
previous observations 2,3. The outer scale is formed through the outward diffusion of metal
ions while the inner layer grows by means of inward penetration of sulfur 4.
The mechanism of scale growth and the specimen geometry can have a large effect on stress
generation 5,6. Especially for the formation of relatively thick scales (as observed in the case of
sulfidation) geometrical aspects of scale growth become evident 7. For the convex and
concave surfaces of the heat exchanger tube segments investigated different stresses result
from scale growth (due to volume changes caused by the transformation of the substrate
material into metal sulfide). The outer FeS scale growing in outward direction is submitted to
compressive stresses at the outside of a tube segment but suffers tensile stresses at the tube
inside.
This can lead to the following failure situations:
1. Through scale cracking at the inside of the tube segment.
2. Detachment of the FeS scales in both cases because stresses parallel to the interface lead to

tensile stresses perpendicular to the interface.

A quantification of the strains resulting from scale growth on curved surfaces can be carried
out by means of a scale displacement vector M 5:

M = o-(1-a)-(I- V) (1)

where 0 = Pilling-Bedworth-ratio
a = amount of sulfide formed at the scale surface
V = gain of volume due to vacancy injection into the metal

In general for a surface scale two types of stresses can arise: Tangential stresses parallel to the
material surface and radial stresses at the scale/metal interface perpendicular to it.
The tangential strain is calculated from 7

M, - d (2)
R.O

where R = radius of the surface curvature
d = mean scale thickness

The radial strain can be estimated from 7.

d (3)
R
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The resulting tangential and radial stresses or strains, respectively can be compared to critical
values for tensile or compressive scale failure as performed in the following.
A simplified criterion for scale failure in the form of detachment is the surface energy which is
necessary to produce the two new surfaces
The critical strain is calculated from equation (4), which was developed based on
considerations in 8

'2'yo

where 2 -,o = energy to create two new surfaces (i.e. detachment)
Es = elastic modulus of the sulfide

Equation (4) neglects the size of possible defects in the plane of detachment and the geometry
of the interfaces. Furthermore it is assumed that all energy stored in the scale is released by
detachment. However this is not very realistical because a part of the energy remains as
elastically stored energy in deformed parts of the scale.

A different approach regards that in brittle scales - as it should be justified in the case of sulfide
scales at relatively low temperatures - failure always starts at stress concentrations, i.e. at
physical defects. Fig. 5 schematically illustrates the different types of scale failure conceivable
in this approach.
Assuming linear elastic behaviour the critical strain for failure under tensile stresses either
tangential or radial (comp. fig.5 A--tangential, i.e. through scale cracking, D--radial, i.e.
detachment at the interface) is defined by equation (5) 9.

K w (5)
f. -E,- I-n -c,

where KIC = fracture toughness of the sulfide
c = size of the physical defect (here: halflength of an embedded defect)
f- factor to regard local geometrical aspects (usually - I )

If a scale with a wavy interface is submitted to a global tangential stress also stresses normal to
the interface are produced 10 as shown in fig. 5 B 1, B2 Derived from model calculations in 10
the resulting maximum values of strain normal to the interface are 7

, e. - (6)

+6 r .
d
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where X\• tangential strain
ri2 •rnplitude of the wavv interface (comp fig 5)
vs= Poisson ratio of" the scale

As a conservative approach it is assumed that physical defects of the size 2c lie at the sites of
maximum interfacial strains.
Combining eq. (5) and (6) leads to a quantification of the critical tangential strain for
detachment of the scale (see eq. (7)).

f- c 2. Es(7

The condition for shear failure under compressive stresses (comp. fig.5 C) is a modification of
eq. (5) under the assumption KIC S KIIC, KIIIC 11

2- Kic(8)

f. E,.. V c7 (

For the present case, strains were calculated for all situations given in fig. 5. The maximum
strains due to FeS scale growth are tangential and tensile and occur at the inside of a tube wall
(lowest radius Ri=l4mm, comp. eq. (2)). Fig. 6 depicts these growth strains (straight line) and
the different critical values from the calculations as a function of scale thickness.
Radial growth strains are orders of magnitude lower and therefore uncritical. They are left out
of the further considerations. The fracture toughness of the sulfide was calculated from
equation (9) 12

Kic -2.••E- y (9)

Data for y•. ES and vs were taken from 13

From fig. 6 it becomes evident that

- thicker scales are more susceptible to failure than thin scales
- critical strains for scale failure increase with increasing interface amplitudes
- the size of physical defects within a scale significantly determines the value of

the critical strains

Thus, from a plot as shown in fig 6 a critical scale thickness dc for failure due to growth
stresses (without regard to intrinsic growth stresses being independent of the surface
geometry) can be estimated by setting cFt = Fc
The surface energy criterion leads to a conservative value for dc for detachment on the
premises of small physical defects (comp fig 6 A)
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However regarding physical defects of e.g. 5pm or more the critical strains according to eq.
(7) are exceeded at comparable or even smaller FeS scale thickness values.
Failure in the form of through scale cracking by tangential tensile stresses due to scale growth
(= interception with horizontal lines in fig. 6) should not occcur below d = 50Pm except for
c > IOPtm.

Experimental results obtained from optical micrographs so far confirm the tendency of FeS
scales to detach already during isothermal conditions due to growth stresses. To remind of the
example given in fig. 3 the detached layer is about 32±31im thick which is in the range of
values calculated. Experimental data for the size of physical defects range from I to 20Pm and
thus correspond to the values for c in the model calculations. The quantitative analysis of
experimental results has to be considered with caution at the present time because materials
data (such as KIC values) are calculated on the basis of pure substances (e.g. FeS). Values for
((Fe,Cr)S, FeCr 2 S4 ) are unknown.
A distinction has to be made between scale damage due to growth stresses and scale failure as
a consequence of thermal induced stresses during cooling at the end of the experiments.

At the present time no reliable data concerning the thermal expansion coefficient of FeS (or
other metal sulfides) as as a function of temperature is available. As a consequence of phase
transformations of FeS at 135°C and 325°C 14 the dependence of OtFeS on temperature is
expected to be non-linear. It is, however, intended also to quantify the strains arising from
cooling within this work.
The event causing strong acoustic emission observed at approximately 330'C can be correlated
to the transformation of FeS at 325°C 15.

Conclusions

The formation of iron-sulfide scales on bent surfaces of steels (e.g. carbon steel, low Cr, 12-Cr
and 18Cr-9Ni steel) such as on heat exchanger tubes generates growth stresses that can lead to
scale failure. This is shown by acoustic emission results and by the formation of new thin FeS
scales beneath outer detached thick FeS scales.
The extent of scale deformation on cylindrical components increases with decreasing radius.
The susceptibility to damage rises with scale thickness and is decisively determined by the size
of physical defects. Critical tangential strains for detachment processes increase with increasing
interface amplitudes.

In model calculations it is possible to assess a critical time tc, at which during isothermal
exposure geometrically induced strains by scale growth lead to mechanical scale failure. This
time tc is synonymous with a critical scale thickness dc (provided the physical defect size 2c
rcmains constant) and depends largely on the surface curvature. The results of the present
experiments show that the calculations yield the correct order of magnitude.

Thus a first step for a quantitative assessment of the stress situation in the sulfide scales
relevant for failure could be achieved. Using the model equations for component design allows
the assessment of the role of surface curvature for maintaining intact sulfide scales over larger
periods, thus providing a quasi-protective behaviour of the scales which should decrease metal
wastage by sulfidation.
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Fig. 1 SEM micrograph of the inner scale formed on the low chromium steel (400TC,
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Fig 2: Ncoustic emission of the 12Cr-I\1o steel during sulfidation at 500TC and subsequent

cooling
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Wall Shear Stress and Flow Accelerated Corrosion
of Carbon Steel in Sweet Production

K. D. Efird, E. J. Wright, J. A. Boros and T. G. Hailey
Exxon Production Research Company

Houston, Texas, U.S.A.

Abstract

An investigation of flow accelerated corrosion of carbon steel was conducted employing carefully designed jet
impingement and pipe flow hydrodynamic test apparatus. The corrosion rates measured for jet impingement and
pipe flow directly correlate on an equivalent wall shear stress basis, and scale up to 4 inch pipe flow corrosion was
experimentally verified. This successful scale up allows application of flow accelerated corrosion results from the
jet impingement test to field systems based on the concept of equivalent wall shear stress, and will allow more
rapid development of flow accelerated corrosion data than is possible using the flow loop.

The general equation for flow accelerated corrosion of carbon steel based on the interrelationship of
hydrodynamic parameters, solution chemistry and environmental variables for single phase, sweet, aqueous
systems for wall shear stress in the range 0.2 < T, < 100 N/m 2 is expressed as:

Rcor = a rwb

where "RIcor" is the carbon steel corrosion rate in mm/y, and "" is the wall shear stress in N/in 2 . Based on the
results to date, the coefficient "a" and exponent "b" in the basic equation are functions of solution chemistry (p ,1.
Fe-, 02., PC02, etc.) and other environmental parameters (total pressure and temperature). All the necessary
hydrodynamic variables (p, pI, e, etc.) are accounted for in the wall shear stress term. The equation effectively
combines the hydrodynamic, solution chemistry and environmental variables for flow accelerated corrosion of
steel without the need for correction factors. Further experimental determination of the effect of imporlantl
solution parameters and environmental factors on the equation coefficient and exponent will provide a complete
definition of flow accelerated carbon steel corrosion in sweet systems. A minimum wall shear stress of 0.2 Nim 2

is applied, based on the wall shear stress for the test solution at a pipe flow Reynold's number of 2000, the
approximate lower limit for turbulent flow in pipes. The use of wall shear stress as the correlating factor docs not
imply a shear mechanism for corrosion acceleration. The wall shear stress is simply a hydrodynamic [actor iha1
can be effectively used to relate flui! flow in different geometries, allowing accurate comparison of laboraiorv
tests and field operations.

The basic test fluid employed was 3.0% NaCI + 1000 ppm HC03- aqueous solution at 50C. Carbon dioxide
partial pressures of 0.14, 1.4, and 4.1 bar (2, 20 and 60 psig) were utilized, with a measured solution pH of 0.8, 6.0
and 5.8 respectively. Pipe diameters of 12.7, 25.4 and 90 mm were included. The flow accelerated corrosion of
steel was strongly affected by the Fe-+ concentration in solution. Below an Fe++ concentration of approximately
8 ppm no measurable effect on steel flow accelerated corrosion was observed. Therefore, a limit of 5 ppm
dissolved Fe-÷ in the test solution is recommended for credible flow accelerated corrosion experiments in this
environment.

Key Terms: flow accelerated corrosim,a, steel, wall shear stress, carbon dioxide, sweet corrosion, jet impingement,
pipe flow. 2 Tables, 18 Figures, 18 References.
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Introduction

Fluid velocity was long used as the primary parameter for scale up of laboratory test results to field applications.
but this concept began changing in the 1970's. Data relating the calculated hydrodynamic parameter of wall shear
stress to corrosion were first published by Efird in 1977 1 for copper alloys in flowing seawater. Corrosion
science now understands that fluid flow must be expressed in terms broadly related to fluid flow parameters
common to all hydrodynamic systems to allow application of laboratory test data to field operations 1-4. These
parameters are calculated from empirical equations developed to characterize fluid flow. The parameters most
often employed are wall shear stress ('rw) and mass transfer coefficient (k).

The basic procedure used to relate laboratory fluid flow corrosion data to field applications is diagranmmed in
Figure 1. Laboratory corrosion tests are conducted in a manner that allows calculation of the basic hydrodynamic
parameters that are geometry independent, e.g., wall shea. stress. The laboratory corrosion rates are then applied
to the field application for identical calculated wall shear stress. The basic assumptions are that the calculation of
the parameters is valid, the calculated parameters are those controlling corrosion or are intimately related to them,
and the scale up of these parameters to field operations with respect to corrosion is valid. Note that both wall
shear stress and mass transfer coefficient meet these basic criteris. Wall shear stress is utilized here because it is
more amenable for application to oil field production operations.

Experimental test design and techniques carefully designed to allow accurate calculation of the hydrodynamic
parameters are used in this study of flow accelerated corrosion of carbon steel in single phase (aqueous), sweet
environments. The test methods employed are parallel pipe flow (12.7, 25.4 and 90 mm inside diameter) and jet
impingement. The details of the techniques and design are given in a previous publication 5.

A clear distinction must be made between flow accelerated corrosion and erosion-corrosion. They :uare not the
same, but are often confused in the literature. Flow accelerated corrosion is defined here as increased corrosion
from increasing turbulence intensity and mass transfer as a result of the flow of a fluid over a surface. I -rosion-
corrosion is defined as increased corrosion due to the impingement of second phase particlcs contained in the
fluid, e.g., solid particles in a liquid, liquid droplets in a gas or solid particles in a gas, on a solid surface as a
result of the flow of fluid over the surface. This paper addresses flow accelerated corrosion only, and erosion-
corrosion is not considered.

The Turbulent Boundary Layer

When a fluid flows over a solid surface, the flow is characterized as either laminar or turbulent. In virtually all oil
and gas situations where fluid flow is of interest the flow is turbulent, so the physical structure of turbulent flow is
a primary consideration. Fully developed turbulent flow consists of a turbulent core where the mean velocity is
essentially constant, and a boundary layer near the solid/fluid interface. The majority of the changes in fluid
stress characteristics, turbulence, mass transfer and fluid interaction with the wall occur within this boundary
layer. Because of the specialized nature of this subject, a number of possibly unfamiliar terms will be introduced.
These terms are defined in the attached Glossary and Table of Nomenclature.

The turbulent boundary layer consists of three regions: an outer "logarithmic" region (30<y+-" 100), an
intermediate "buffer" region (5<y+<30), and, very close to the solid wall, a "viscous" region (y+- 5), where y+ is
the dimensionless viscous length perpendicular to the wall, defined 6 as y+ = yut/v. A diagram of these layers
along with an idealized plot of the normalized turbulent velocity variation is shown in Figure 2 6. Experimental
details of the variation in turbulence with distance from the wall are given by Kline et. al. 7 in their extensive study
into the structure of the turbulent boundary layer.

The nature of the turbulent boundary layer dictates that this is where the processes that control corrosion and film)
formation will occur. All movement of corroding species to and of corrosion products from the wall. 'nd all
chemical reactions with the wall, must occur in this region. As a result, any disturbance in the turbulent boundary
layer, particularly within the viscous region, must be a primary factor affecting the corrosion process.
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Disruption of the boundary layer in turbulent flow occurs primarily by the formation of turbulent bursts and
sweeps. The turbulent burst is an ejection of fluid from the wall, which also causes fluid to impinge on the wall
by the simultaneous formation of sweeps, or movement of fluid toward the wall. Turbulent bursts and sweeps
occur through the formation of vortices and the lift-up of wall streaks 8.

One process of vortex formation and evolution into a turbulent burst proposed by Praturi and Brodkey 9 is
illustrated in Figure 3. The vortex moves with the flow and is increasingly tilted by the mean shear in the viscous
region (Stages I to 4). At some point the vortex becomes unstable and a strong ejection occurs along with a rapid
sweep of fluid into the viscous region (Stage 5). It is evident that severe pressure fluctuations must occur with the
formation of a turbulent burst and during the rapid ejection of fluid.

A slightly different model of the bursting process is given by Often and Kline 10, where a description of the
complete burst cycle is given. In this model, bursting is associated with wall streaks and stretched and lifted
vortices. All of the current theories of wall turbulence agree in the basic structure of the turbulence, i.e., the
existence and interaction of turbulent bursts, ejections, sweeps and wall streaks. The differences lie in the
mechanisms of formation of these structures and the details of their interaction.

An excellent review of the present understanding of the turbulent boundary layer structure is given by Robinsont1.
As a result of this exhaustive review, Robinson concluded that coherent motions exist in the viscous region, that
they consist of elongated, unsteady regions of high and low speed streaks, and that sweep motions dom inate the
viscous region. The majority of the coherent flow structures occur in the buffer region of the turbulent boundary
layer, with only sweeps and ejections penetrating into the viscous layer 11. Laser Doppler measurements have
clearly shown the presence of turbulence in the viscous region as shown in Figure 4 6.

The relationship of turbulent structures in the boundary layer, specifically near wall bursting activity, and
fluctuations in the wall shear stress and wall pressure have been measured by Thomas and Bull 12. A side view
diagram of their results is given in Figure 5. This work provides evidence of significant variations in wall shear
stress related to the boundary layer turbulence generation process that could have a major effect on corrosion
processes.

Wall Shear Stress Defined

There is a great deal of misunderstanding about precisely what is signified by the term "wall shear stress." Wall
shear stress is often perceived as a force acting to remove corrosion product films from the surface of a metal.
This perception is incorrect. Wall shear stress is a direct measure of the viscous energy loss within the turbulent
boundary layer, and is related to the intensity of turbulence in the fluid acting on the wall. It is not a force on the
wall from the fluid, but is a force in the fluid at the wall.

Wall shear stress is defined as the isothermal pressure loss in a moving fluid within an incremental length due to
fluid friction as a result of contact with a stationary wall. The mathematical definition of wall shear stress is as
follows 13. The total shear stress in a fluid moving past a fixed wall is the sum of the viscous and Reynolds
stresses, expressed as:

= V [ay " UxUy (I)

The Reynolds stresses (UxUy) go to zero at the wall, leaving only the viscous stress in the fluid. The wall shear
stress is defined as this viscous shear stress at y = 0, expressed as:

Tw = V y y=O (2)
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Mass transfer is intimately linked to wall shear stress, and at present the two cannot be practically separated either
experimentally or mathematically for flow accelerated corrosion. Thus, changes in flow parameters that afflect
one result in changes in the other. This linking is not totally independent of geometry, however, and the
relationship between mass transfer and wall shear stress may change from one flow geometry to another. The
violent, rapidly fluctuating nature of the turbulent boundary layer and its interaction with the solid surface is the
primary reason that wall shear stress must be a fundamental criterion to include hydrodynamic factors in the
definition of flow accelerated corrosion. Additionally, wall shear stress is a parameter that can be readily
calculated for most field situations. For these reasons, wall shear stress is used in this research rather than mass
transfer coefficient to evaluate flow accelerated corrosion, but this does not imply the assumption of a shear
mechanism for flow accelerated corrosion.

Wall Shear Stress Equations

Momentum transfer from a moving fluid to the solid surface over which i! is flowing and the degree of fluid
turbulence at the solid surface is expressed as the wall shear stress Vrw), generally manifested as a pressure
gradient in the flowing fluid. The wall shear stress is the primary fluid dynamics parameter used to measure the
interaction of a flowing fluid with a solid surface, and can be related back to any flow geometry, since it is a basic
fluid/wall interaction phenomena and not a function of the specific flow geometry 1A. This implies that a test
method that determines the wall shear stress acting on the test specimen can be effectively used for research into
flow accelerated corrosion, and for correlation among flow geometries. The applicable wall shear stress equations
used for parallel pipe flow and jet impingement flow are given below. Details of the derivations for the equations
are given by the authors in a previous publication 5.

Pipe Flow, The effect of wall shear stress on pressure loss in a pipe segment of length (dL) and di:uneter
(d) for isothermal flow with no change in elevation is derived by establishing a force balance between pressure

forces and the wall shear stress (Tw). The pressure drop (dP) in segment dL is expressed by the equation:

41;w

dP = d-- dL) (3)

This equation precisely defines the wall shear stress, in terms that can be experimentally measured, i.e., the
pressure drop (dP) in a specific length of pipe (dL) with a specific diameter (d). The necessary requirement is the
elimination of all other sources of pressure loss. This analogy can be mathematically defined for any surface with
a fluid flowing over it.

The ratio of the wall shear stress to the kinetic energy pressure loss per unit volume exactly defines a
dimensionless friction factor (f) that is a measure of the pressure loss due to wall turbulence, accounting for both
fluid viscous shear and the wall roughness and is expressed as:

1;w 2'Iw
f = - (4)pu2  pu()

2

Solving Equation 4 for the wall shear stress gives the relationship:

2 (5)
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The wall shear stress for isothermal parallel pipe flow can be calculated either fron Itlmd propcities usiniig
Equation 5. or from pressure drop measurements in a pipe section of known dimensions and known fluid
properties using Equation 3.

Jet Impingement. Jet impingement is a widely used test technique to study flow accelerated corrosion
14.16. The flow field established when a circular jet impinges on a flat plate with its central axis normal to the
plate is illustrated in Figwe 7 15. Under these conditions, a stagnation point will exist at the intersection of this
axis with the plate and the flow will be symmetric about the axis. Because the flow is axisymmetric, only the
flow and fluid properties in the radial plane normal to the disk need to be considered. A detailed description of
the flow regions from Figure 6 are given in reference 5, and will not be repeated here, except for Region B for
correlation with pipe flow.

Region B is a region of rapidly increasing turbulence intensity, with the flow developing into a wall jet. i.e., the
primary flow vector is parallel to the solid surface. This region extends radially to approximately r = 4r,. The
flow pattern is characterized by high turbulence intensity, a large velocity gradient at the wall and high wall shear
stress. Because of its characteristics, Region B is of primary interest for studying fluid flow effects on corrosion
in high turbulence areas and areas of flow disruption. The region has not been rigorously mathematically
characterized, but published work to date indicates that the surface shear stress is proportional to the square of the
velocity. Giralt and Trass 17.18 have experimentally derived an equation for the wall shear stress in this region.
This equation, with the numerical constant recalculated for the use of the jet radius instead of the jet diameter as
the normalizing factor, is written as:

"TW = 0.0112pU 2 Re-O- 18 2 r1 -20(6)

where the jet Reynolds number is defined as:

2roURe = (7)
v

Experimental Procedures and Equipment

The basic apparatus used in this research allows simultaneous experiments using both test methods (pipe flow and
jet impingement) under identical environmental conditions. This minimizes the possibility that environmental
variables could influence the results of the experiments, allowing direct comparison of the experimental methods.
A diagram of the test apparatus is given in Figure 7.

The test material used for all the corrosion rate studies was annealed AISI 1018 carbon steel. The measuring
surface exposed to the test environment for all test samples was polished on 600 grit SiC metallurgical paper,
degreased, methanol rinsed and air dried before exposure. All experiments were conducted at a controlled
temperature of 50'C ± 2'C.

The basic test solution used for all of the experiments was a single phase aqueous solution of 3.0% NaCl with
1000 ppm HCO3- as NaHCO 3 to buffer the solution and to minimize pH fluctuation during a test. The solution
was deaerated by purging with CO 2, or mixed C02/N2 gas, depending on the CO2 partial pressure heing studied,

for 12 hours minimum before testing, followed by the injection of 1.0% hydrazine chloride solution immediately
before the test initiation to remove any residual dissolved oxygen. Dissolved oxygen and iron concentrations were
checked using Chemetrics Corp. Chemets, with a 0 to 40 ppb analytical range for oxygen and 20 ppb to 10 pp11
analytical range for iron. The oxygen concentration in the solution was maintained at less than 40 pph. normally
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ranging from 20 to 30 ppb. The ferrous ion concentration was monitored during the test and a test was terminated
when the Fe"+ concentration exceeded 400 ppb, except for the investigation of Fe-+ effects.

Steel corrosion rates were determined from linear polarization measurements. A Cortest IN4300B Potentiodyne
Analyzer instrument employing Potentiodyne software, Ver. 3.01 a on a Toshiba T3 100 computer in conjunction
with a W4300C Potentiostat was used. Linear polarization tests were conducted with a ± 15 mv potential scan
range from the free corroding potential, at a scan rate of 10 mv/min. Electrochemical impedance measurements
were made using an EG&G Model 273 potentiostat interfaced with a Schlumberger Solartron 1250 Frequency
Response Analyzer, all under computer control. Impedance measurements were carried out in the frequency
range of 104 Hz to 5 x 10.2 Hz, with a sinusodial signal amplitude of 5 my.

Pipe Flow Apparatus

The pipe flow apparatus utilizes a 12.7 mm (0.50 inch) or 25.4 mm (1.00 inch) diameter circular flow test section,
with flow stabilizing sections installed before and after the test section. It is extremely important to prevent flow
disturbances that can affect the test results and introduce errors into the correlations. All three sections are
machined to the same internal diameter and connected using flanges with o-rings to minimize flow disturbance.
Differential pressure measurement across the flow section allows accurate determination of the mass flow rate as
well as calculation of the wall shear stress in the test area.

The 90 mm (3.5 inch) diameter test section experiments were conducted in the flow loop at the Ohio University
Corrosion in Multiphase Systems Center in Athens, Ohio. A test section identical in design to the smaller test
section (except for the pipe diameter) was constructed and inserted into the Ohio University test loop, and
identical test solutions and corrosion rate measuring equipment were employed.

Disk electrodes in the test section, mounted to form an integral part of the pipe wall, are used for the
electrochemical measurements. Details of the corrosion measurement section, showing the electrode placement
and locations of the reference salt bridge are given in Figure 8. The electrodes are arranged with the working
(test) electrode located between the reference salt briage opening and the counter electrode. Locating the counter
electrode downstream of the working electrode ensures that any reaction products generated at the surface of the
counter electrode do not pass across the working electrode and affect its corrosion. The electrode arrangement
also ensures that current from the counter electrode does not pass across the reference cell.

The working electrode is a 1.0 mm thick disk machined from AISI 1018 carbon steel, with an accurately
machined center hole of the appropriate diameter. The exposed surface area of the working electrode is
39.9 mm 2 , 79.9 mm 2 and 282.7 mm 2 for the 12.7 mm, 25.4 mm and 90 mm diameter test assembly respectively.
The counter electrode is a 6 mm thick platinum cylinder pressed into a titanium cylinder, providing a counter
electrode area of 6 times the working electrode area. Nonmetallic spacers 1.0 mm thick are placed between the
working and counter electrodes. The reference cell salt bridge is connected to the reference cell by 6.4 mm
diameter Teflon tubing. Both the tubing and the test cell cavity are filled with natural cotton saturated with the
test solution. The 2.5 mm diameter hole through the pipe wall is carefully filled with the cotton so it is flush with
the internal surface before assembly of the test cell section.

Jet Impingement Apparatus

The general arrangement of the jet impingement test cell is shown schematically in Figure 9. This test cell
utilizes impingement of ajet of fluid onto a flat surface, electrochemical corrosion probe.

The fluid jet is formed by a 12.5 mm diameter nonmetallic cylinder with a 2.0 mm diameter machined center hole
with a tapered inlet to smooth the flow. The length of the cylinder is set to ensure flow stabilization before the
fluid exits, providing a stable, reproducible jet impinging on the sample surface. The platinum counter electrode
is fixed to the end of the jet cylinder before drilling the center hole.
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The jet impinges on the center line perpendicular to the flat surface of the working electrode probe. The working
end of this electrochemical corrosion probe consists of a 1.0 mm thick concentric ring working electrode with a
6.0 mm inside diameter. The back section of the probe is threaded to allow precise adjustment of the distance
from the end of the probe test surface to the end of the jet, which is 4.0 mm for a 2.0 mm diameter jet. The
concentric ring working electrode lies in the high turbulence Region B of the jet, with the center thickness of the
ring at r/ro = 3. The ring position is shown with respect to the jet flow regions in Figure 10.

Results and Discussion

The results of the fluid flow experiments are given in the following figures. All data are plotted with respect to
the wall shear stress. The pipe flow wall shear stress was calculated using Equation 5. The jet impingement wall
shear stress was calculated using Equation 6. All experiments were conducted in the same basic environment:
3.0% NaCI + 1000 ppm HCO3- aqueous solution at 50TC t 20 C temperature and 20-30 ppb dissolved oxygen.

Solution Contamination by Ferrous Ion

Ferrous ion contamination of the recirculating fluid from the corrosion of the steel test samples is a significant
experimental problem, since the presence of dissolved iron in CO 2 containing brines can greatly reduce the
measured corrosion rate of steel. The concentration of dissolved iron allowable in the test solution without
significantly affecting the steel corrosion rate must, therefore, be determined. A series of tests were conducted in
the 12.7 mm pipe flow apparatus at a range of dissolved iron concentrations. The results of these experiments are
shown in Figure Ii. There is no apparent effect on the steel corrosion rate at dissolved iron concentrations up to 8
ppm. A dissolved iron concentration of 44 ppm significantly lowered the steel corrosion rates at all wall shear
stress levels, however.

These results demonstrate that uncontrolled Fe-+ in the test solution gives erroneous results for flow accelerated
corrosion of steel in sweet environments. For these environments, a limit of 5 ppm Fe-4 was established for
future fluid flow experiments, which is a significant increase over the 400 ppb that was adhered to tfr the
experiments reported here.

Flow Accelerated Corrosion and Wall Shear Stress

The effect of wall shear stress on flow accelerated corrosion of carbon steel for 12.7, 25.4 and 90 mm diameter
pipe flow is given in Figure 12. The tests were conducted to ensure there were no extraneous factors in the 12.7
mm diameter pipe to invalidate the equations for wall shear stress and to verify scale up of the flow accelerated
corrosion data.

A comparison of regression results for the carbon steel flow accelerated corrosion data for varying pipe diameters
is given in Table I. The slope,"b", of all three curves is similar. The steel corrosion rate difference compared to
flow in the 12.7 mm diameter pipe is +7% for flow in the 25.4 mm diameter pipe and -16% for flow in the 90 mm
diameter pipe. These data lie within the range of experimental error for the fluid flow corrosion tests, and validate
the use of flow accelerated corrosion data from the 12.7 mm diameter pipe for simulation of pipe flow in larger
diameter pipes based on wall shear stress.

Flow accelerated corrosion rates of carbon steel for a range of CO 2 partial pressures were determined to evaluate
the interactive effect of CO 2 partial pressure and wall shear stress. The results for the pipe flow apparatus are
given in Figure 13. There is a significant increase in the steel flow accelerated corrosion rate on increasing ('02
partial pressure, from 0.14 bar (2.0 psia) to 1.4 bar (20 psia), but only a slight increase at high wall shear stress on
further increase to 4.1 bar (60 psia). The corresponding measured solution pH was 6.8, 6.0 and 5.8 respectively,
w4hich correlates with the observed change in steel corrosion rate.
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Flow accelerated corrosion rates of carbon steel for a range of CO 2 partial pressures using the jet impingement
apparatus are given in Figure 14. The results are essentially the same as for the pipe flow apparatus.

Correlation of Pipe Flow and Jet Impingement

Jet impingement tests are significantly easier to conduct than pipe flow experiments, but the flow accelerated
corrosion correlation with pipe flow based on equivalent wall shear stress criteria must be established
experimentally if there is to be any real confidence in application of the jet impingement test results to field
operations. The results for jet impingement and pipe flow are directly compared for different CO 2 partial
pressures in Figure 15 for 0.14 bar (2 psia) C0 2, Figure 16 for 1.4 bar (20 psia) CO 2 and Figure 17 for 4. I bar (60
psia) CO 2. Comparisons of regression results for steel flow accelerated corrosion data at varying CO 2 partial
pressures in jet impingement and pipe flow are given in Table 2.

Electrochemical impedance measurements were conducted for corrosion of carbon steel at 10 N/m 2 wall shear
stress for both pipe flow and jet impingement in the base solution with 1.4 bar (20 psia) CO 2 partial pressure and a
temperature of 50'C. The objective was to produce a more complete comparison of the two flow methods through
a more detailed look at the corrosion characteristics as revealed by electrochemical impedance. The results as
Nyquist plots are shown in Figure 18. Although there are some differences in detail between the Nyquist plots for
the two flow methods, the basic form is the same, and this basic form was reproducible. There was no attempt to
investigate the detailed differences in the curves, since this research was not intended to include detailed studies
into corrosion mechanisms.

This research demonstrates that flow accelerated corrosion results for the jet impingement test with the test ring
set at r/ro = 3 effectively correlate with pipe flow results based on the wall shear stress for carbon steel in sweet
environments. Therefore, the jet impingement test can be used to generate flow accelerated corrosion data for
application to field systems using equivalent wall shear stress criteria.

The Equation Relating Flow Accelerated Corrosion and Wall Shear Stress

In a previous publication, the authors proposed an equation that relates flow accelerated corrosion of steel to the
wall shear stress 5. This proposal was based on the striking similarity in the logarithmic plots of steel corrosion
rate as a function of wall shear stress, implying a general equation describing the effect of wall shear stress on
steel corrosion rate. The general equation for flow accelerated carbon steel corrosion in single phase, sweet,
aqueous systems is expressed as:

Rcor =ataw b

where "Rcor" is the carbon steel corrosion rate in mm/y and "'[W" is the wall shear stress in N/m 2 . The coefficient

"a" and exponent "b" are as yet undefined. This equation is valid for wall shear stress in the range 0.2 < '1" < 100

N/m 2. A minimum wall shear stress of 0.2 N/m 2 is applied based on the wall shear stress for the test solution at a
pipe flow Reynold's number of 2000, the approximate lower limit for turbulent flow in pipes.

The results confirm the previous proposal, and demonstrate that the values of the coefficient, a, and exponent, 1),
are functions of environmental parameters, e.g., PCo2, and solution chemistry, e.g., pH. These factors require
further definition, however, before this equation can be universally applied.

The solution chemistry and environmental parameters are accounted for in the coefficient and exponent of the
equation, and the necessary hydrodynamic variables are accounted for in the wall shear stress term. Therefore,
this equation effectively combines the hydrodynamic and chemistry variables for flow accelerated corrosion
without the need for mathematical correction factors. As a result, detailed determination of the effect of important
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solution parameters and environmental variables on the exponent and coefficient can provide a complete
definition of flow accelerated general corrosion of steel in sweet systems.

The nature of the wall shear stress calculation dictates that it cannot be effectively used for mechanistic
interpretation. Specifically, the correlation with wall shear stress does not imply a shear mechanism tbr flow
accelerated corrosion of steel. Neither does it imply that there is no shear component to flow accelerated
corrosion. The correlation exists, and the determination of whether the corrosion is charge transfer or mass
transfer controlled must be determined separately.

Conclusions

1. Flow accelerated corrosion results from experiments using a 12.7 mm diameter pipe flow simulation can be
applied to larger diameter pipes based on equivalent wall shear stress criteria.

2. Flow accelerated corrosion results for the jet impingement test with the test ring set at r/r,, = 3 effectively
correlate with pipe flow results based on wall shear stress for carbon steel in sweet environments. Therefore.
the jet impingement test can be used to generate flow accelerated corrosion data for application to field
systems using equivalent wall shear stress criteria.

3. Flow accelerated corrosion of steel in sweet environments is strongly affected by the Fe++ concentration in
solution, therefore uncontrolled Fe-+ in the test solution gives erroneous results for flow accelerated corrosion
of steel. A limit of 5 ppm dissolved Fe-+ in the test solution is recommended for credible fluid flow
experiments in this environment.

4. The general equation for flow accelerated carbon steel corrosion based on the interrelationship of
hydrodynamic parameters, solution chemistry and environmental variables for single phase, sweet, aqueous
systems for wall shear stress in the range 0.2 < 17w < 100 N/m 2 is expressed as:

Rcor = a tw b

where "R•or" is the carbon steel corrosion rate in mm/y and "Tw" is the wall shear stress in N/m-2 . The

coefficient "a" and exponent "b", not fully defined, are functions of the solution chemistry (pH, Fe* ',02,
PCo2, etc.) and other environmental parameters (total pressure and temperature). The necessary
hydrodynamic variables are accounted for in the wall shear stress term.
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Selected Glossary of Fluid Flow Terms

Boundary Layer The wall region in turbulent flow where the flow changes from fully turbulent to viscous,
composed of the logarithmic region, the buffer region and the viscous region.

Buffer Region That portion of the wall region, defined as 5 5 y+ <- 30.
Burst A violent eruption or localized ejection of fluid away from the wall, caused by the passage

of one or more vortices.
Coherent Structure A morphologically invariant, three dimensional region of the flow possessing an

identifiable flow pattern. See also, "turbulent structure."
Ejection The movement of fluid away from the wall at an angle to the nominal flow direction.
Lift-up Movement of a wall streak away from the wall due to a local pressure gradient.
Logarithmic Region That portion of the wall region, defined as 30 5 y+ -< 100.
Sweep The movement of fluid toward the wall at an angle to the nominal flow direction.
Turbulent Structure A morphologically invariant, three dimensional region of turbulent flow possessing an

identifiable flow pattern. See also, "coherent structure."
Viscous Region That portion of the wall region, defined as 0 _ y+ -< 5.
Vortex An area of spiral or circular flow normal to a defined axis.
Wall Region That portion of the boundary layer comprising the viscous sublayer, the buffer region and

the logarithmic region, defined as y+ < 100.
Wall Streak A coherent segment of fluid moving parallel to the nominal flow direction, but at a

significantly different velocity.

Nomenclature

d diameter (m) y direction I to the surface (m) Subscripts
e roughness factor (m) y+ viscous length = yur/v (dimensionless) b boutirily layer

I current density (A/m 2) z direction parallel to the surface cor corrosion
L characteristic length (m) but I to the flow direction (m) d diffusion

P pressure (Pa, kg/m s
2
) f final or cnlding

R resistance (LI m2 ) Greek Symbols I initial or beginning

Rcor corrosion rate (mm/y, mpy) A gradient of a property i species

r radius or radial distance (m) 6 boundary layer thickness (m) Unm limiling

T temperature (*C) p density (kg/mr3) o standard or t rimaay

I time (s) 9 dynamic viscosity (kg/m s) w wall or elictrode surI~ nee

U mean velocity (m's) v kinematic viscosity (m2/s) x direction parallel to siill'-ice
0 local velocity (m/s) " shear stress (N/m 2 ) y direction 1 to surface

I direction parallel to surface (m) + normalized dimensionless form
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TABLE I
PIPE FLOW DIAMETER EFFECT ON REGRESSION RESULTS FOR

CARBON STEEL CORROSION RATE VARIATION WITH WALL SHEAR STRESS

PIPE FLOW DIAMETER b a, mm/y (mpy) R2  a % DIFF.
from 12.7 mm

12.7 mm DIAMETER PIPE 0.12 7.06 (278) 0.80 0%

25.4 mm DIAMETER PIPE 0.10 7.56 (298) 0.80 +7O/

90 mm DIAMETER PIPE 0.12 5.9(233) 0.87 -16%

TABLE 2
COMPARISON OF PIPE FLOW AND JET IMPINGEMENT POWER FUNCTION

REGRESSION RESULTS FOR CARBON STEEL CORROSION RATE VARIATION
WITH WALL SHEAR STRESS

ENVIRONMENT/FLOW TYPE b a, mm/y(mpy) R 2

2.0 psi CO 2 + 1000 ppm HCO 3, pH 6.8

PIPE FLOW (12.7 mm) 0.28 1.27 (50) 0.80
JET IMPINGEMENT 0.25 1.37 (54) 0.92

20 psi CO 2 + 1000 ppm HCO 3, pH 6.0

PIPE FLOW (12.7 mm) 0.12 7.06 (278) 0.80
JET IMPINGEMENT 0.10 8.10(319) 0.90

60 psi CO 2 + 1000 ppm HCO 3, pH 5.8

PIPE FLOW (12.7 mm) 0.16 7.42 (292) 0.91
JET IMPINGEMENT 0.17 8.36 (329) 0.94

ASSUMPTIONS
MEASURED

LABORATORY CORROSION CALCULATED

FLOW RATE SHEAR STRESS

CONDITIONS IN |FOR
LABORATORY LABORATORY TEST

HYDRODYNAMIC
EQUIVALENCE

REPORT

FIELD PREDICTED CALCULATED

FLOW CORROSION , - SHEAR STRESS
RATE FOR FOR

CONDITIONS FIELD FIELD APPLICATION
APPLICATION t

ASSUMPTIONS

FIGURE I. The process for determination of field corrosion rates from laboratory data using fluid
mechanics considerations.
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FIGURE 2. Structure of the turbulent boundary layer with an idealized plot of the normalized turbulent
velocity variation with distance from the wall, expressed as dimensionless viscous length (from Davies,
1972).

Bouandary LAWe Thickness
SaeHigh Speed Front--N$-

1Stage Tnmverv Vortex----"

Stage Low Speed Regb-lo)
2 Ejection

Stage

3 outflowlchl

5J Election

FIGURE 3. Progression of flow illustrating the formation of shear layer vortices and evolutton into
turbulent bursts (from Praturi and Brodkey, 1978).
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FIGURE 4. Laser Doppler measurements at y+ = 3.8. showing eddies inside the viscous region of water
flowing at Re = 8200 in a rectangular pipe. The large peak is the main veloctty component, and the
small peaks represent instantaneous velocity fluctuations. (from Davies, 1972).
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FIGURES. Wall shear stress and wall pressure fluctuations in relation to the location of near wall
bursting activity in the turbulent boundary layer (from Thomas and Bull, 1983).
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characteristic flow regions (from J. L. Dawson and C. C. Shih, 1987).
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FIGURE 8. Schematic diagram of the parallel flow (pipe) test cell, showing the electrode placement and
locations of the reference salt bridge.
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FIGURE 9. Schematic diagram of the jet impingement test cell, showing the relative placement of Ihe
jet, test electrode ring, reference cell luggin probe and the counter electrode.

~-JET NOME

BU WORKING

u ~ELEC TRODE,

TEST RING

A 
- - - -r

0 1 2 3 4 5 6

RADIAL DISTANCE. r/r.

FIGURE 10. Placement of the working electiode test ring with respect to the jet flow regions.

2676



700

500
C.
E 10Ur " T

z z
0 0

0 0 U,)
0oo 0S 200 5 cc

SOppm 9ppm 4pp- 68 ppin

100 1 1
1 2 5 10 20 SO 100 200 500

WALL SHEAR STRESS, N/m2

FIGURE II. The effect of dissolved iron (Fe*+) on flow accelerated corrosion of carbon steel in pipe
flow as a function of wall shear stress under 1.3 bar (20 psia) CO2 partial pressure.
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FIGURE 12. The effect of pipe diameter (12.7, 25.4, and 90 mm) on flow accelerated corrosion of
carbon steel as a function of wall shear stress under 1.3 bar (20 psia) CO 2 partial pressure.
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FIGURE 13. The effect of CO 2 partial pressure on flow accelerated corrosion of carbon steel as a
function of wall shear stress for pipe flow.
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FIGURE 14. The effect of CO 2 partial pressure on flow accelerated corrosion of carbon steel as a

function of wall shear stress for jet impingement.
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FIGURE 15. Comparison of flow accelerated corrosion of carbon steel as a function of wall shear stress
for pipe flow and jet impingement at 2.0 psia C02 partial pressure and pH 6.8
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FIGURE 16. Comparison of flow accelerated corrosion of carbon steel as a function of wall shear stress
for pipe flow and jet impingement at 20 psia CO2 partial pressure and pH 6.0.
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FIGURE 17. Comparison of flow accelerated corrosion of carbon steel as a function of wall shear stress
for pipe flow and jet impingement at 60 psia CO 2 partial pressure and pH 5.8.
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FIGURE 18. Electrochemical impedance Nyquist plot for the corrosion of 1018 carbon steel at a wall
shear stress of 10 N/m 2 for pipe flow and jet impingement at 20 psia CO 2 partial pressure and 50 TC.
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ABSTRACT

The corrosion behavior of different grades of low alloy carbon steels (e.g., L80, C90, 5LX52 and
2%Cr) has been studied at 10.6-13.8 MPa total pressure, 6.7 % CO 2 , 85 TC and superficial gas
velocities from 3 to 62 m/s, using a Dynamic Field Tester (DFT) installed at a Gas/Condensate well
head located near ANACO, Venezuela.

The effect of flow velocity on the corrosion/erosion behavior of carbon steels was found to depend
significantly on the chromium content of the steel. C90 and 2 % Cr steels showed a critical flow
velocity of about 13 m/s, corresponding to a wall shear stress close to 80 N/m 2, above which
penetration rates increased substantially with velocity. Line pipe and L80 steels showed a
completely different fluid velocity effect, with localized corrosion rates decreasing with increasing
fluid velocities up to 32 m/s. This decrease in corrosion rate was related to an increase in the relative
presence of Fe3 C and Fe304 in the corrosion products. At higher velocities, or wall shear stresses
over 300 N/m 2, penetration rates tend to increase due to erosion of protective films.

The properties of corrosion products, under the same temperature and CO2 partial pressure, was
associated not only to the chemical composition of materials, but also to the fluid velocity or wall
shear stress. High fluid velocities affect kinetics of iron dissolution and FeCO3 nucleation,
producing a thin but more protective and erosion resistant film, taking advantage of an anchorage
effect of the uncorroded Fe3C particles left behind.

Key words: Carbon dioxide, corrosion-erosion, localized corrosion, iron carbonate, carbon steel,

flow velocity, flow patterns.

Introduction

Current practice in the oil and gas production industry to prevent flow induced C02 corrosion
generally limits fluid velocities in carbon steel pipelines and equipment based on field experience or
empirical equations, such as the one included in the API RP 14E III guideline. Therefore, there is a
need for developing a reliable method for predicting corrosion rates under hydrodynamic and
environmental conditions relevant to oil and gas operations.

A great deal of effort has been directed towards understanding the complex mechanisms involved in
the CO2 erosion/corrosion process[ 2.3 1 and the relationship between hydrodynamics and
corrosion[4,51. Most of the research work has been carried out in laboratory recirculating test loops,
which can simulate C02 partial pressures, water composition, temperatures and gas/liquid flow
velocities. However, few research works have been reported using production fluids coming from a
gas/condensate well[61, where the flow effect on corrosion can be investigated under controlled
operational conditions. These experiments are considered important since the effect of a
hydrocarbon phase without oxygen contamination can be assessed.
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Experimental results, obtained from a Dynamic Field Tester (DFT) installed at a Gas/Condensate
well head, have indicated that the effect of flow rate on the C02 corrosion/erosion behavior of diffe-
rent grades of steel depends on the chemical composition of the material[7 ,81. This article includes
data on the effect of flow velocity on the localized corrosion attack, using different arrangement of
the test sections and higher flow velocities (up to 62 m/s). The effect of calculated wall shear stress
(from 20 to 660 N/m2) on the corrosion rates and surface films are also shown and discussed.

Experimental

Dynamic Field Tester (DFT)

The Dynamic Field Tester consists of a set of flow lines and equipment specially designed for
corrosion testing of materials in contact with fluids coming from oil/gas wells, under real but well-
controlled conditions. The circuit is schematically shown in Figure I and has been more extensively
explained in previous communications [7.81.

In order to study four flow velocities during each test period, the DFT was designed with straight
test sections housing tubular specimens of different internal diameters (52, 27, 20 and 15 mm). The
specimens are mounted along the center line of the test section by means of Teflon holders, in such
a way that only the internal surface of the specimens is exposed to corrosive fluids (see Figure 2).
Test specimens are isolated from each other by Teflon or ceramic washers. A pre-flow section of
more than 50 diameters long is installed at the beginning of each straight section to allow the flow
regime to be fully developed before entering to the test section. The 15 mm ID specimens, however,
are positioned in the last testing section directly after the reduction from 20 mm ID, to reduce pres-
sure drop that occurs at these high velocities. Actual gas and liquid flow rates, temperatures and
pressures are continuously monitored throughout the test b, detectors installed at different locations.

Materials tested

The chemical composition and the mechanical properties of the materials tested are shown in Tables
1 and 2. Metallographic analysis [81 showed typical quenched and tempered martensitic structure in
all materials, with the exemption of the carbon steel with 2 % Cr used in the 52 mm section (2CrNb)
and the line-pipe steel. These two materials presented a normalized ferritic-perlitic structure.

Testing Conditions

The DFT was installed using a duplex by-pass line at the CORPOVEN gas/condensate well
JM- 101, located near Anaco, Venezuela, which had been completed with 13 % Cr tubing. Typical
gas composition is shown in Table 3. During the tests, the average well production was 270
Nm 3/min (13.8 MMscf/D) of gas, 0.021 L/m 3 (3.8 MMscf/bbl) of a 42- API condensate and 0.022
L/m 3 (4.0 MMscf/bbl) of condensed water (less than 20 ppm of chlorides).

In tests primarily designed for studying CRA alloys, all fluids coming from the well went through
the DFT, obtaining superficial gas velocities ranging between about 20 to 250 m/s. Results reported
in the present paper were obtained from Tests N-2, N23 and N25, in which fluids were partially by-
passed to reduce volumetric flow rates down to 34, 46 and 112 Nm 3/min, respectively. For
comparison purpose, carbon steel corrosion data from Test N21 [71 (at 52 mm ID, 20 m/s) were
included in some of the figures.

Unless otherwise noted, test sections were located in a vertical position, in such a way that fluids
coming from the well passed through the different internal diameters in the following sequence: 52
mm, 27 mm, 20 mm and 15 mm. Test N95, however, was designed with the vertical test sections
in the opposite sequence (i.e., 20-27-52 mm ID) to rule out possible systematic errors.
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The variation of flow rates and pressures in different sections of the DFT are shown in Figure 3,
and the average conditions recorded for these tests are summarized in Table 4. The average C02
partial pressure was 0.71 ± 0.03 MPa (103 ± 4 psi), the temperature was 80 ± 3 2C (176 ± 5 'F)
and the superficial fluid velocity varied between 3 to 62 m/s (9 to 205 ft/s). Note that most of the
pressure drop occurs through the small diameter sections, which caused a slight decrease in C02
partial pressure. The estimated carbon steel corrosion rates, calculated by the modified De Ward
and Milliams equation'91, were also included in Table 4 to indicate the highly aggressive conditions
of these tests (12.8 ± 0.4 mm/y).

A testing time of about 2 months was selected for these experiments, since preliminary tests and
experience had shown that this exposure time was adequate for studying both general and localized
C02 corrosion of carbon steel.

Fluid properties, superficial gas velocity, Vsg, liquid velocity, Vsj, and mixture velocity, Vs, for
each testing condition were calculated using the CORRODISI1 01 computer model. Flow pattern at
each conditions, according to Taitel and Duklerl111 and calculated using vertical upward correlation
based on Duns & Ros[121 dimensionless parameters, are shown in Table 5 and displayed in
Figure 4. It is important to note that the flow pattern in the 15 mm ID test specimens may have not
been fully developed, since it had no stabilization section.

Wall Shear Stress (WSS) at each test section condition, shown in Table 5, was calculated using the
frictional pressure gradient (AP/L) computed by the NAPS program[1 31, with the Gray and Ros
correlation for Gas/Condensate wells, and the following equation[141:

IDWSS = T (AML)(1

It is important to note that calculated WSS are sensitive not only to the correlation selected but also
to the pipe roughness used in the computation (in this case, 0.046 mm) and the physical-chemical
properties of the fluids involved[5' 13.1 41. A modification in the DFT is been included to measure
experimentally the frictional pressure gradient continuously at the different test sections.

Determination of corrosion rate.

At least three specimens were installed in the testing sections for each experimental condition (i.e.,
material, specimen type, internal diameter). The specific location of each specimen inside the test
section was randomly chosen and recorded for future analysis. One specimen was used for
destructive analysis in studying the corrosion product morphology and composition, by means of
SEM, EDAX and x-ray diffraction. The other specimens were descaled and utilized for corrosion
rate measurements. Internal surface of each specimen was also analyzed and low magnification
photographs were taken before and after descaling.

Weight loss corrosion rates were calculated using an analytical balance (± 0. 1 mg) and the geome-
tric internal surface area of the specimens. Localized corrosion, on the other hand, was quantified
by scanning the internal surface of the tubular specimens using a profilometer. For data reduction,
only the deepest measurement recorded away from the edges was used in calculating the maximum
localized corrosion. Higher localized corrosion was observed close to the interface between some
specimens and their Teflon spacer, but these data were not reported in this article since they were
regarded as being caused by turbulence produced by slight misalignment of the specimens.

In calculating corrosion rates, weight loss or maximum penetration data were divided by the actual
testing time of 1464, 1542 and 1496 hours for test NM2, N-23 and N-5, respectively. Unless
otherwise noted, average corrosion rates will be shown with confidence intervals calculated at 95 %
confidence.
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Results

Effect of Fluid Velocity on Corrosion Behavior of different Steel Grades

L80 Steel

Corrosion behavior of L80 specimens is shown in Figure 5, as a function of superficial fluid
velocity. Analysis of Variance (ANOVA) of these results revealed that velocity effects on both
general and localized corrosion rates were statistically significant at 99 % confidence.

Weight loss corrosion rates increased with velocity from 2.5 mm/y at 3 m/s up to a maximum of
about 7 mm/y at 4 m/s. After this maximum, they decreased with increasing superficial velocities
(up to 33 m/s) and approached values not statistically different from those obtained at 3 m/s. At
higher velocities, corrosion rates tend to increase significantly with velocity.

Similar conclusions were obtained from the ANOVA of localized corrosion results. That is, a
maximum penetration rate of 7.3 ± 0.5 mm/y was obtained in the range from 4 to 20 m/s.
Increasing velocities tend to decrease penetration rates, reaching a minimum close to 33 m/s and
augmenting at higher velocities.

Analysis of corrosion morphology showed that L80 steel specimens suffered ring worm and some
mesa corrosion at flow velocities lower than 13 m/s. It is important to note that the tendency for
localized corrosion decreased with velocity. In fact, specimens exposed at fluid velocities higher
than 20 m/s, did not show any pitting or mesa corrosion. At these velocities, corrosion rates
calculated by weight loss agreed very well with maximum penetration measured, which confirms
the lack of localized corrosion. At velocities higher than 33 m/s, flow induced marks were found in
the internal surface, and external corrosion was evident. This may account for the fact that weight
loss corrosion rates obtained in those specimens were higher than localized corrosion measured in
the middle of the coupon.

It is important to note that corrosion rates obtained at about 10 m/s from test N2-2 (27 mm ID) and
N 2 5 (52 mm ID) were very close, even though experiments were run with different internal
diameters and with the test sections placed in opposite sequence related to the gas flow entrance.
This indicates that the reduction in corrosion with increasing velocities was not due to a systematic
error caused by the position of the test sections (e.g., iron dissolution or pH change).

Line Pipe Carbon Steel

Line pipe material showed higher corrosion rates at low velocities than all the other grades of mate-
rials tested. As shown in Figure 6, increasing flow velocity seems to slightly reduce weight loss
corrosion rates. Analysis of variance of these results indicated that flow velocity, however, did not
have a statistically significant effect on the weight loss corrosion rate up to 42 m/s (5.5± 0.7 mm/y).
At 62 m/s, weight loss corrosion rate increased significantly (11.4± 0.3 m/s), obtaining higher
value than the internal penetration measured at the middle of the coupons, due primarily to some
external corrosion.

As mentioned in a previous communication [8], flow velocity did affect both corrosion morphology
and penetration rates. Maximum localized corrosion rates of 8.1± 0.6 mm/y were obtained at low
velocities (5 20 mis), on specimens where mesa or ring-worm corrosion was observed. At higher
velocities, penetration rates decreased down to about 4 mm/y at 33 and 42 m/s, on specimens where
only uniform corrosion was found. Experiments performed at 38 and 62 m/s showed a significant
increase in penetration rates, which were statistically similar to the values obtained at lower
velocities (i.e., 8.1 ± 0.6 mm/y) but with a different morphology: Corrosion appeared to be
uniform, but with evidence of shallow flow induced erosion marks.
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C90 Steel

C90 specimens (Figure 7) showed the lowest weight loss corrosion rates of all materials at low
flow velocities (1.1 ± 0.5 mm/y at flow velocities _ 13 mns). At flow velocities comprised between
19 and 33 m/s, the weight loss corrosion rate and the standard error increased significantly to 3.8 +
2.1 mm/y. At even higher velocities, corrosion rates increased substantially up to about 13 mm/y,
which were higher than values obtained on any other grade of steel.

Analysis of variance of penetration rates also showed a significant effect of flow velocity. Localized
corrosion rates and standard error increased sharply at velocities higher than 13 m/s, from 2.9 ± 0.8
to 7.5 ± 1.2 mm/y. Note that corrosion rates calculated by maximum penetration at low velocities
were much higher (about 3 times) than those calculated by weight loss and that the ratios tend to
decrease to about 2 at more elevated velocities. These results confirm the need of measuring the
penetration rate and not relying solely on weight loss for calculating CO 2 corrosion rates.

These results can also be correlated with a change in the surface morphology. At low flow
velocities, the specimens exhibited pitting and ring-worm corrosion, which implies high penetration
but not covering a large area. At higher velocities, the tendency to suffer mesa-type corrosion
(larger area) was found to increase, which may explain the reduction in the ratio penetration
rate/weight loss corrosion. At 38 m/s, it was found that most of the internal surface had suffered
mesa corrosion and that both localized and weight loss corrosion rates were close to 10 mmly. At
62 m/s, corrosion morphology appeared to be uniform, with flow induced erosion marks. As
mentioned before, weight loss corrosion rates at this high velocity were calculated to be higher than
internal penetration rates, primarily due to external corrosion.

2Cr Steel

Corrosion rates of steels with 2 % Cr are shown in Figure 8. Analysis of variance of these results
showed that weight loss corrosion rates seem to increase from 1.4 ± 0.8 mm/y at velocities lower
than 13 m/s to a "plateau" at 3.5 ± 1.0, augmenting significantly at higher velocities.

One factor ANOVA for penetration rates obtained from 2Cr specimens, on the other hand, did show
a significant flow velocity effect. Penetration rates increase sharply from 2.7 ± 0.8 mm/y, for
superficial velocities lower than 13 m/s, up to 7.4 ± 0.6 mm/y at velocities higher than 20 m/s.

The corrosion morphology of 2 Cr specimens had similar tendency to the one found on C90. That
is, pitting and ring-worm corrosion was predominant at low velocities and mesa corrosion between
20 to 38 m/s. At 62 m/s, 2 Cr steel specimens showed apparent uniform corrosion, with some flow
induced erosion marks. Also, some external corrosion was evident, which accounted for the weight
loss corrosion rates to be higher than the penetration rate.

Effect of Flow Velocity on Corrosion products.

Table 6 shows the primary corrosion products, as analyzed by x-ray diffraction, which were
obtained for each material at different flow velocity ranges.

X-ray diffraction of corrosion products on C90 and 2Cr specimens showed iron carbonate (FeCO3)
as the main corrosion product at all velocities. Under these test conditions, iron carbonate layers
were found not to be very adherent. This fact may increase the localized or mesa-type corrosion at
the regions where the corrosion product is lost due to the flow effect.

L80 and line pipe materials also presented iron carbonate as the main corrosion product at low
velocities (3-4 m/s) . When the velocity increased, however, it was found a decrease in the relative
intensity of iron carbonate peaks and an increase in the iron carbide x-ray diffraction signals.
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Specimens exposed to superficial fluid velocities greater than 33 m/s did not show enough corrosion
products to perform x-ray analysis.

Therefore, it is proposed that mass transfer or wall shear stress significantly affects corrosion
product properties, by increasing precipitation kinctics, in similar way as reported by Ikeda et al1[2,31

for the temperature effect. A similar effect has also been found in DFT galvanic coupling tests[ 171.

There also appears to be a relationship between the corrosion product and the morphology of attack.
C90 specimens showed mesa corrosion at all superficial flow velocities, where the main corrosion
product was iron carbonate. L80 specimens, on the other hand, presented mesa corrosion only at
low velocities, where the main corrosion product was also iron carbonate, and changed to general
corrosion at high velocities, where the primary corrosion product was iron carbide. This situation
was similar for line pipe steel. This fact highlights the importance of concentrating research on the
type of corrosion product and its relationship with material properties and environmental conditions
to further assess the corrosion behavior in CO2 environments.

Discussion

Experimental results have shown that superficial flow velocity significantly affects both the
corrosion rate and the morphology of corrosion, and that velocity effect was dependent on the grade
of the steel tested.

On Figures 9 and 10, the ratio between experimentally obtained penetration rates and those
calculated from the de Waard and Milliams correlation[ 9], using average conditions of each test
section (see Table 4), are shown as a function of calculated wall shear stress. The relative present,
of each of the main corrosion products (FeCO3, Fe3C and Fe30 4) is also exhibited in these figures.

It can be seen that the calculated values were up to 10 times higher than the measured penetration
rates, depending on the grade of steel and flow velocity or wall shear stress. This difference has
been discussed in a previous communication1 81 on basis of the inhibiting effect of the oil phase and
on the grade of steel. Besides, the kinetics of CO 2 corrosion of steels in thin film electrolytes,
typical of annular mist flow, may be significantly different to those in bulk electrolytes commonly
used in laboratory experiments.

CO 2 Corrosion/Erosion of C90 and 2 % Chromium Steels

As shown in Figures 7 and 8, and summarized in Figure 9, carbon steel specimens tested with
chromium content between 1 to 2 % showed penetration rate vs. superficial fluid velocity and wall
shear stress curves typical of an erosion/corrosion process. From these figures, it can be identified
a critical flow velocity Ve of about 13 m/s. This experimental erosion/corrosion critical velocity
agreed very well with the values obtained from the API RP 14 E equation III

Ve = 0.3 C (2)p 1/2

which were calculated to be comprised between 13.2 to 13.6 m/s, using the fluid density estimated

by the CORRODIS computer model (p = 5.3 to 4.9 lb/ft3 at average DFT testing conditions) and the
recommended C value of 100. It is important to emphasize that the critical velocity should be, in
general, function of the materials properties, as shown in previous communications[7 ,81.

Also, the critical erosion velocity coincided with the region of changing flow patterns from churn or
transition flow to annular mist flow, as indicated by the 27 mm ID./test N-3 data point displayed on
Figure 4. Therefore, results for carbon steels with 1-2 % Cr are consistent with the hypothesis that
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the API formula is a reasonable indicator of the onset of the annular mist flow condition, as
suggested by Smart [181.

Annular mist flow is the regime that occurs at high superficial gas velocities, and is characterized by
the continuity of the gas phase along the pipe core and by the presence of a liquid phase moving
partly as an annular film, on permanent contact with the pipe walls, and partially as drops or mist
entrained in the gas core. Therefore, it has been proposed that the erosion/corrosion mechanism
could be related to that of corrosion product removals by liquid impingement. Craig 1191 developed
the following equation for the erosive removal of corrosion product films by liquid impingement:

C'
Ve = 0.3 -ý (3)

p3/7

where C' is a constant that depends on the properties of the corrosion product, i.e., 150 for Fe304
and 90 for FeCO3. Experimental results are again consistent with the erosion velocity calculated
assuming FeCO3 corrosion product (13.4 to 13.7 m/s). This equation would also predict the
beneficial effect of the presence of a protective iron oxide film (Ve between 22 and 23 m/s).

The influence of multiphase flow velocity on corrosion has also been expressed in terms of the
effect of the wall shear stress either on removing the corrosion products or on preventing their
formation or adherence onto the pipe wall 14,20.211. Therefore, a critical wall shear stress (or
frictional pressure drop) would appear to be preferred engineering parameters, rather than a critical
velocity to assess the onset of erosion/corrosion. From Figure 9, it is apparent that the critical wall
shear stress is .lose to 80 N/m 2 for these two grades of steel. In general, the authors believe that
critical wall shear stress should be function of the steel metallurgy, temperature, C02 partial
pressure and mass transfer conditions, which in term would affect corrosion product properties.

Effect of velocity on CO 2 corrosion of L80 and Line/Pipe material

Fluid velocity affects steel specimens with chromium concentration lower than 0.5 % in a
completely different way than steels with higher chromium content. As shown in Figures 5 and 6,
and consolidated in Figure 10, L80 and line pipe steels presented a significant decrease in
penetration rates at fluid velocities comprised between 13 m/s and 33 m/s. Also, the susceptibility
to mesa or pitting corrosion was found to be negligible at these velocities.

This unexpected reduction on corrosion rates with increasing fluid velocities was correlated with a
change in the morphology and composition of corrosion products [8]. As mentioned earlier, the
corrosion products at low velocities were primary FeCO3, whilst at high velocities, a tight thin film
with a relatively high concentration of Fe3C and Fe304 was found. This fact strongly suggests
that flow velocity affects kinetics of iron dissolution and FeCO3 nucleation, producing a more
protective and erosion resistant film, taking advantage of an anchorage effect of the uncorroded
Fe 3C (cementite) particles left behind. The significant increase in penetration rates at superficial
velocities over 33 nis (Wall Shear Stress of about 300 N/m 2 ) suggest the presence of an
erosion/corrosion velocity, which is consistent with the onset of removal of this tight film.

Conclusions

A critical flow velocity of about 13 m/s, corresponding to a wall shear stress of about 80 N/m 2, was
found for C90 and 2Cr steels, above which penetration rates increased substantially with velocity.
This experimentally found critical velocity was close to the value calculated by the API RP 14E
equation. This correlation, however, should not be generalized because the critical velocity depends
on the steel and corrosion product properties.
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Line pipe and L80 steels, with chromium content lower than 0.5 %, showed a completely different
fluid velocity effect, with localized corrosion rates decreasing with increasing fluid velocities up to
33 m/s. This decrease in corrosion rate was related to an increase in the relative presence of Fe3C
and Fe304 in the corrosion products. At higher velocities, corresponding to wall shear stresses in
the order of 300 N/m 2 , penetration rates tend to increase due to erosion of the protective film.

The properties of corrosion products, under the same temperature and CO2 partial pressure, was
found to be associated not only to the chemical composition of materials, but also to the fluid
velocity or wall shear stress. High fluid velocities affect kinetics of iron dissolution and FeCO3
nucleation, producing a thin but more protective and erosion resistant film, taking advantage of an
anchorage effect of the uncorroded Fe3C particles left behind.
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TABLE 1.
CHEMICAL COMPOSITION OF MATERIALS TESTED.

MATERIAL TYPE C Si Mn P S Cu Cr Mo Ti Nb

L.80 BAR 0.24 0.27 1.04 0.017 0.014 0.01 0.2 <0. 1 0.03 <0.01

PIPE 0.24 0.28 1.19 0.018 0.009 0.01 0.5 <0.1 0.03 <0.01

C90 BAR 0.27 0.31 0.48 0.004 0.003 0.01 1.0 0.5 0.02 0.03

PIPE 0.27 0.32 0.49 0.004 0.004 0.01 1.0 0.5 0.02 0.03

21/4Cr-lMo BAR 0.11 0.30 0.43 0.016 0.005 0.02 2.1 1.0 <0.01 <0.01

2Cr-Nb PIPE 0.04 0.28 0.98 0.002 0.003 <0.01 1.9 <0.1 <0.01 0.03

C-Steel (L/P) BAR 0.08 0.22 1.13 0.007 0.001 0.30 <0.1 <0.1 0.02 0.04
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TABLE 2.

MECHANICAL PROPERTIES OF MATERIALES TESTED.

MATERIAL TYPE Y.S Y.S TS T.S El R.A

(Kg/mm2) (MPa) (Kg/mm2) (MPa) (%) (%)

BAR 49.5 4.85 62.1 6.08 30.8 76.4

PIPE 61.6 6.03 73.6 7.21 26.4 75.0

BAR 58.8 5.76 70.6 6.92 28.4 74.1

PIPE 66.8 6.54 76.4 7.49 27.2 74.2

21/4Cr-lMo BAR 56.0 5.49 65.8 6.45 30.8 82.6

2Cr-Nb PIPE 35.4 3.47 56.6 5.54 28.0 71.6

C-Steel(L/P) BAR 37.1 46.2 42.4 85.3

TABLE 3.
TYPICAL GAS COMPOSITION DURING TESTS AT THE JM-101

WELL.

Component % Molar

C02 6.65

CI 90.36

C2 1.49

C0 0.56

IC4 0.14

TABLE 4.
AVERAGE OPERATING CONDITIONS OBTAINED FOR EACH TEST

AND ID SECTION AND ESTIMATED CORROSION RATES.

TEST D Pp CO2  TEWP Vs D&M Vcorr

aim MPa psi *C OF m/s ft/s mm/y

52 0.71 104 82 180 2.8 9 12.5

2nd 27 0.71 103 81 178 10.2 33 12.7

20 0.70 102 76 169 18.5 61 13.5

15 0.69 101 76 169 33.1 109 13.5

52 0.75 109 79 175 3.5 11 13.0

3rd 27 0.74 108 79 175 13.0 43 13.0

20 0.73 107 78 173 23.9 78 13.2

15 0.73 107 77 170 42.3 139 13.3

52 0.65 94 82 180 10.3 34 12.4

5th 27 0.65 94 85 185 38.1 125 12.0

20 0.71 104 85 185 62.4 205 12.0
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TABLE 5
ESTIMATED FLOW PATTERNS AND WALL SHEAR STRESS

AT TEST SECTIONS.
SECTION Vsg Vsl WSS Ngv NLv flow

l____ I.D.(mm) (mls) (m/s) (N/m 2 ) pattern_

52 2.8 0.01 21 23.9 0.10 slug flow

2nd 27 10.2 0.04 57 88.2 0.36 transition

20 18.4 0.08 126 159.6 0.66 anular mist

15 32.9 0.14 281 285.5 1.17 anular mist

52 3.5 0.01 24 31.1 0.12 slug flow

3rd 27 13.0 0.05 80 116.1 0.46 transition

20 23.8 0.09 180 213.2 0.84 anular mist

1 15 42.2 0.17 398 377.7 1.49 anular mist

52 10.3 0.04 47 89.2 0.31 transition

5th 27 38.0 0.13 245 329.9 1.14 anular mist

20 62.2 0.24 658 539.9 2.07 anular mist
NLv = 1.938 Vsl (PXiq Y)-1/4
Ngv = 1.938 Vsg (Pliq y)-1/4

Vsl = Superfitial liquid velocity
Vsg = Superfitial gas velocity
Pliq = Liquid (water + condensate) density (Ib/ft3 )
y = Surface tension (dyne/cm)

TABLE 6.
X-RAY DIFFRACTION ANALYSIS OF CORROSION PRODUCTS

MATERIAL V (m/s) FeCO3 Fe3C Fe304
3-4 s w m

L/P 10-15 s
18-23 w s s
33-62 * * "

3-4 s w
L80 10-15 s m m

18-23 w s w
33-62 " ° *

3-4 s ww
C90 10-15 s w

18-23 s w
33-62 " " °

3-4 s w w
2CrNb 10-15 s ww

18-23 s w
33-62 - * "

s: strong (80-100%) nt medium (50-79%)

w: weak ( 2049%) ww very weak (<15%)

Not detectable.
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A Proposed Mechanism for Corrosion in Slightly Sour Oil and
Gas Production

Stephen N. Smith
Exxon Production Research Co.
P.O. Box 2189
Houston, Texas 77001

Abstract

A corrosion model is proposed to explain corrosion in oil and gas production environments that
contain CO 2 and small quantities of H2S. Although a number of studies have been conducted into
the mechanism of corrosion by CO 2 and there has been some study of the corrosion mechanism by
H2S, information about the transition between these corrosion mechanisms has not received much
attention. The proposed model is based upon the formation of a meta-stable form of iron sulfide,
mackinawite, which has been observed as a corrosion product both in the laboratory and in the
field. Mackinawite has been observed as the corrosion product that forms when small
concentrations of H2S are present in the corrosive fluids. A simple partial pressure or solution
concentration guideline for the amount of H2S required to form mackinawite on the iron surface
cannot be developed since factors such as temperature, H2S activity, pH and the ionic strength of
the solution are all involved in the determination of the conditions required for formation.
Mackinawite is believed to form as a surface reaction between the H2S in solution and the iron
rather than as a precipitation reaction of ferrous sulfide from solution. Therefore, even when the
conditions for mackinawite formation are favorable on the iron surface, mackinawite can remain
soluble in the bulk solution. This means that as mackinawite forms on the surface, the
mackinawite immediately begins to dissolve. However, since the formation reaction has been
shown to be much more rapid than the dissolution reaction, a mackinawite film will form and
influence the rate of further corrosion.

The interface between the mackinawite region and the CO2 corrosion region is believed to be
independent of the CO2 corrosion reaction and is defined solely by the chemistry of mackinawite
formation. As the concentration of H2S is increased, an upper H2S boundary to the mackinawite
region is reached. This boundary is defined by the conditions where the solubility product for iron
sulfide is exceeded. Under these conditions the thermodynamically stable iron sulfide, pyrrhotite,
precipitates on the metal surface. Once pyrrhotite forms, any remaining mackinawite rapidly
dissolves or transforms to the slower growing pyrrhotite.

Key terms: Mackinawite, Sour Corrosion, H2S Corrosion
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Introduction

The formation of an iron sulfide corrosion product at low H2 S concentrations can have many practical implications

to oilfield corrosion control. Several situations have been encountered in which the change from a CO2 controlled
reaction to H2S controlled corrosion altered the corrosion rate and the physical location of the most corrosive point
within the production system. In some cases, the changeover increased corrosion and in others the change
significantly reduced the amount of corrosion to levels below what was expected. The morphology of corrosion is
also generally different between CO2 and H2S control. Where CO2 corrosion often produces either general or mesa
corrosion, H2S control is typified by discrete local pitting attack. Thus, the change can have an important effect
upon design factors such as corrosion allowance considerations or in the selection and location of the most
appropriate corrosion monitoring system.

Although a number of studies of the CO 2 corrosion mechanism have been conducted and there has been some
study of the corrosion mechanism by H2 S, the transition region between these two corrosion mechanisms in
environments with low to moderate levels of CO 2 and H2S has not received much attention. This is especially true
in the oil and gas industry where the majority of the effort has concentrated on defining the mechanism of CO2

corrosion and the remaining research has looked at the mechanism of corrosion in high concentrations of H2S

and/or elemental sulfur.

For corrosive conditions where CO 2 is present with virtually no H2S, the current theories state that the corrosion

mechanism will be determined by the fate of the Fe 2 ion corrosion product. If the Fe2 remains in solution, the
corrosion mechanism will follow the chemistry originally described in deWaard and Milliamsl, 2. If conditions
conducive to FeCO 3 formation are favorable, further corrosion is determined by the quantity and quality of the

FeCO 3 corrosion product3, 4. When significant concentrations of H2S are present in the system, the corrosion
mechanism is controlled by the formation of the pyrrhotite form of FeS5 7 . None of these mechanisms explains the
formation of the mackinawite form of iron sulfide that was originally named kansite by Prange8 . The practical
existence of mackinawite as a corrosion product has subsequently received extensive discussion8 -14 .

In work performed at the Canadian AECI°, 15-20, a mechanism for the formation of a mackinawite scale was
reported for the Girdler-Sulfide method for concentrating heavy water, which utilizes H2 S. The Girdler-Sulfide

H2 S concentrations studied were significantly lower than those studied by Ramanarayanan 5, 6 and Vedage7 . The

mackinawite corrosion product may therefore exist somewhere between the two CO 2 corrosion regions (Fe2 and
FeCO 3) and the pyrrhotite corrosion product region, as illustrated in Figure 1.

This paper will utilize the work of the Canadian AEC and others1 °-24, to propose a mechanism for mackinawite
formation under oilfield production conditions. The paper will also describe the proposed chemistry required for
mackinawite formation. Methods for predicting the boundary conditions that separate the mackinawite region
from the other three corrosion product regimes are also discussed along with suggestions for further laboratory
work to verify the model.

Mackinawite

Mackinawite was first identified as a corrosion product by Prange8, who named it kansite. Prange identified
mackinawite as the corrosion product that had been observed in a number of sour oil production systems in Kansas
and West Texas. The official mineralogical name, Mackinawite, was adopted many years later in 196421. Early
corrosion literature citations of kansite are therefore usually describing mackinawite.

Mackinawite is a thermodynamically meta-stable form of iron sulfide. Mackinawite will decompose to the
pyrrhotite form of iron sulfide. However, provided favorable conditions are maintained, this decomposition may
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not occur for weeks or months. Like pyrrhotite, mackinawite is ferromagnetic and can be highly reactive when
fine powders are exposed to oxygen.

Mackinawite exists as the non-stoichiometric form of iron sulfide with the imbalance toward the ferrous ion side.
Although the non-stoichiometry has not been proven to be an excess of ferrous ions, as opposed to sulfide ion
vacancies, some literature seems to favor the excess ferrous ion option12, 13 where the composition would be
expressed as Fe( +x)S. Other literature2 2 presents evidence that mackinawite may exist as the sole example of a

sulfur deficient metal sulfide. In this case the composition would be expressed as FeS(..x).

Mackinawite Corrosion Mechanism

Thermodynamics favors either pyrrhotite or pyrite as the iron sulfide corrosion product over mackinawite.
However, the rapid formation kinetics of mackinawite appear to give it the edge as the initial iron sulfide corrosion
product. Mackinawite can be observed to form rapidly (virtually instantaneously) on the surface of carbon steel
coupons dipped into H2 S saturated deionized water at room temperature. Shoesmith15 proposed that "the first

stage in the corrosion of carbon steel in aqueous H2S is the formation of a mackinawite layer, via a Folid-state

mechanism."

An explanation for the preference for solid-state mackinawite formation over pyrrhotite is that the equilibrium Fc2

and H2S concentrations in the bulk solution are not conducive to pyrrhotite precipitation as determined by the

pyrrhotite solubility product. However, the activity of Fe2 on a carbon steel surface approaches 1.0 since the Fe
activity on the solid steel surface is defined as 1.0. If the combination of the increased Fe2 ion activity and the
local H2S activity exceeds the equilibrium constant for mackinawite formation on the metal surface, a mackinawite

tarnish will form as a surface reaction on the steel. Rickard2 3 studied kinetics of this reaction and found them to be
extremely fast. Mackinawite was observed after exposures of less than 0.1 seconds in solutions of 10-3 M Na2 S at

pH 7.0. By comparison, pyrrhotite formation kinetics appear to be quite slow. Shoesmith16 and Wikjord20 both

reported observing troilite (stoichiometric FeS) and pyrrhotite only after exposures greater than 5 hours.
Mackinawite formation would therefore be favored kinetically over pyrrhotite.

However, if the Fe2 activity of the bulk solution is below the solubility product for mackinawite, the mackinawite is
still soluble and will immediately begin to dissolve as the Fe2 ions diffuse away from the steel surface. If the Fe 2

activity of the bulk solution is above the solubility product for the more stable FeS, pyrrhotite, FeS will start to
precipitate from solution. The driviiig force for mackinawite dissolution will also be reduced as the Fe2 ion
concentration increases. This combination provides the conditions that are conducive to pyrrhotite formation.

Since mackinawite formation kinetics are so fast, Tewaril 0 found that the rate of corrosion on a mackinawite
covered surface is determined by the combined FeS dissolution and corrosion product diffusion reactions. In fact,
Tewari hypothesized the existence of an Fe(HS)+ complex based upon his corrosion product diffusivity values.
Shocsmith 16, Taylor17 and Ogundelc 24 also have discussed the existence of an Fe(HS)+ complex based upon FeS
dissolution.

Therefore, mackinawite would be expected to form under conditions where the combined Fe2 and H2S bulk

solution activities are inadequate to precipitate FeS, but where the H2S activity is sufficient to form mackinawite if

the Fe2 activity on the steel surface is assumed to be 1.0. As illustrated in Figure 2, the H2S diffuses to the metal

surface and reacts with the steel surface to first form adsorbed molecular FeS which then combines to form
mackinawite. However, since the FeS is still soluble in the bulk solution, the mackinawite immediately begins to
dissolve to form Fe(HS)+, probably through a reaction sequence such as:

FeS + H2 S --+ Fe(HS) 2 -- Fe(HS)4 + HS- (1)
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As soon as the Fe(HS)+ has had an opportunity to diffuse away, a fresh steel surface is exposed which can
immediately react with the H2 S to form more mackinawite. The mechanism therefore assumes the following:

"* FeS(pyrrhotite) is saturated in solution,
"1 H2S will diffuse toward the Fe surface,

"* A reaction between Fe and H2S occurs on the surface to form FeS,

"* FeS begins to dissolve to form Fe(HS)+ and HS-,
"* The Fe(HS)+ diffuses away from the metal surface, and
"• More H2S immediately moves in to react with the exposed Fe.

This produces a very thin tarnish of mackinawite that is continually forming and dissolving. This is consistent
with observations where mackinawite is never observed as the thick scale that often forms when pyrrhotite is the
corrosion product. This also explains the poor x-ray diffraction patterns frequently encountered with mackinawite.
Tne thin FeS film, combined with the extremely fine crystal size found in a tarnish layer, produces a very broad set
of diffraction peaks, as illustrated in Figure 3. This occurs even for the (001) crystal lattice reflection that produces
the 100% 1 peak for mackinawite 21 . This often results in mackinawite not being detected by routine, computerized
x-ray diffraction analyses as the peak is too broad for the computer to identify. The problem is further complicated
by the low angle diffraction produced by the 5.03 A spacing of the (001) plane, which can disappear into the
background noise produced by the commonly used Cu-Ka excitation signal.

Definition of Corrosion Product Boundaries

Assuming that this explanation for mackinawite formation is correct, the boundary conditions between the
mackinawite corrosion product region and the other corrosion products can be defined.

Boundary with Fe2 Region

Since most oilfield waters have pH values in range of 3 to 6, the majority of the aqueous sulfide found in oilfield
waters exists as H2S rather than as HS- or S-2 ions. The equilibrium reaction between the corrosion product

regions for Fe2 and mackinawite can be expressed by the reaction:

Fe2 + H2S -- FeSmackinawite + 2H+ (2)

Although equilibrium constant information for mackinawite formation as a function of temperature is not known to
be available, Berner 25 reported the standard free energy of formation for mackinawite and MacDonald 4 described
a procedure to estimate mackinawite free energy as a function of temperature. The calculated free energy can then
be used to develop a value for Keq as a function ofT.

For temperature T and assuming a 1.0 molal activity of all reactants and products,

GaT =(GT +2*G - T (G2+SG )
reaction mackinawite eH+ ) (3)

Correcting for the fact that the reactants and products are normally not present at unit activity:

AGT = GT TIK(4AGreaction =AGreaction- RT InKFS (4)

where the equilibrium constant for reaction described by equation 2 is:
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(amackiawite * (a) +)

FeS/Fe2 = (aFe2 * aH2Saq) (5)

where amackiuawite is the mackinawite activity on the tarnish surface,

aH+ is the H+activity in the solution,

a2Saq is the activity of the H2S dissolved in the solution, and

aFe2 is the Fe2 activity in the solution.

The H2 S value that defines the mackinawite/Fe2 boundary can then be calculated by equation 5. However, the

activity of the H2 S dissolved in solution is generally not a readily available value. This can be corrected by

determining the aqueous H2 S activity from the H2S fugacity in the gas phase.

H2Svap ---> H2Saq (6)

KH2Saq/H2Svap - aH2 Saq (7)

Since amackinawite - 1.0 and aFe2 is assumed equal to 1.0 on the surface, equations 5 and 7 can be combined

and reduced to:

KFeS/Fe2 = - ,+ (8)KH 2Saq/H2 Svap * aH2Svap

It is interesting to note that critical H2S activity for mackinawite formation is highly dependent upon pH. In fact,

H' activity is a second order function and is therefore far more important than H2 S activity in defining the

boundary. Attempts to use a single H2 S value, such as a gas phase concentration of 50 ppm, would therefore

appear to be misguided without first specifying a pH.

Although this equation appears to be fairly simple, the fact that the H2S values appear as activities, as opposed to

an aqueous H2 S concentration or a gas phase partial pressure, makes application of this relationship difficult. If

the aqueous phase H2S solution concentration is known, the activity coefficient for dissolved H2 S, which often

deviates substantially from 1.0, must be known before the boundary can be defined to any useful degree of
accuracy. If a gas phase partial pressure of H2S is known, then the fugacity coefficient must be defined and the gas

and aqueous phases must be assumed to be in equilibrium before an aqueous phase H2S activity can be determined.

Boundary with FeCO3 Region

FeCO3 is known to be the corrosion product that is favored at elevated temperatures when a mildly acidic aqueous

solution containing dissolved CO 2 is the corrosive. Similar to the mackinawite/Fe 2 boundary, the boundary

between the FeCO3 and mackinawite regions can be defined by the reaction:

FeCO 3 + H2 S -+ FeSmackinawite + H2CO 3  (9)
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Tabulated Kq values as a function of temperature are available for FeCO3 and using the thermodynamic data for
mackinawite that was described above, an equilibrium constant for this reaction can be determined by:

(a mackiawite * H2CO3

KFeS/FeCO 3 = (aFeCO3 * aH2saq) (10)

where amackinawite is the mackinawite activity on the surface,

a H2CO3 is the solution activity of H2CO3,

aH2saq is the solution activity of H2S, and

aFeCO3 is the FeCO3 activity on the corrosion product surface.

However since asolids - 1.0, equation 10 becomes:

aH2CO3

FeS/FeCO 3  aH2 Saq

Since the vapor phase CO 2 activity is related to the H 2 CO 3 solution activity through the following reactions, the
usefulness of this expression can be enhanced by making the following substitutions for aH2CO3 and a H2Saq.

H2CO 3 --) H 20 + CO2aq (12)

(aH20 * aCO2 aq) 
(13)KH2CO3/CO2aq = (aH 2 CO3 aq)

CO2vap -4 CO 2aq (14)

aCO2aq (5KCO2 aq/CO2vap aCOv (15)

Rearranging terms and substituting expressions 7, 13 and 15 for ajj 2CO 3 and aH2Saq into equilibrium expression

11, the equation becomes:

allea20 * KCO2aq/CO2vap * aCO2vap 
(16)KFeS/FeCO3 = KH 2CO 3/CO 2aq * KH 2Saq/H2Svap * aH2 Svap

This can be further simplified by combining the equilibrium constants into a single term and making the
simplifying assumption that the activity of water is = 1.0 to produce:

a CO2vap 
(7KFeS/FeCO3 = C * a 2 VaP(17)
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If the oversimplifying assumption is made that activity equals partial pressure for CO 2 and H2S in the gas phase,
the form of this equation is consistent with the concept of critical C0 2/H2 S ratios that have been reported for

various fields 26, 27

Mackinawite Upper Temperature Boundary

Since mackinawite is a meta-stable phase of FeS, it is intuitively satisfying that there should be an upper
temperature limit to the phase's meta-stability. Takeno28, 29 synthesized mackinawite by reacting iron with a 1 atm
solution of H2S in distilled water at 50 0C. He then heated the mackinawite under vacuum to temperatures ranging

from room temperature to 300*C for periods up to 34 days. X-ray diffraction analyses were then conducted on the
thermally treated FeS samples to determine the stability region for mackinawite.

Takeno found that mackinawite went through a solid state transformation to pyrrhotite at temperatures between
1700 and 200*C. This was illustrated by the sample baked at 170*C for 30 days, which showed signs of both
pyrrhotite and mackinawite whereas the 200*C sample was completely transformed to pyrrhotite. Taylor17 stated
that the upper limit of thermal stability is 130°C. Either way, it is not known whether this limit represents a
theromodynamic limit or is somehow tied to the sluggish kinetics of the mackinawite/pyrrhotite transformation at
this low temperature.

It is therefore possible to conclude that an upper boundary exists and that it appears to be somewhere in the range
of 130' to 170TC. The transition temperature may be toward the lower end of the range if exposure times longer
than Takeno used are considered.

Pyrrhotite Boundary

Studies of the mechanism that defines the low temperature boundary between the two iron sulfides, mackinawite
and pyrrhotite, have not been reported. Extension of the mechanism proposed in this work to the
pyrrhotite/mackinawite boundary presumes that the boundary is defined by the saturation of pyrrhotite in the bulk
solution. If the solution is undersaturated with respect to pyrrhotite, then mackinawite tarnish will be the
kinetically preferred iron sulfide corrosion product. As the solution activity of H2S and Fe2 ion (including Fe(HS)+

and any oW er Fe/S complex ions that may exist) approaches the saturation value fof pyrrhotite, the mackinawite
dissolution reaction may slow or stop as the effects of the increased bulk Fe2 activity reduce the Fe2 ion flux from
the surface. This provides the time required for pyrrhotite nucleation kinetics to form pyrrhotite crystals on the
surface. The pyrrhotite crystals then grow, cover the surface and thereby gain control of the corrosion mechanism,
as described by Ramanarayanan.

Therefore, the boundary between the mackinawite and pyrrhotite regions is defined by pyrrhotite saturation in the
bulk solution. The boundary chemistry is determined in the same overall manner as the Fe/mackinawite boundary,
except that aFe2 is no longer defined as 1.0 but is defined by the Fe2 ion activity in solution and the Kq is based

upon the free energy of formation of pyrrhotite rather than mackinawite.

(apyrrhotite * (aH+) 2 )
Kpyrr/Fe2 = (aFe2 * aH2Saq) (18)

since apyrrhotite =- 1.0,

aH+2

KFSiFe2 -- (aFe2 * aH2Saq) (19)
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As with other activity values, extreme care must be taken when Lonverting from solution concentrations to activity
values. This is especially true for divalent ions like Fe2. A modified Bromley formalism 30 for calculating activity
coefficients was used to estimate the activity coefficient for Fe2 in a 3 wt% NaCI solution at 50'C. The activity
coefficient was determined to be less than 0.2. Using the simplifying assumption that the activity coefficient is
equal to 1.0 would therefore result in the under-estimation of the critical Fe2 content for pyrrhotitc formation by a
factor of five times.

The complexing nature of Fe2 ions in aqueous chloride media also complicates the matter of determining the
critical Fe2 level to form pyrrhotite. Oilfield produced water analysis procedures intentionally acidiz, the water to
yield a total iron ion value and this acidification breaks down most of the iron complexes that would be found in
service. Only ferrous ions that exist as free Fe2 or as Fe(HS)Y complexes are probably available for the pyrrhotite

formation reaction. If significant quantities of iron/chloride, iron/oxy-hydroxide and/or iron bicarbonate type
complexes exist, they may reduce aFe 2 sufficiently to influence the location of the pyrrhotite/mackinawite
boundary.

Suggestions for Further Work to Verify Model

There is surprising little corrosion laboratory data reported about the formation of mackinawite. The vast majority
of the work that is reported was conducted in water saturated with H2S at atmospheric pressure and at temperatures
significantly less than 100°C. The numerous difficulties in conducting carefully controlled experiments in this
area certainly explains the limited volume of data. Besides the safety problems related to working with H2S, the
problems include:

"* the meta-stability of mackinawite,
"• the complication of the corrosion reaction consuming H2S, which must be available in ppm level concentrations

to limit pyrrhotite formation,
"* changing Fe2 ion buildup in solution through the experiment,
"* the complication that the corrosion reaction increases the pH of the bulk solution by consuming H' and releasing

HS-, which decreases the calculated amount of H2S required for mackinawite formation, and

"* the physical difficulty of conducting experiments at the elevated temperatures and pressures representative of
oilfield production conditions.

The answer to conducting this type of experiment is the use of a continuously replenished flow system that is
capable of handling H2 S containing salt solutions at temperatures up to 150'C and 150 atmospheres. Such systems
are complex, expensive to build and can be difficult to operate safely.

An additional area that needs to be addressed is the question of activity coefficients, especially for Fe2, I ', H2S,
and CO 2. Existing activity coefficient estimation procedures can be used, but their accuracy for highly
concentrated oilfield brine solutions is debatable. This has been a long standing physical chemistry problem, so
there is little hope for a theoretical breakthrough. However, collection of the multi-component interactioa
parameters specific to oilfield waters for the Bromley, Meissner or Pitzer activity coefficient formalisms might help
to improve the accuracy of these predictions.

A final suggested area of research is the upper temperature meta-stability limit of mackinawite. Takeno conducted
studies that lasted up to 34 days. Longer studies at more temperatures than just 1700 and 200*C would help to
improve the definition of the upper temperature limit of mackinawite.

2702



Summary

The existence of a corrosion product regime between the sweet corrosion products, Fe2 and FeCO3 , and the sour
corrosion product pyrrhotite(FeS) has been postulated. The existence of this FeS corrosion product, mackinawite,
has been confirmed in both the field and the laboratory. Equilibrium relationships between mackinawite and the
other known corrosion products have been developed and are illustrated in the graph shown in Figure 4. The
numbers on the graph reference the appropriate equations in the text.

However, application of these equilibrium relationships may be very difficult to achieve in the field. The
thermodynamically non-ideal nature of oilfield gas and aqueous phases means that the use of solution
concentrations and gas phavo partial pressures for the activities of the various chemical species can introduce
substantial errors. Unfortunately, calculation of activity coefficients in many oilfield brine systems is also not an
accurate science with the current level of technology.

Therefore, extensive laboratory investigations will be required under carefully control conditions to confirm the
corrosion model proposed by this paper. Even more investigation will then be required before the thermodynamic
equilibrium relationships could be extended to the kinetic calculations that will be required to predict practical
corrosion rates.
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Rotating Cylinder Electrode (RCE) Simulation of
Flow Accelerated Corrosion in Sweet Production

E. J. Wright, K. D. Efird, J. A. Boros and T. G. Hailey
Exxon Production Research Company

Houston, Texas, U. S. A.

Abstract

The major application of the rotating cylinder electrode in oil and gas operations is as a fluid flow corrosion test
device for inhibitors. However, results reported previously' demonstrated that while steel corrosion rates
measured in a C0 2-containing brine using a parallel pipe flow apparatus, and a jet impingement apparatus
correlate with each other based on calculated wall shear stress, the RCE rotating cylinder corrosion rates do not
correlate with either. Clearly, this lack of correlation has implications for the use of the RCE to simulate flow
accelerated corrosion in sweet production. This paper presents the results of an investigation to determine first,
why the RCE results do not correlate to parallel pipe flow based on the calculated wall shear stress, and second,
whether the RCE can be modified to achieve correlation. Electrochemical corrosion testing of AISI 1018 carbon
steel in C0 2-containing brines was carried out using direct current (DC) linear polarization and alternating current
(AC) impedance techniques. Most of the tests were conducted in a 3.0 % NaCI aqueous solution with the addition
of 1000 ppm HCO3" at a CO 2 partial pressure of 14.7 psia and a temperature of 50'C. The equation for the effect
of calculated RCE wall shear stress on the carbon steel corrosion rate in this environment (for wall shear stresses
in the range of 0.2 < rw < 100 N/m 2) is expressed in the form:

RCOR = 2.8 ,cw°-t

where RCOR is the corrosion rate in mm/y and Tw is the calculated wall shear stress. An equation of similar form
is shown for pipe flow. However, the coefficient for the pipe is significantly higher, at 7.7, compared to 2.8,
because the corrosion rate measured on the pipe is greater than that the RCE corrosion rate at an equivalent wall
shear stress. Therefore, the RCE corrosion rate of carbon steel does not directly correlate with pipe flow corrosion
rate as a function of calculated wall shear stress. Furthermore, the RCE corrosion rate of carbon steel does not
directly correlate with pipe flow corrosion rate as a function of calculated mass transfer coefficients. Tests
investigating the influence of CO 2 partial pressure and initial bicarbonate ion concentrations on the corrosion rate
of carbon steel showed that the RCE responds very differently from pipe flow to changes in solution chemistry.

AC impedance data indicate that there are significant differences between the RCE and pipe flow electrodes.
Specifically, there is increased polarization on the RCE, possibly resulting from film formation and also an
inductive loop indicating the presence of an adsorbed film. Scanning electron microscope examinations of the
RCE surface after corrosion testing confirmed the presence of a film - 2 microns in thickness which is probably
iron carbonate. These results suggest that a localized environment exists around the RCE that is conducive to film
formation and therefore less corrosive than in pipe flow. This is probably the principal reason the RCE corrosion
rate does not correlate with pipe flow and also why the RCE does not respond to the effects of solution chemistry
on the corrosion rate similar to pipe flow. Experiments using RCE electrodes of different diameters and using a
rotating strip electrode did not overcome the basic problem of lack of correlation with pipe flow.

In conclusion, these results indicate that the RCE cannot be used to simulate correctly flow accelerated corrosion
of carbon steel to scale up to sweet production.

Key terms: carbon dioxide, flow accelerated corrosion, rotating cylinder electrode, sweet corrosion, wall shear
stress.
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Introduction

There is a need for a realistic laboratory corrosion fluid flow test facility to investigate the corrosion behavior of
carbon steel in C0 2-brine environments. However, it is difficult to simulate effectively both the chemistry and the
flow components of the sweet production environment in the laboratory. The traditional approach used for such
investigations is a flow loop that is generally large and expensive both in terms of capital and operational costs.
There is, therefore, an incentive to investigate the use of other techniques, such as the rotating cylinder electrode
(RCE) and jet impingement, that potentially offer fluid flow corrosion testing in a more compact and inexpensive
form. However, it is essential to correlate corrosion data obtained from these apparatus with pipe flow, so that the
data can be effectively scaled up to service. Therefore, corrosion data obtained using the RCE must be correlated
with corresponding tests carried out using pipe flow.

The overall objective of this project is to develop a valid, reliable operational envelope for the application of
carbon and low alloy steels in sweet production based on laboratory fluid flow corrosion test data. The work
includes the design and construction of a flow loop facility for the simultaneous determination of carbon steel
corrosion data in three types of flow apparatus: parallel pipe flow, jet impingement and the RCE. This approach
eliminates any experimental artifacts caused by differences in the chemical composition of the fluid in each
apparatus and changes in the corrosion behavior of specimen surfaces with exposure time.

Wall shear stress is a fundamental fluid flow parameter in the definition of flow acceleratcd corrosion, and can be
readily calculated for most field situations. For these reasons, wall shear stress is used in this research, instead of
mass transfer coefficient to evaluate flow accelerated corrosion. However, the use of this fluid flow parameter
does not imply the assumption by the authors of a shear stress mechanism for flow accelerated corrosion in this
test environment. Conversely, any demonstration of an experimental correlation between the wall shear stress and
the measured corrosion rate cannot be, and has not been, used to derive conclusions regarding the mechanism of
corrosion.

Results reported previously' demonstrated that steel corrosion rates measured in a parallel pipe flow apparatus,
and in a jet impingement apparatus correlate with each other based on calculated wall shear stress, while the RCE
corrosion rates do not correlate with either. This paper presents the results of an investigation to determine first,
why the RCE results do not correlate to parallel pipe flow based on the calculated wall shear stress, and second,
whether the RCE can be modified to achieve a correlation.

Background and Literature Review

Hydrodynamics of the RCE

The RCE consists of a cylindrical metallic electrode mounted on a corrosion resistant alloy shaft that is enclosed
in an electrically insulating, non-metallic material which is flush with the electrode surface (see figure 1).
Electrical connection for electrochemical corrosion testing is made by silver-graphite brushes that are pressed
against the metallic shaft. The electrode is immersed in the corrosion test environment and is then rotated at a
defined, stable rate. This arrangement provides controlled hydrodynamic conditions at the electrode surface and
can be used to investigate the effects of fluid flow on the corrosion and electrochemical processes occurring on
that surface. Corrosion weight-loss measurements can also be made on the rotating cylinder either independently
or together with electrochemical tests. The RCE and the accompanying electrochemical cell form a compact,
relatively inexpensive system which uses small volumes of test fluids compared to alternative fluid flow corrosion
testing apparatus such as flow loops.

The hydrodynamic mass transfer characteristics and the applications of the RCE in the fields of electrochemistry
and corrosion have been comprehensively reviewed by Gabe et al. 2' 3. Two of the major influences on corrosion
processes occurring on the surface of an electrode rotating in a corrosive environment are wall shear stress and
mass transfer. The magnitude of these effects on the corrosion processes is a function of the rotational rate of the
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electrode, generally both effects increasing with rotational rate. It should be noted that these two effects are not
independent, i.e., changes in the wall shear stress will also affect the rate of mass transfer to the electrode surface.
The wall shear stress (,tw) is defined by the generally accepted equation: (Please refer to Table I for detailed
symbol nomenclature.)

S= 
0.0791 Re'-0O3 pr 2 to2

where Re is the Reynolds number. This relationship was proposed in the corrosion literature by Silverman 4 and
its derivation is based on the empirically determined drag measurements of Theodoresen and Regier 5 on rotating
cylinders in various gases and liquids.

The first dimensionless correlation of the mass transfer to hydrodynamic conditions of the RCE was achieved by
Eisenberg et al. 6 from an investigation of a nickel electrode-alkaline ferricyanide/ferrocyanide system. An
empirical relationship between the mass transfer (Sh), and the Reynolds number (Re) and the Schmidt number
(Sc), was derived from the data. This relationship is represented by the equation:

Sh = 0.0791 Re0 -7 SCO3s6 121

that has been independently confirmed by Gabe et al.7 for copper plating solutions, Comet et al.8 and also
Silverman4 for oxygen reduction on Monel Alloy 400. This relationship can also be expressed more directly in
terms of the limiting current density measured for a mass-transfer controlled reaction at a RCE as a function of
electrode rotational rate. Essentially the limiting current (i's) for a mass transfer controlled reaction has been
related to the electrode rotational rate (o) by the following equation:

n = 0.0791 nFCbo'0 7 d 0d3D°'644V' 344 [31

where d is the characteristic dimension of the RCE equal to the diameter of the electrode.

The wall shear stress and mass transfer equations presented above are based on predictions and measurements,
respectively, on hydraulically smooth cylinders. The effects of surface roughness on the mass transfer
characteristics have been investigated by Kappesser et al. 9 who developed a modification of the correlation
developed by Eisenberg that includes a surface roughness factor. This is important when examining the behavior
of corroding surfaces that may show localized corrosion and pitting attack, thereby altering the wall shear stress
and mass transfer on the metal surface from those theoretically predicted.

Corrosion applications of the RCE

Silverman 4 has pointed out that most pipe and tubular components operate under turbulent conditions. He notes
that the turbulent conditions predicted for the RCE can be used to investigate the effect of fluid flow on the
corrosion behavior of engineering components under realistic flow conditions. The Reynolds number is uniform
over the entire surface of the RCE. Potentially the RCE has significant advantages for the investigation of the
effects of flow on the corrosion of engineering materials. Silverman10 , II has presented a theoretical derivation to
show hydrodynamic "equivalences" involving mass transfer and wall shear stress between jet impingement,
parallel pipe flow and the RCE.

Equivalences based on mass transfer assume that the corrosion rate is under mass transfer control. Furthermore,
equations 2 and 3 define overall mass transfer from the RCE to the bulk environment. However, MacDonald and
McKubre 12 have described a rotating-cylinder collector electrode which consisted of a nickel strip insulated from
and embedded in a copper cylinder. Species produced on the nickel could be reduced on the copper and vice
versa. In the first case, a collection efficiency of 67 % was measured and in the second 7.2 %. Reller et al.i 3
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have shown that the limiting current density for the oxidation of ferricyanide on strip microelectrodes is
significantly larger than that obtainable on a conventional RCE. For the thinnest microelectrode in their work
(20 microns) they showed an enhancement of a factor of 30 compared to the RCE. These works suggest that mass
transfer across the RCE surface influences the mass transfer characteristics of the RCE.

In summary, there are factors which are unique to the RCE flow test apparatus that may complicate correlations of
corrosion rate data obtained with corresponding parallel pipe flow and jet impingement tests. Therefore, an
empirical correlation of RCE corrosion rates with those measured in parallel pipe flow is required for a given
corrosion test system. Two major studies have examined the behavior of alloys using different fluid flow

corrosion test apparatus to establish such correlations. MacDonald et al.1 4 have examined pipe flow, annular flow
and the RCE for 90:10 cupronickel in an aerated sodium chloride solution at room temperature and reported a
correlation between the techniques based on mass transfer comparisons. However, these comparisons were

complicated by the formation of surface films on the electrodes. Dawson et al. 5 examined the corrosion behavior
of carbon steel in sweet environments using jet impingement, RCE and a flow loop and reported a correlation
between the techniques based on calculated wall shear stress for each of the test geometries but without the
presentation of detailed data to support this conclusion.

The RCE has been used for the investigation of a variety of corrosion systems including UNS S44627 stainless

steel in sulfuric acid 16 , and carbon steel in sulfuric acid under isothermal17 and heat transfer conditions.' 8 The
work on carbon steel, by evaluating corrosion rates as a function of electrode rotational rate, demonstrated that the
corrosion rate is controlled by the mass transfer of ferrous ion through a ferrous sulfate film. The RCE has also

been used to determine cathodic protection requirements for steel in seawater. 19 In the above studies the
corrosion processes under investigation have been under mass transfer (diffusion control) and the experiments
have focused on variations of corrosion rate with electrode rotational rate and comparisons with the original work

of Eisenberg et al. 6 The main application of the RCE in oil and gas production operations is as a screening test
for corrosion inhibitors. Several test approaches 20 , 21 have been used, including prefilming of the electrodes and
the observation of hysteresis effects between high and low rotational rates to evaluate inhibitor effectiveness.
Generally, these tests examine the variation of inhibited corrosion rate versus the calculated wall shear stress
created at the electrode surface. Inhibitor efficiency tests are frequently carried out to a defined maximum wall
shear stress as calculated from equation 1. There has been some work on the fundamental investigation of CO 2

corrosion of carbon steel using rotating cylinder weight-loss specimens 22, 23 but only limited work with the

RCE.
24

Experimental

Rotating Cylinder Electrodes

The rotating cylinder electrode is mounted on a 304 stainless steel shaft that is enclosed in Torlon. Torlon
washers provide sealing. Figure I shows the electrode configuration. The specimen surface is finished to a 600
grade silicon carbide paper, rinsed in deionized water and finally degreased in reagent grade methanol. Electrical
connection is made by silver-graphite brushes pressed against the 304 stainless steel shaft. The corrosion behavior
of AISI 1018 carbon steel electrodes of two types was examined. First, conventional cylinder electrodes of three
sizes: 1.27, 2.54 and 3.79 cms in diameter respectively. Second, a rotating cylinder strip electrode consisting of a
modified 1.27 cm diameter cylinder electrode that had been machined down to 0.8 cm diameter, except for a strip
0.1 mm in width. The electrode outer diameter was then mounted in an epoxy resin and then finish-machined to
obtain an exposed, flush-mounted strip of steel of 0.1 mm thickness in a dimensionally accurate cylinder. This
functioned as the rotating strip electrode for corrosion tests and permitted a comparison of the corrosion data
obtained from a conventional RCE.
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RCE - Apparatus and Electrochemical Test Cell

The RCE used is an EG&G Princeton Applied Research Model 636 Electrode rotator. The electrochemical cell is
based on a standard two liter reaction kettle. The assembled cell with the electrode in place is shown
schematically in Figure 2. The cover is fabricated from polypropylene and has threaded holes in it for: the
Luggin capillary to the external reference electrode, solution inlet and outlet, a combined gas inlet and outlet, two
platinum auxiliary electrodes and a thermocouple pocket. The lower surface of the cover also has six
polypropylene baffles mounted at sixty degree angles to each other. These baffles minimize vortex formation and
axial flow in the solution produced by the rotation of the electrode. The lateral position of the baffles is adjustable
for optimum placement around the electrode. The electrode rotator fits with a small clearance (- 0.5 mm) through
a neoprene stopper connected to a nitrogen purge (to prevent oxygen contamination) and is mounted centrally in
the cell cover. The auxiliary electrodes are two platinum foils, each 100 mm X 50 mm, curved symmetrically
around the specimen electrode. Potential measurements are made using a Luggin capillary probe connected to an
external reference electrode. Once-through cell test fluid is suppi'd from an external flow loop. The cell
temperature is monitored by an immersed thermocouple and is controlled to within V C of the test temperature by
an external heating jacket.

Electrical and Mechanical Characterization of the RCE System

Electrical characterization of the silver-graphite brushes used to connect the cylinder electrode for electrochemical
polarization measurements was carried out to ensure that these did not introduce any artifacts into these
measurements. The total contact resistance across the brushes was' measured as a function of rotational rate.
Oscilloscope measurements were also made across the brushes to determine the degree of electrical noise
generated. The accuracy of the electrode rotational rate was determined using a Shimpo DT-25 tachometer to
ensure that both accurate and stable electrode rotation could be achieved with the system.

Mass Transfer Characterization of the RCE

It is important to characterize the mass transfer behavior of the RCE within this test cell to ensure that the RCE
system performs as predicted from the technical literature. For this purpose, the oxygen reduction reaction was
used as a model system that, on a film-free electrode, is defined as being under mass transfer control in aqueous
solutions at room temperature. Therefore, the limiting current densities for the oxygen reduction on a platinized
Monel Alloy 400 surface were measured at a range of electrode rotational rates and the results compared to those
predicted from the empirical equations presented by Eisenberg et al. 6. The test electrolyte for these tests was an
air-saturated (- 6.8 ppm oxygen ), 0.5 M anhydrous, reagent grade sodium sulfate solution made up with distilled
water. The pH was 7.0 ± 0.2. The platinized Monel Alloy 400 specimen was cathodically polarized from the
stable, free corrosion potential to - 0.75 vs. S.C.E. and the electrode was held at this potential. The limiting
current density was measured across the entire range of electrode rotation rates. Triplicate experiments were
conducted at 25 0C.

Procedure for the RCE Corrosion Tests

The test solution used for the carbon dioxide experiments was a 3.0 % NaCI solution containing a controlled
concentration of initial bicarbonate ion (as sodium bicarbonate) to provide system pH buffering. The solution was
prepared in the reservoir tank of the flow loop. This solution was circulated through the loop and deaerated with
oxygen-free nitrogen for 2 hours followed by sparging with the appropriate carbon dioxide/nitrogen gas mixture
for 10 hours to achieve saturation under the particular experimental conditions. The residual oxygen level was
monitored with Chemets sampling tubes. The acceptable level for this work was determined as 20 - 30 ppb. The
assembled RCE test cell was flushed with nitrogen gas for one hour. Solution at the required test temperature was
then pumped from the loop to the RCE cell. The cell overflow was flushed to drain. The cell replenishment rate
was - 3 cm 3/sec to minimize any effects on the measured corrosion rates due either to pH changes or dissolved
ferrous ion accumulation. Preliminary experiments demonstrated that the concentration of dissolved ferrous ion
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must be controlled to < 5 ppm to obtain valid corrosion data. The control value established for testing was
400 ppb ferrous ion.

Corrosion rates of AISI 1018 carbon steel were determined as a function of electrode rotational rate which can be
theoretically related to wall shear stress by equation I. The steel electrodes were allowed to stabilize in the test
solution until a constant (i.e., within 2 mV) corrosion potential was measured (typically -15 minutes). The
corrosion rates were then measured by the linear polarization technique (LPR) that involved polarization from
-15 mV below the open circuit potential to + 15 mV above at a sweep rate of 0.17 mV/s. AC Impedance spectra

were determined for the carbon steel specimens using an EG&G Princeton Applied Research Model 273
Potentiostat with a Solartron Model 1250 Frequency Response Analyzer operated by a PC running an EG&G
software package for the data acquisition and analysis. The AC sinusoidal signal voltage applied to the electrode
was 5 mV. The frequency range investigated was 0.005 Hz - 10 kHz. Weight-loss determinations were made to
validate LPR corrosion rate estimates. Selected electrodes were examined by scanning electron microscopy. The
influence of two solution chemistry parameters on the corrosion rate of carbon steel in this test environment was
determined: (a) the effect of CO 2 partial pressures of 2.5 and 14.7 psia and (b) the effect of an initial bicarbonate

ion concentration of 1000 ppm HC0 3_.

Results and Discussion

Electrical and Mechanical Characterization of the RCE

The total contact resistance across the silver-graphite brushes used to connect the cylinder electrode for
electrochemical polarization was measured as a function of rotational rate. These measurements showed that the
low contact resistance (- 0.15 ohms total) was unaffected by the rotational rate of the electrode. Oscilloscope
measurements across the brushes confirmed that the system also exhibited very low electrical noise levels.
Therefore no experimental artifacts, due either to varying resistance or electrical noise of the contacts, should
occur for this system.

Tachometer measurements confirmed that the unit can maintain accurate and stable rotational rates over extended
time intervals. Both the accuracy and the stability of the setting are within 2 - 3 RPM. Whipping of the free end
of the electrode was insignificant even at the maximum rotational rate of 9,999 RPM. These observations confirm
that the drive system can maintain the cylinder at the specified rotational rate required for corrosion
investigations.

Mass Transfer Characterization of the RCE

The equation for mass transfer at cylindrical electrodes rotating inside concentric cells is well established as
discussed above. Essentially the limiting current density (ium) for a mass transfer controlled reaction is related to

the electrode rotational rate (o) by equation 3. For an experiment under a given set of conditions, i.e., one

electrode and constant oxygen concentration, temperature and solution, all of the variables are constant except the

electrode rotational rate. Therefore the equation can be simplified to:

'urn = Kw 0 "7  141

where K is a constant for a given set of experimental conditions and a plot of ill. versus a)0.7 should be linear if

the hydrodynamics are as predicted. This is the basis for the mass transfer characterization of the RCE. The
results of mass transfer characterization of the system using the reduction of oxygen are presented in Figure 3
which shows a plot of the measured limiting current densities versus the corresponding electrode rotational rates
raised to the power 0.7. Triplicate results are presented and show good reproducibility. These results demonstrate
that a satisfactory agreement was obtained with equation 4. Therefore, within the limits of experimental error, the
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mass transfer/hydrodynamic relationship measured in the RCE cell is consistent with that predicted from the

literature.

Corrosion/Calculated Wall Shear Stress Data for AISI 1018 Carbon Steel RCE in C0 2 -Brines

Figure 4 shows a plot of the corrosion rate of AISI 1018 carbon steel in the basic test solution (3 % NaCI
+ 1000 ppm HCO 3- at 50*C) determined using the LPR technique versus the calculated wall shear stress for the

1.27 cm diameter RCE electrode. This figure shows that the corrosion rate increases as the wall shear stress is
increased. A limited number of weight-loss determinations at a constant wall shear stress were made to confirm
the validity of the LPR estimates of corrosion rate. These are shown in Table 2 and show acceptable agreement
between the two techniques.

Comparison curves reported previously' for the wall shear stress effect on carbon steel corrosion rate for the
1.27 cm diameter rotating cylinder electrode and pipe flow are shown in Figure 5 which shows that the corrosion
rates for the RCE are significantly lower than for pipe flow. The power function regression analyses for the
respective data are presented in Table 3. These analyses imply that the basic equation for the effect of wall shear
stress on the carbon steel corrosion rate determined for the rotating cylinder electrode in this environment is
expressed in the form:

RCOR = 2.8 rT,0 .1 0  151

where RcORis the corrosion rate in mm/y and 'wis the calculated wall shear stress.

The corresponding equation for pipe flow is:

RCOR = 7.7 w°010 161

Comparison of these equations shows, therefore, that the corrosion rate measured on the RCE is significantly less
than that measured in pipe flow at an equivalent wall shear stress and does not directly correlate with pipe flow
corrosion rate as a function of wall shear stress, using the generally accepted RCE equation for this parameter.

An alternate approach is to attempt to correlate the corrosion rates measured on the RCE and pipe flow using
calculated mass transfer coefficients, inctead of the calculated wall shear stress. Figure 6 shows a plot of
corrosion rate versus calculated mass transfer coefficientt I for the RCE and pipe flow. This figure demonstrates
that the RCE corrosion rate does not correlate with pipe flow based on calculated mass transfer coefficient either.

Figure 7 shows a plot of the corrosion rates of AISI 1018 carbon steel in the same 3.0 % NaCI + 1,000 ppm

HCO3 solution for the RCE determined for two CO 2 partial pressures, i.e., 2.5 and 14.7 psia at 50'C. The

corrosion rate again increases as the calculated wall shear stress increases. As expected, the lower CO 2 partial

pressure results in lower corrosion rates. However, as the wall shear stress increases the CO 2 partial pressure

exerts less influence on the measured corrosion rate. Figure 8 shows the corresponding plot determined for pipe
flow. This figure shows a significantly different corrosion rate at each of the CO 2 partial pressures across the

range of wall shear stress.

Figure 9 shows a plot of the corrosion rates of AISI 1018 carbon steel versus calculated wall shear stress in the
3.0% NaCI solution for the RCE at a CO 2 partial pressure of 14.7 psia at 50'C with and without the addition of

1,000 ppm HCO 3 ". The absence of initial bicarbonate was expected to result in a significant increase in corrosion

rate. However, the corrosion rates measured are similar in each case at equivalent wall shear stresses. Figure 10
shows the corresponding data obtained for pipe flow which are completely different from the RCE and exhibit the
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anticipated influence of bicarbonate ion on the corrosion rate. Specifically, this figure shows that the absence of
bicarbonate results in a significant increase in the steel corrosion rate. These results demonstrate that the RCE
responds very differently from pipe flow to changes in solution chemistry.

Electrochemical Impedance and Scanning Electron Microscopy (SEM)

Electrochemical impedance measurements were conducted for the RCE and the pipe flow. The objective was to
determine if there are any significant differences between these two electrode surfaces which may explain the
observed discrepancy in corrosion rates at equivalent calculated shear stress. The description of detailed
equivalent circuit models is outside the scope of this paper. Figure 11 shows the Nyquist plot for AISl 1018
carbon steel in the RCE at a calculated shear stress of 10 N/m 2. The RCE spectrum shows a large, depressed
semicircle related to charge transfer and also an inductive loop at low frequencies. Figure 12 shows the
corresponding plot for the pipe flow which has been rescaled for clarity. The figure shows a similar semicircle
attributed to charge transfer resistance. However, there is no evidence of the inductive loop seen in the case of the
RCE. In the case of pipe flow, a second semicircle at low frequencies may be related to a slow step in the steel
corrosion process. 25

Representative electrochemical data for the RCE and the pipe are presented in Table 2. Clearly, caution must be
used in comparing electrochemical data between these two cell geometries which are inevitably very different.
Nevertheless, there are significant, reproducible and stable differences between the two sets of data that are
difficult to rationalize in terms of cell artifacts. The major difference is the higher value of the estimated charge
transfer resistance measured on the RCE, 121 ohms/cm2, compared to the pipe at 12.8 ohms/cm2 . This indicates
a greater degree of polarization on the RCE, possibly resulting from film formation. The higher apparent solution
resistance measured on the RCE, compared to the pipe, also irdicates the presence of a film on the RCE as does
the inductive loop.26 , 27 Finally, the greater degree of depression observed in the RCE semicircle suggests a
heterogeneous electrode surface, e.g., partially filmed. 28 The DC corrosion potential on the RCE is also
consistently lower by - 30 mV, compared to the pipe flow.

Visual observations of the exposed RCE and pipe electrodes showed that after testing the RCE was covered with a
very thin dark gray film, unlike the corresponding pipe electrode. Therefore, a RCE exposed surface and a
metallographic cross section prepared from the same elec-ode were examined using a scanning electron
microscope. Figure 13 is a scanning electron micrograph of the RCE surface after four hours' exposure to the test

solution at 10 N/m 2 and shows that corrosion attack on the surface is non-uniform, certain areas still show the
original grinding marks, while others are attacked. Figure 14 is a corresponding micrograph of the metallographic
cross-section and shows an unattacked area protected by a thin (- 2 microns thick) film, probably of iron
carbonate. These observations are consistent with the interpretation of the AC impedance data, i.e., that the RCE
has a heterogeneous, partially-filmed surface.

Corrosion/Calculated Wall Shear Stress Data for AISI 1018 Carbon Steel RCEs of Various Diameters and
for the Rotating strip Electrode in C0 2-Brines

Figure 15 shows the corrosion rate versus calculated wall shear stress results for the three diameters of RCE
examined, i.e., 1.27, 2.54 and 3.79 cms in the basic test environment. These experiments were designed to
examine the effect of RCE diameter on the observed corrosion rates. Reference to equation 3 shows that each of
the electrodes has different mass transfer characteristics. Nevertheless, this figure shows essentially the same
corrosion rate versus calculated wall shear stress for the three electrodes. Therefore the effect of electrode
diameter on the RCE calculated shear stress is consistent with equation I.

Figure 16 shows a plot of the corrosion rate of AISI 1018 carbon steel determined using the LPR technique versus
the calculated wall shear stress on the surface of the 1.2/ cm diameter rotating strip cylinder electrode in the basic
environment. The corresponding plot for the conventional RCE is shown for comparison. This shows that the
corrosion rates measured on the strip are similar to those for the conventional cylinder electrode under equivalent
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environmental and wall shear stress conditions. Therefore the use of a rotating strip electrode does not overcome

the basic problem of lack of correlation with pipe flow.

Why does the RCE Corrosion Rate not Correlate with Pipe Flow?

The AC impedance data and SEM examinations demonstrate that there are significant differences between the
RCE and pipe flow electrodes. Specifically, there is increased polarization on the RCE, resulting from the
presence of a film. These results suggest that a localized environment exists around the RCE that is more
conducive to film formation and therefore less corrosive than in pipe flow. This is proposed to be the principal
reason the RCE corrosion rate does not correlate with pipe flow and also why the RCE does not respond to the
effects of solution chemistry in the same manner as pipe flow. Two interrelated factors may be responsible for the
creation of this localized environment. First, the generally accepted equation for calculating the wall shear stress
on a rotating cylinder electrode may overestimate the actual wall shear stress because the original equation was
derived from drag measurements of rotating cylinders in various liquids. These drag measurements inevitably
include, in addition to the wall shear stress, stress contributions from within the liquid layers around the rotating
cylinder. Therefore, only a small portion of the total measured wall shear stress may act on the electrode surface,
producing a lower corrosion rate than would be expected.

A second potential factor is that there are unique features of the fluid flow around rotating cylinders, e.g., at low
rotational rates, the formation of Taylor Vortices that contain significant radial components of fluid velocity. At
higher rotational rates, these are considered to break up to produce fully turbulent flow.29 Therefore, the effect of
fluid turbulence on the RCE corrosion rate of steel may be intrinsically different to that in pipe flow. Specifically,
the fluid flow may be less effective in removing corrosion products from the surface which would produce a
localized environment, different from and less corrosive than that produced in pipe flow. The corrosion results
from the rotating strip electrode were similar to those obtained from the conventional RCE and this agreement
shows that even a narrow strip appears to create a localized environment similar to that of a conventional RCE.
This observation is consistent with the major flow component from the cylinder being in a radial (perpendicular to
the surface), rather than in a parallel direction to the surface as in pipe flow. The detailed nature of turbulent flow

and its effect on corrosion are discussed in a separate paper at this symposium by these authors.30

Conclusions

1. The RCE corrosion rate of carbon steel does not directly correlate with pipe flow corrosion rate as a
function of calculated wall shear stress, using the generally accepted equation for RCE wall shear stress.

2. The RCE corrosion rate of carbon steel does not directly correlate with pipe flow corrosion rate as a
function of calculated mass transfer coefficients.

3. The RCE corrosion rate responds very differently from pipe flow to changes in solution chemistry. Based
on these results, corrosion rates generated by the RCE cannot be used to scale-up flow-accelerated
corrosion of carbon steel in sweet production.

4. The AC impedance data and scanning electron microscope (SEM) examinations show that there are
significant differences between the RCE and pipe flow electrodes. Specifically, there is increased
polarization on the RCE, resulting from the presence of a film, confirmed by SEM examinations and
probably consisting of iron carbonate. These results suggest that a localized environment exists around the
RCE that is more conducive to film formation, and therefore, less corrosive than in pipe flow.
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TABLE 1
NOMENCLATURE

SR resistance (Q m2
) V kinematic viscosity (12hs)

c concentration (motl) Reor corrosion rate (rnm/y, l.mly) T shear stress (N/n, 2 )

d diameter (m r radius or radial distance (mi) W rotation rate (rad/s)

F Faraday's constant (96487 T temperature ('C) S._•brip

C/mol) U mean velocity (rn/s b mass average or hulk

i current density (A/m2 ) z charge number of a species cor corrosion

k mass transfer coefficient (m/s) Greek Synbols d diffusion

L characteristic length (m) p density (kg/m 3) lnr limiting

P pressure (Pa, kg/m s2 ) if dynamnic viscosity (kg/m s) w wall or electrode surface

TABLE 2
ELECTROCHEMICAL DATA FOR AISI 1018 CARBON STEEL IN THE RCE

AND PIPE FLOW AT A CALCULATED WALL SHEAR STRESSES OF 10 N/11 2.

Test Corrosion "Solution" Charge Corrosion Corrosion
Apparatus Potential Resistance Transfer Rate from Rate from

vs. S.C.E (ohms/cm 2) Resistance I LPR 2 weight-loss
(mV) (ohms/cm 2) (mpy) (mpy)

RCE -742 6.6 121 93 69
(1.27 cm dia.)

Pipe Flow - 717 0.7 12.8 641 460
(1.27 cm dia.)

1. Charge transfer resistance estimated after the method of Epelboit et al. in reference 27.

2. Corrosion rate estimates derived from DC polarization resistance.

TABLE 3
POWER FUNCTION REGRESSION RESULTS FOR CARBON STEEL

CORROSION RATE VARIATION WITH SHEAR STRESS

MLOW APPARATUS R2  b a, mn-ly(mpy)

1.27 cm Rotating Cylinder Electroce 0.77 0.101 2.80(11)

1.27 cm Diameter Pipe 0.85 0.103 7.7(304)
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Figure 1. Rotating Cylinder Electrode.
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Figure 2. Schematic of Rotating Cylinder Electrochemical Cell.
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MASS TRANSFER CHARACTERIZATION OF THE RCE
ROTATING CYLINDER ELECTRODE MEASUREMENTS
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Figure 3. Limiting current density measured for the oxygen reduction reaction versus RCE
rotational rate (rads/s)0° 7 showing a linear relationship in accordance with Eisenberg
et. al.6

EFFECT OF WALL SHEAR STRESS ON RCE CORROSION
ROTATING CYLINDER ELECTRODE MEASUREMENTS
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Figure 4. The effect of wall shear stress on the flow accelerated corrosion of carbon steel for
the RCE of 1.2 7 cm diameter.
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COMPARISON OF PIPE AND RCE CORROSION DATA
RCE AND PIPE FLOW ELECTRODE MEASUREMENTS
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Figure 5. Comparison of the effect of wall shear stress on the flow accelerated corrosion of
carbon steel for the RCE (1.27 cm) and pipe flow.

COMPARISON OF PIPE AND RCE CORROSION DATA
RCE AND PIPE FLOW ELECTRODE MEASUREMENTS
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Figure 6. Comparison of the flow accelerated corrosion of carbon steel as a funiction of
calculated mass transfer coefficient for the RCE and pipe flow.

2721



EFFECT OF C02 PARTIAL PRESSURE ON RCE CORROSION
ROTATING CYLINDER ELECTRODE MEASUREMENTS
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Figure 7. The effect of CO2 partial pressure on the flow accelerated corrosion of carrbon steel
as a function of wall shear stress for the RCE.

EFFECT OF C02 PARTIAL PRESSURE ON PIPE CORROSION
PIPE FLOW ELECTRODE MEASUREMENTS
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Figure 8. The effect of CO 2 partial pressure on the flow accelerated corrosion of carbon steel
as a function of wall shear stress for pipe flow.
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EFFECT OF BICARBONATE ION ON RCE CORROSION
ROTATWING CYLINDER ELECTRODE MEASUREMENTS
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Figure 9. The effect of initial bicarbonate ion concentration on the flow accelerated corrosion
of carbon steel as a function of wall shear stress for the RCE.

EFFECT OF BICARBONATE ION ON PIPE CORROSION
PIPE FLOW ELECTRODE MEASUREMENTS
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Figure 10. The effect qf initial bicarbonate ion L~lconcntraltion on the flow accelerated ca rrosiOii

of carbon steel (as a function of wall shear stress.for pipe fib".
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AC IMPEDANCE NYQUIST PLOT FOR THE RCE
ROTATING CYLINDER ELECTRODE MEASUREMENTS
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Figure II. AC Impedance Nyquist plot for the flow accehl rated corrosion of carbon steel in the

RCE at a constant wall shear stress o J10 N/m 2.
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Figure 12. AC Impedance Nvquist plot for the corrosion of carbon steel in the pipe flow at a

constant wall shear stress of 10 N/m 2 .

Figure 13. Scanning ehlectron micrograph of RCE surfas ,' (Afuignif/catin= I.0)0 X).
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kigure 14. Scanning~ electron mnicrograp~h of section of R( Lsur/a( ce (M~agnification 10.000 A').
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Inhibitor Performance In Annular Mist Flow

J.H. Gerretsen and A. Visser
Shell Research
Billiton Research Arnhem
P.O. Box 40,6800 AA Arnhem
The Netherlands

Abstract

Removal of inhibitor films by erosion may provoke unacceptable corrosion. In gas production,
operating in the annular mist flow regime, such erosion is probably due to impact of liquid
droplets. Shear stresses induced by the impinging droplets, flowing out over the surface can be
high, leading to failure of the inhibitor film. The effects of droplet impingement on the
performance of inhibitors as a function of operating parameters, such as temperature, CO2
partial pressure, pH and impact velocity (i.e. gas production velocity), are being studied using a
specially designed test facility. Recently, some results have been presented at the NACE
Corrosion Conference'. Additional results are presented here. It is shown that a critical velocity
can be obtained at which the inhibitor fails. This critical erosion velocity appears to be a function
of inhibitor concentration. Increasing inhibitor concentration resulted in a higher critical
velocity. It becomes apparent from such results that inhibitor handling in the operations should
be quality controlled, e.g. avoiding situations of under-dosage or, temporary, enhanced
production.
Some of the impingement results have been compared with results from liquid-full flow loop
tests, using the same inhibitor. In these tests the inhibitor failed at a lower liquid velocity.
Localised attack at a flow constriction could not be suppressed by applying a higher inhibitor
dosage. The results indicate the advantages of testing an inhibitor with equipment dedicated to
operation conditions, including its specific flow regimes.

Key terms: inhibition, carbon dioxide corrosion, shear stress, erosion, droplet impact, annular
mist flow

Introduction

Whenever well fluids are, or become, corrosive the question arises what measures should there
be taken to combat corrosion. In principle, the first consideration is, of course, of an economical
nature: what is the most cost effective way to operate? Can alloyed steels be applied or is the use
of carbon steel combined with an inhibitor programme more appropriate? As to the latter, a
suitable inhibitor has to be selected. To minimise the risk of unpleasant surprises in the form of
expensive work-overs, or repairs, in future operation, the selection procedure should give as
much confidence as possible in the performance of the chosen inhibitor.
For gas production facilities, the inhibitors applied are commonly of the film forming type. A
thin inhibitor film then stifles corrosion. When corrosion attack occurs it is, in many cases, found
to be of localised nature23. In the particular case of operating in the annular mist flow regime,
where the water is entrained in the gas phase as liquid droplets, the inhibitor films may fail due
to the repetitive impact of liquid droplets. Flow becomes atsturbed e.g. near chokes, valves,
welds etc., but a disturbance of the flow can also be triggered by already corroded areas. A
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critical velocity above which erosion, and subsequent corrosion, may occur is currently derived
from the API RP 14E formula 4. The formula, however, does not take any credit for inhibitors.
The predicted velocity may well be too conservative for one inhibitor, or worse, too optimistic
for another. At present, there are no test methods commercially available, or universally agreed
upon, for performance ranking of inhibitors for application in the mist flow regime.
Furthermore, the general understanding of inhibitor performance under the conditions of mist
flow, is very limited.

To test an inhibitor, field testing in a side stream is probably the best option. However, this is
not always possible and also extremely expensive. Besides, erroneous results may be obtained
when different inhibitors are tested consecutively due to their chemical interaction.
Alternatively, laboratory tests should be performed, matching operation conditions as closely as
possible Obviously, the tests should include establishing the physical/chemical behaviour of the
inhibitor, like its foaming tendency, partitioning and temperature stability. Inhibitors should
furthermore be tested under relevant flow conditions. Currently, there are only few laboratory
facilities which allow for testing of inhibitors for the specific case of mist flow regime. Some
laboratories are equipped with dedicated flow loops, but these are usually difficult to operate
with inhibitors and very elaborate.

In our laboratories we have developed a test rig especially for the conditions of mist flow. It
focusses on the study of the effects of droplet impingement. Maximum production velocities can
be assessed for (wet gas) production systems operating in the annular mist flow regime, with
and without inhibitors. The existence of a critical velocity, for a specific inhibitor, is revealed and
it is shown to be concentration dependent. Sensitive on-line hydrogen measurements provide
for continuous corrosion monitoring in-situ. Among other things, the use of such dedicated
equipment is discussed by comparison with liquid-full flow loop tests.

Experimental

The operational practice of high velocity gas production conditions have been simulated with a
so-called Jet And Wheel apparatus (JAW). A detail of the JAW is shown in Figure 1. The
principles of the equipment have been described in detail elsewhere1 ,5 . In this test rig
horizontally rotating steel coupons collide repetitively against a continuous, vertical, water jet,
mimicking repetitive impact of liquid droplets. In addition to hitting the jet once every rotation,
the coupons are continuously wetted during rotation via a horizontal liquid supply. In this
manner drying due to the centrifugal forces is avoided. The experiments are carried out in a
conditioned environment. The aim of the erosion-corrosion tests is to establish a critical
operation velocity above which the inhibitor fails, under a given set of conditions. The variable
condition parameters are temperature, water cut, type and concentration of inhibitor and water
chemistry (ferrous concentration, pH). Corrosion can be monitored in several ways. The most
important one is by a sensitive hydrogen probe, which measures the hydrogen evolving during
the corrosion reaction very sensitively. Concentration dependency tests were carried out at 70
'C. During the tests the jet is switched on after injection of inhibitor and stabilisation of the
corrosion rate The impingement velocity is increased until the inhibitor fails, after which an
additiona! dosage of 1(X) ppm is injected. In another experimental sequence the inhibitor is
injected at 30 'C, after which the temperature is increased gradually to 90 'C, to assess the
residual corrosion rates.

The liquid full experiments were carried out in a flow loop which is almost completely
constructed from PVDF, which enables relatively easy cleaning procedures. In the loop,
schematically given in Figure 2, a cylindrical test section can be mounted in a 44 10-,' m ID
piping. The test section consists of three stacked samples, separated by PVDF washers. To
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provide high shear conditions, a constricted sample, with an ID of 40 10-3 m, is placed within the
test section.
The loop contains about 5 10-2 m3 and can be operated at a maximum velocity of 5 m/s.
Inhibitor can be injected in a by pass in which also oxygen and pH is measured. To avoid gas
entrainment under the high turbulent operating conditions, a pipe is attached to the entrance of
the loop where the liquid is admitted to the main vessel. This pipe ends under the liquid level.
Consequently some phase separation occurred in the top part of the main vessel. Hence, the
exact concentration of the inhibitor is not known.
Corrosion could be monitored with AC impedance, but its results will not be discussed here.
The liquid velocity was 5 m/s. After the tests, the samples were cleaned and weighed to
determine weight loss. Subsequently, the samples were examined microscopically.

In general, the test conditions for the JAW experiments were: 0.4 MPa CO2, 1% NaCl in de-
ionised water. Shellsol K was used as a gas condensate substitute at a water cut of 90%. In the
flow loop a CO 2 partial pressure of 0.13 MPa was used and a water cut of 99%. Samples were
machined from steel 52-3. Prior to the actual corrosion testing, the equipment was purged with
pure nitrogen to remove oxygen. Experiments were run with less than 10 ppm oxygen in the gas
phase, typically 1 ppm. The samples were pre-corroded prior to injection of inhibitor. The
inhibitor applied in the tests was of the oil soluble, water dispersible, film forming, t pe. Thu
concentration as advised by the supplier is for gas production facilities: 100 ppm on total liquid
and for oil transport: 10 ppm in the water phase.

Results

It can be seen from Figure 3 that the critical velocity is dependent on the concentration of the
inhibitor. At a concentration of about 100 ppm on total liquid, the inhibitor failed at an impact
velocity of about 15 m/s. When an additional 100 ppm was added, the inhibitor became
effective once again, despite of the continuous impact. The critical velocity shifted to 25 m/s.
After a subsequent increase of the inhibitor concentration with another I(X) ppm, the samples
were again protected. This time the inhibitor remained protective up to the highest velocity
tested; 30 m/s.
Once being damaged the corrosion rate, normalised with respect to the attacked area, reached a
value of the same order as the corrosion rate predicted by the nomogram of de
Waard/Milliams 6. At 45 'C and a concentration of 100 ppm, a similar critical velocity was
obtained. For the particular conditions of the test, a tentative engineering curve can be produced
indicating conditions for save operation (Figure 4). In several inhibitor tests, the base case
corrosion rates with inhibitor were measured. The inhibited corrosion rate for this inhibitor,
appeared dependent on temperature. At 70 'C the lowest residual corrosion rates was obtained
(Table 1). It appeared that under impinging conditions at a temperature of 30 °C, the inhibitor
became hardly effective within the duration of the test (20 h). Increasing the temperature
resulted in an improved performance.

In the liquid full experiments with flow restriction, corrosion could not be fully suppressed,
even not under extremely high dosages of the inhibitor for liquid full systems. It became
apparent that at low concentrations of 10 ppm, the inhibitor performance was poor. Neither the
flush mounted rings upstream and downstream were fully protected. The upstream side of the
constriction was not protected at all. Increasing inhibitor concentration (Table II) improved
protection. However, even at 300 ppm, pitting was observed at the upstream side of the
constriction. At 45 'C, applying a similar concentration as in the JAW experiments, 100 ppm, the
inhibitor did not perform satisfactory in the flow loop at a liquid velocity of 5 m/s. Uocalised
attack was observed. No local damage was found in the JAW experiments at an impingement
velocity of 10 m/s. The general corrosion rate of the constriction was of the same order as
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during the liquid droplet tests at 45 °C, at an impact velocity of 10 m/s. The corrosion rates of
two other samples in the test section, one upstream and one downstream of the constriction,
were significantly lower.

Discussion

In many cases the inhibitor performance as obtained in lab tests is expressed in terms of
efficiency.

-(CR ~ xO% 1
Efficiency - X 100%,(RCR

Where CR is the corrosion rate without inhibitor. Such an efficiency is then used as the
characteristic value for the specific inhibitor.
The actual use of such an efficiency, however, is doubtful. First, there are no generally accepted
guidelines on how to assess the corrosion rate even in the absence of an inhibitor. It is well
known that, after an inititial increase, the corrosion rate decreases as function of time during a
constant inventory test due to the increase of pH 6 To overcome this, the maximum in corrosion
rate during a test can be taken. Dugstad 7, among others has shown that the increase in pH is
dependent on the tests conditions, however. Secondly, the reduction of the corrosion rate by the
inhibitor is not necessarily constant. For example, the tested inhibitor gave a minimum residual
corrosion rate at 70 'C (Table I). Actually, it is the residual corrosion rate which is of interest,
rather than the effectiveness. Yet, even more important is that the efficiency of the inhibitor
reflects only its protection against general corrosion where, maybe, the main criterion should be
its susceptibility towards localised failure. The latter can occur at places with increased
turbulence, or at places with different micro-structures, like at welds. Hence, information should
be obtained about the inhibitor performance under the worst conditions expected. As far as flow
is concerned, in multi-phase, L-L-G, the worst condition exists when droplets impinge
perpendicularly against the wall.

In the mechanism causing damage by liquid droplet impact two separate events can be
distinguished. Damage can result from high stresses on the surfaces, induced by the pressure
accumulation in the droplet and from the local wall shear stresses arising after the pressure in
the droplet is released and the liquid flows out over the surface. The pressure at the wall is
given by the water hammer pressure, pcv, where p is the density of the droplet, c the velocity of
sound in the liquid and -o the impact velocity. According to Lesser and Field 8 , the pressure at
the contact ring of the droplet can sweep up to a higher value than given by the water hammer
pressure. The pressure may damage either the metal or any surface film present by a fatigue
mechanism. The harm done depends on the hardness of the surface. The pressure may lead to
the initiation of erosion.

The results show a similar characteristic erosion behaviour as with a metal, i.e. there exists a
critical velocity above which erosion occurs. This velocity depends on inhibitor concentration.
The residual general corrosion rates, before damage, were independent of concentration. On the
other hand the resistance towards erosion alters when increasing the inhibitor concentration,
indicating the formation of a mechanical stronger, or a thicker, film. The presence of a critical
velocity also shows that the repair of the film is relatively slow compared to the peripheral
velocity of the wheel; once damage occurs, high corrosion rates, of the order of the corrosion
rate as predicted for pure CO2 corrosion with the nomogram, are encountered. Clearly, the
system behaves in an on/off manner.
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In actual practice the liquid loading of the gas phase will cause higher impingement frequencies
than in our equipment. The frequency dependency has not been addressed, yet. Thus, at the
moment, it cannot be excluded that the inhibitor fails at a somewhat lower impact velocity if the
impingement frequencies were higher, due to fatigue, Future work can give more insight about
this.

It becomes clear from the results that the API formula cannot be used straight forwardly in the
case inhibitors are applied; the formula predicting one single critical velocity, irrespective of
concentration or flow regime. It has been argued by Smart that the formula predicts the onset of
annular mist flow°. This seems indeed probable, giving rough information for multi-phase
operations where no inhibitors are applied. The results indicate that a higher velocity can be
accepted, applying a suitable inhibitor at a sensible concentration, however. Of course, it is of
utmost importance that the concentration required is maintained at all times. It has been shown
before that a temporary under-dosage situation may trigger continuous corrosion5. A feature
which appeared also strongly dependent on temperature.

Because of the complexity of tests in annular mist flow, other inhibitor screening methods are to
be preferred. Initially, the objective of the flow loop experiments was to screen inhibitors for the
droplet impingement tests. Fully developed pipe flow was regarded not to be of direct
relevance, because the corrosion attack found in practice is usually of a localised nature,
triggered by a flow disturbance. Therefore a constricted sample was used. When the results of
these liquid-full experiments are compared with the results obtained in the JAW it appears that
in the former case the inhibitor was not fully effective, irrespective of concentration at the
velocity tested; 5 m/s. It was not possible to fully protect the upstream side of the protrusion
and there was almost no difference in the tests carried out at 50, 100 or 300 ppm, although
pitting appeared to be more severe at the lowest concentration. At an even lower concentration
the inhibitor performed poorly. It appeared that by using a flow constriction it is difficult to
obtain a concentration at which the whole system is protected. The broad range of concentration
for which almost no difference in performance was observed, suggest that it is difficult to use
such a test for assessing a concentration dependence. Probably, a concentration can be found at
which flow induced corrosion is completely suppressed, but in the case of the inhibitor
examined, such a concentration is expected to be excessively high. The test may, however, be
used for pre-selection purposes.
An interesting side-observation was that the preferential attack at the upstream side of the
constriction was not always located at the leading edge of the constriction only, but the attacked
region extended to about half way of the protrusion (Figure 5) This phenomenon is not
understood, as yet.

To assure a proper choice of inhibitor and to establish a suitable concentration, tests should be
carried out using dedicated equipment, mimicking the flow conditions in actual practice.

Conclusion

The use of equipment like the JAW can fill the existing gap in test methodology for establishing
maximum production velocities for annular mist flow conditions, typically encountered in gas
production systems. An inhibitor should be tested for the whole range of expected operating
conditions, including tests in the expected flow regime. The inhibitor efficiency on its own is not
sufficient to characterise inhibitor performance. Among other things, an integral inhibitor testing
programme should contain tests focusing at localised failure such as persistency tests and tests
to assess the capacity of the inhibitor to restore a protective film once the film has been damaged
by a process upset.
The API formula, of which the validity has never been fully proven in laboratory tests, can now
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be scrutinised for different operating conditions. At a given temperature, a critical production
velocity can be assessed for different concentrations of inhibitors.
Liquid-full experiments may well be used as a tool for pre-selection of inhibitors for the liquid
droplet impact tests. These experiments cannot easily be translated to their performance in mist
flow and certainly no-critical concentration or velocity can be assessed from such tests for a L-G
multiphase system.
The characteristic on/off performance of the inhibitor as function of velocity illustrates the
possible risk of under-dosage situation related to production velocity.
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TABLE I TABLE !]

Residual corrosion rate, after 10 Inhibitor performance in test loop with a flow
hours of exposure to droplet impacts constriction.
with a velocity of 10 m/s.

Temperature Corrosion rate Inh. conc. Observation
(0C) (mm/y) (ppm)

constriction up/dowusteam
27 3.7 10 poor pitting

(nomogram = 7) protection
45 0.4 50 severe pitting some shallow pits
70 0.02 100 pitting good protection
90 1 300 pitting good protection

2731



Figure 1. Jet and Wheel arrangement
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Figure 5. Photo micrograph of the upstream side of the protrusion, after a test with 100 ppm inhibitor.
(magnification 20 x).
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Abstract

This paper compares the severity of pipeline corrosion as indicated by magnetic flux leakage
(MFL) intelligent pigs to the actual severity of pipeline damage. Inspection results from a very
comprehensive five-year field verification program are summarized. The inspections were
conducted on aboveground insulated pipelines at Prudhoe Bay, Alaska. The pipelines transport
corrosive multiphase fluids that contain oil, water, natural gas, carbon dioxide, and hydrogen
sulfide. Numerous pig-detected internal and external corrosion features have been inspected by
radiographic testing (RT) and ultrasonic testing (UT) over a five-year recurring pigging program.
The accuracy and repeatability of the MFL pigs are evaluated. In addition, the limits of detection
for corrosion features in the pipe and welds are presented. Operational parameters and other
variables affecting MFL pig inspection results are reviewed.

The results show that MFL pigs perform well under extremely adverse conditions. The analysis
shows that the MFL pigs are conservative in that they tend to overpredict wall loss. The degree
of conservatism increases with severity of the wall loss. The increased difficulty of detecting
corrosion in pipeline girth welds and bends is quantified.

Key terms: pipeline corrosion, high-resolution, magnetic flux leakage (MFL), intelligent pig, smart
pig, accuracy, statistical analysis, detection limits
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I. Introduction
Magnetic flux leakage (MFL) intelligent pigs are used for recurring inspection of pipelines at
Prudhoe Bay, Alaska. MFL pig inspection represents one part of a comprehensive on-going
inspection program. The program includes frequent recurring radiographic testing (RT) and
ultrasonic testing (UT) inspection of known corrosion features. In addition, real-time radiographic
testing (RTR) is employed to inspect long segments of piping. Even though high-resolution MFL
pigs are used for inspection, historically the results have been used for flagging corrosion features
and prioritizing verification inspections. Verification inspections have been conducted on nearly
all of the MFL intelligent pig-detected corrosion damage for the majority of the five-year program.
Nondestructive examination (NDE) methods such as manual RT and UT are utilized for
verification of internal corrosion damage; after removal of the insulation, pit gages and UT are
utilized for verification of external corrosion.

As a result of the inspection program at Prudhoe Bay, extensive data has been accumulated on
the severity of corrosion features as measured by MFL pigs versus the actual severity of damage.
This data results from field verification of previously unknown damage detected by the pigs as
well as from the routine monitoring of known damage that is also detected by the pigs.

Most of the data presented in this paper were collected in 16" and 24" diameter pipelines. The
16" diameter line pipe was made by a seamless process while the 24" diameter line pipe was
formed by the "U & 0" process and seam welded (double submerged arc welded). Table 1
includes a summary of the pipeline parameters. The pipelines are aboveground, insulated, and
transport corrosive multiphase fluids. Expansion loops and anchors are located approximately
every 1,500 feet along the pipelines (Figure 1). Each expansion loop contains four 900 elbows. A
typical five-mile pipeline will contain approximately 70-75 bends. The aboveground pipelines are
supported by saddles and stanchions about every 50 feet. This is very significant to verification of
damage detected by MFL pigs: the support saddles are detected by the pigs, thereby yielding an
excellent reference point every 50 feet along the pipeline. In addition, at least one pipeline girth
weld is located between two adjacent support saddles; these girth welds are also detected by the
MFL pigs. Thus, any detected damage will have at least three reference points within fifty feet
(Figure 2).

I1. Preparation and Inspection Procedure
Since permanent pigging facilities were not originally installed for the multiphase piping systems,
temporary pig launchers and receivers are installed prior to pipeline cleaning and inspection.
Saline water is a major component of the fluids carried within the pipelines. Because the MFL
pigs applied cannot operate in saline environments, the liquids must be removed from the
pipelines prior to running the MFL pigs. The liquids are removed by sweeping the pipelines with
dry natural gas at rates of 40-60 MMSCFD for 4-6 hours. The production fluids in these pipelines
tend to carry solids such as formation sand and hydraulic fracture proppant. The solids tend to
settle-out and collect along the bottom of the pipelines, especially upstream of elevation changes.
Complex flow regimes in multiphase piping systems are conducive to the accumulation of liquids
and solid debris. 1 Because solids can interfere with the MFL pig inspections, as much of the
solids as possible are removed prior to inspection. The solids are removed using various
combinations of conventional brush, disk, and cupped cleaning pigs. The cleaning pigs are often
run with water or a high viscosity polymer gel ahead of the pigs to aid in solids pick-up and
removal. Dry natural gas is used as the cleaning pig propulsion medium; line pressure is 250-300
psig and pig velocities are maintained at 3-5 ft/sec.

Gage and profile pigs are run prior to the MFL intelligent pig after the liquids and solids have been
removed from the pipeline. The gage and profile pigs ensure that the pipeline geometry is
suitable for the MFL intelligent pig. Dry natural gas is used as the propulsion medium for the
gage, profile, and inspection pig runs. The line pressure during the pig runs is 500 psig and 400
psig for the 16" and 24" diameter pipelines, respectively. In all cases, pig velocity between 8-13
ft/sec is acceptable; 10 ft/sec is considered optimal. In the case of the MFL pigs, velocity is
continuously measured and recorded on-board throughout the inspection run for subsequent
analysis.
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Ill. General Discussion of Verification Inspection
Intelligent pig accuracy is evaluated by comparing pig-detected damage to the actual wall loss
(accepted "true" values) measured by some other NDE method. The purpose of verification
inspection is to: 1) evaluate areas suspected of having the worst damage or defects, 2) evaluate
the overall performance of the intelligent pig, and 3) establish confidence levels for the data. First
and most significantly, pig-detected damage must be properly located and compared to the
corresponding damage on the pipeline. Several factors affect the feasibility for making
determinate comparisons. Some of these factors are: distance measurement errors by the
intelligent pig or surveying method, the extent and characteristics of corrosion in the piping, and
the number and distance reference points to pig-detected damage. In addition to technical and
physical considerations, other factors can affect the reliability of data comparisons. A natural
tendency often exists to force fit intelligent pig data to field inspection results. Insufficient
knowledge of pig measurement capabilities and the lack of experienced personnel can
exaggerate this tendency and affect the reliability of post inspection analysis. Many of these
obstacles can be overcome by employing regimented verification methods and utilizing multiple
reviewers.

Verification inspections should always be conclusive regarding pipeline integrity at the verification
location. However, if there is reasonable uncertainty about the match-up of the pipeline location
to the pig-detected damage, findings can be inconclusive for evaluating intelligent pig
performance and data reliability. As discussed earlier, the Prudhoe Bay piping typically has at
least three reference points, a girth weld and two support saddles, within fifty feet of pig-detected
damage. Even with nearly ideal conditions regarding reference points, it is still not always
possible to make an exact one-to-one determinate comparison. Assuming that the correct
pipeline location is being verified, there are three possible outcomes when comparing pig-
detected damage: underestimation of wall loss, overestimation of wall loss, correct estimation
within some decided tolerance limit. At the extremes are failure to detect existing damage and
falsely reporting damage in undamaged pipe.

Four different parameters are used to locate pig-detected damage and evaluate the reliability of
the inspection results. The parameters are distance comparison, wall loss comparison,
repeatability comparison, and azimuth comparison. Distance comparison is the comparison of
pig-measured distances to known or actual distances between reference points (welds, fittings,
anchors, etc.) or from a reference point to a pig-detected feature. Wall loss comparison is the
comparison of pig-measured wall loss values to actual or more accurate wall loss values
(measured by a more accurate NDE technique). Repeatability comparisons evaluate an
intelligent pig's ability to detect and locate known corrosion features over recurring inspection
runs in a given pipeline. Azimuth comparison is the comparison of the pig-measured azimuth for
a detected feature to the "true" azimuth value.

The most critical parameter for evaluating intelligent pig results is distance measurement.
Distance measurements affect the comparison of all other parameters. Given the level of
criticality, distance measurement errors are discussed in further detail. Numerous comparisons
between pig-measured distances and known distances in the Prudhoe Bay pipelines show that
the pigs are typically within ±2% of actual values (true for short and long segments). The
comparisons also show that measurement errors vary throughout a pig run from segment-to-
segment in a pipeline. Even though the pigs generally measure distance quite well, it is still
important to make several distance comparisons for each inspection run. Occasionally,
measurement errors as high as several hundred percent have been seen in short pipeline
segments. Measurement errors appear in or tend to be exaggerated by pipeline bends. This may
be attributed to inspection vehicle velocity fluctuations and loss of odometer wheel contact at
pipeline bends.

Distance comparisons or simple ratio analysis techniques are used to enhance the value of pig
inspection results. These techniques can often resolve distance measurement discrepancies or
identify pipeline segments with questionable inspection results. In addition to improving the
reliability of verification inspections, these techniques have helped reduce the overall cost of
verification inspections. Initially, a nominal plus-or-minus tolerance limit was used to account for
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pig measurement errors. For example, if a pig's general measurement error was believed to be
+2%, an increment of 4% of the pig-measured distance was inspected along the pipeline at the
centerline around the suspected location of a pig-detected corrosion feature. Subsequent
analysis of distance measurements indicated that if the measurement error was better known for
a given segment of pipeline, damage location could be improved while conducting verification
inspections on shorter pipeline increments. Instead of a nominal plus-or-minus tolerance to
account for measurement errors, a calculated tolerance is utilized. Both the magnitude and
direction of the tolerances is adjusted. The principal assumptions for ratio analysis techniques
are that the pig's distance measurement error occurred uniformly across the segment in question
and that the surveying method determines the "true" distance. The ratio technique is most
successful when applied to short segments of straight piping that do not include bends.

IV. Analysis and Discussion of Inspection Results
The results from five years of recurring MFL pig inspections are included in this analysis. A total
of 43 different pipeline inspections were completed from 1988-1992. The 1988 inspection results
have been included only in a few parts of the analysis; most of the data are from the 1989-1992
inspections. The intelligent pig inspection history for each individual pipeline is shown in Table 1.
The majority (41 out of 43) of the inspections were performed by one contractor. The different
inspection tools have simply been identified as A and B in Table 1.

Pig-detected features which could not be matched to actual pipeline features have been omitted
from the analysis; only those pig-detected features which could be matched with certainty to
actual pipeline features were included in this analysis. As discussed earlier, pig-detected damage
is first located and then verified by various NDE methods. Manual RT and/or UT were used to
quantify internal corrosion; pit gage and UT measurements were used to quantify external
corrosion. As employed, the accuracy for each of the NDE methods is approximately ±2% for
internal and ±44% for external corrosion. The remaining wall or wall loss values measured by
these NDE methods were considered the actual or "true" values.

The MFL pig inspection results were reported in four different wall loss categories or damage
classes. Qualitatively these classes can be thought of as light, moderate, severe, and very
severe damage. The range for wall loss percentages in the four different damage classes varied
from time-to-time between the following two combinations: 1) <20%, 20%-40%, 40%-60%, and
>60% or 2) <30%, 30%-50%, 50%-70%, and >70%. Rather than repeating the cumbersome
percentages for each different combination, where possible, we will use the qualit.._.-: -lass
descriptions of light, moderate, severe, and very severe damage. Some of the subseq,. *
analysis will involve data interpretations applicable to a specific damage class. Due to ver,
limited and statistically insignificant observations for the severe and very severe damage classes,
at times it was necessary to group them into one damage class.

Pig-detected damage from the 1989-1992 inspection results was compared to actual wall loss
values. The results were analyzed and categorized as follows: the MFL pig inspection result
equals the actual wall loss value, the MFL pig inspection result overestimates (conservative) the
actual wall loss value, the MFL pig inspection result underestimates the actual wall loss value.
The results from each year are summarized line-by-line in Tables 2 through 5. Although some of
the observations were statistically insignificant on a line-by-line basis, the results have been
included for completeness. An annual and overall summary for the results is provided in Table 6.
Overall, the MFL pigs correctly evaluated 50.5% of the 2,121 corrosion features in the study.
Moreover, the MFL pigs overestimated 39.5% and undereltimated 10.0% of the total corrosion
features. A total of 90.0% of all the corrosion features were either evaluated correctly or
overestimated. There was, however, considerable variability in the results from year-to-year. On
a year-to-year basis, 47.0%-57.7% of the damage was correctly identified, 31.0-56.9% of the
damage was overestimated, and 1.1%-18.9% of the damage was underestimated.

The overall MFL pig results from the Prudhoe Bay pipelines were compared to the results
published in another comprehensive field study. 2 The referenced study compared MFL and UT
pig performance in the Trans-Alaskan Pipeline. The damage class ranges reported by the UT
pigs (10%-20%, 20%-40%, >40%) are comparable to the classes reported by the MFL pigs at
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Prudhoe Bay. The results were reviewed and an overall percentage for correct calls by UT pigs
was calculated (as done by the author for each damage class). The overall result was that 41%
of the total features were correctly (pig-graded wall loss equals field verification inspection)
evaluated by the UT pigs. This value is actually less than the 50.5% for correct calls by MFL pigs
in the Prudhoe Bay study. Based on the comparison of two comprehensive field studies, the
simple accuracy of high-resolution MFL pigs is at least comparable to that of UT pigs. This
conclusion contradicts the conventional wisdom that UT pigs are more accurate than MFL pigs
However, the foundation for this conventional wisdom is primarily based upon hypotheses
regarding the physics involved with each inspection technique and the results of laboratory
bench-top or controlled pull-through tests, all of which ignore or do not duplicate most pipeline
inspection conditions. Intelligent pig accuracy is dependent upon the total system (pipeline
conditions, etc.), not just the measurement instruments. When the limitations of each technology
(such as false-calls and the affects of even small quantities of debris on UT pigs and difficulties
with weld inspection for MFL pigs) and inspection conditions in most pipelines are considered,
high-resolution MFL pigs may consistently detect and size anomalies better than UT pigs.

In regard to pipeline integrity and leak prevention, overestimation of damage is clearly preferred
to underestimation. However, overestimation of damage can be a nuisance and reduce the
overall value of pig inspection results. Most important is the degree (how much) to which MFL
pigs either underestimate or overestimate damage and how these trends vary in the specific
damage classes (light, moderate, severe, very severe). An analysis to quantify underestimation
and overestimation errors was completed. First, we simply counted the number of corrosion
features that were underestimated (as compared to the actual wall loss values) by more than one
damage class. Only 6 or 0.4% of all the 1376 detected and verified corrosion features from the
1991 and 1992 data were underestimated by more than one wall loss category.

In order to quantify variations between pig-predicted damage and corresponding actual wall loss
values, data from individual pig-graded damage classes were segregated and further examined.
Statistical parameters for five different pig-graded damage classes (2 light, 2 moderate, 1 severe)
are shown in Table 7. The mean actual wall loss values were: 18.2% and 21.8% for the light pig-
graded damage, 25.4% and 23.5% for the moderate pig-graded damage, and 30.0% for the
severe pig-graded damage Frequency distributions for the actual wall loss values were
generated for the five pig-graded damage classes. With exception of the light pig-graded damage
classes, the frequency distributions for actual wall loss were all shifted leftward (to lower or more
conservative values) relative to the pig-predicted values. The frequency distributions were all
positively skewed. As the severity of pig-graded damage classes increased (low to moderate,
moderate to severe), the frequency distributions were shifted more leftward and the degree of
positive skew decreased. The MFL intelligent pigs graded the more severe pig-predicted damage
classes with increasing conservatism. A probability table, Table 8, was constructed for the five
different pig-graded damage classes. The table provides probability calculations for actual wall
loss ranges for each pig-graded damage class. It should be noted that normality was assumed
and that the results are specific to our data set (collected under adverse conditions). However,
the results may offer a predictive guideline for other MFL pigging projects.

The pigging results were analyzed for trends simply due to variation in pipe size or wall thickness.
The trends were highly variable and no significant conclusions were reached. Relative to other
variables, pipe size and wall thickness are believed to be insignificant for our range of
parameters. Pipe wall thickness varies from 0.281" to 0.406" for the different pipelines. All of
these thicknesses should have easily reached full magnetic saturation, and therefore not
appreciably affected the inspection results.

The data were segregated by pipe manufacture method for further analysis. The 16" diameter
line pipe was made by a seamless process while the 24" diameter line pipe was formed by the "U
& 0" process and seam welded (double submerged arc welded). The manufacture method for
the 12" diameter line plpe varied; therefore, it was excluded from this analysis. The results in
Table 9 show a significant difference in MFL pig performance in the two types of line pipe. The
MFL pigs performed much better in seam-welded versus seamless line pipe. The MFL pigs
evaluated only 29.9% of all damage correctly in seamless line pipe as compared to 65.5% of all
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damage in seam-welded line pipe. Significantly 62.0% of all damage was overestimated in
seamless line pipe as compared to only 22.8% in seam-welded line pipe. The percentages for
underestimated damage were similar with values of 8.1% and 11.7% for seamless and seam-
welded line pipe, respectively. The probable cause for reduced MFL pig accuracy in seamless
line pipe is discussed in the next section of this paper.

A total of 154 corrosion features that the MFL pigs did not detect or underestimated were further
analyzed. The damage was segregated into the following four different categories based on
actual feature length: 1) less than 2 inches, 2) 2 to 6 inches, 3) 6 to 12 inches, and 4) greater
than 12 inches. The results are shown in Figure 3. The MFL pigs clearly had more problems
detecting or quantifying damage with actual lengths of less than 2 inches (31.2% of the total) or
greater than 12 inches (50.6% of the total). Only 18.2% of the anomalies involved features with
actual lengths ranging from 2 to 12 inches. One possible explanation for the apparent trend is
that: MFL pigs actually derive average wall loss or thickness values from measurements that are
a function of feature geometry or three dimensional metal loss. The larger corrosion features
require a greater number of successful measurements and averaging over a larger surface area.
More opportunity for measurement errors and the inherent errors associated with the volumetric
to wall thickness conversion are present. Moreover, iH a corrosion feature is too large, it may
behave similar to an area of general wall thinning, hence not generating measurable magnetic
flux lines perpendicular to the pipe wall or in a geometric pattern that complicates detection
throughout the corrosion feature length. Conversely, damage with actual lengths of less than 2"
may simply be near or below detection limits.

A breakdown for the percentages of known damage detected and not detected (missed) by the
MFL pigs in welds, bends, and welds in bends is illustrated in Figure 4. The majority of the
damage included in this analysis was at least 20% wall loss and 1.5 inches in diameter. The pig
missed or did not detect known corrosion as follows: 77% of the known damage in welds, 46% of
the known damage in bends, and 82% of the known damage at welds in bends. Based on our
experience, the MFL inspection tools clearly have increased difficulties with detecting corrosion in
bends, welds, and in pipe adjacent to welds. Welds appear to affect detection of damage as far
as 1 to 1.5 inches away. Figure 5 shows a radiograph and the corresponding graphical
presentation of undetected corrosion adjacent to a pipeline girth weld. Under the adverse pigging
conditions in the ARCO multiphase lines, damage of this areal extent (up to 30% wall loss) is
often not detected. Error sources associated with MFL inspection at welds are discussed in the
next section.

Figure 6 shows a repeatability plot for three short sections of a pipeline. The location of pig-
detected damage from three different years pig inspections is illustrated. Segment No. 1 shows
excellent repeatability. The other two sections, No. 2 and No. 3, show reduced degrees of
repeatability. Several factors are discussed in the next section that can influence the repeatability
of MFL pig results. The repeatability plot illustrates how well the tools can perform and introduces
a simple graphical method for evaluating intelligent pig location repeatability.

V. Discussion of MFL Inspection Variables and Data Error Sources
A number of technical factors that affect quantitative accuracy and damage detection limits for
MFL pigs are reviewed. Many of these factors relate to physical and metallurgical characteristics
of the pipeline. Others relate to conditions inside the pipeline and variation in inspection run
parameters. Pipeline design configurations that contain numerous bends and elevation changes
can greatly affect the quality of the MFL inspection results in gas pipelines. Given the fact that
low pressure gas is a highly compressible fluid, pigs can experience chronic velocity fluctuations
during inspection runs. 1 These velocity fluctuations are accentuated as the inspection pigs tend
to get temporarily lodged at pipeline bends or elevation changes. It is well known that inspection
pig velocity significantly affects magnetic flux leakage signal intensity. 3 Velocity fluctuations can
significantly reduce the accuracy of MFL pig results. In fact if the fluctuations are too extreme,
data can be worthless at these locations. Certain pipeline segments can essentially go without
inspection. An inspection pig that monitors velocity throughout inspection runs is essential.
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When using gas as the pig propulsion medium, it is preferable to inspect at the highest
acceptable line pressure. Given safety and other design considerations this is not always a viable
option. We have found significant dampening of velocity fluctuations when pressures are greater
than 400 psig. Figure 7 shows the improvements in a 24" diameter pipeline with the back
pressure control valve set at 425 psig and 320 psig, respectively. Decreased velocity fluctuations
improved the acceptable inspection results from 83% to 100% of the total line length. Although
velocities were within overall limits, the 425 psig velocity plot shows that fluctuations can still be
significant in pipelines with several bends and/or elevation changes. We anticipate more
dramatic improvements in a straight pipeline under the same conditions. Raising total line
pressure increases stress levels in the pipe. If stress levels in the pipe wall eclipse certain
thresholds, MFL signal-to-noise ratios are significantly improved. 4 ,5,6

Another cause for error in the MFL data is sensor lift-off. The MFL sensors are actually lifted
away from the pipe wall as they pass over debris (corrosion products, scale, or produced solids)
in the pipeline. The sensors are also lifted away from the pipe wall at pipeline girth welds. As the
sensors are lifted away from the pipe wall, their trajectory path and relative velocity are altered
throughout the magnetic field. Consequently, the measured voltage signal is corrupted. Although
pipeline cleanliness is not as critical as for UT pig applications, its importance is often under-
emphasized for MFL pig applications.

The "magnetic signature" or a specific flux pattern associated with seamless line pipe is another
cause for error in MFL data. Each joint of seamless line pipe tends to have a spiral patterned
"magnetic signature" as a result of the manufacturing process. This particular type of "magnetic
signature" is not present in seam-welded line pipe. Essentially the "magnetic signature" is
"noise" that must be filtered from information carrying signals. The root cause of the "noise" is
likely a combination of variations in the seamless pipe's wall thickness, concentricity, and total
applied stresses. The effects of stress on magnetization are well documented. 5 ,6 The same
type of "noise" is often present in fittings and influences MFL inspection results in pipeline bends.

Welds also tend to have a particular "magnetic signature" or a specific flux pattern. The flux
pattern developed at welds is partially a function of variation in metallurgy, but also relates to weld
gcornetry. If wel'Js are p,:t weld heat treacd and tho weld crowns are ground flush, MFL
anomalies are eliminated or reduced to insignificant levels. However, full heat treating and
grinding are not practical for pipeline girth welds. Pipeline girth welds generally have significant
"magnetic signatures." These "magnetic signatures" must be normalized or filtered out of signal
measurements to detect corrosion in welds. If welds are similar in geometry and metallurgical
variations are limited by tight welding procedures, the likelihood of corrosion detection can be
increased. However, detection is still difficult. Even more difficult is quantitative evaluation of
corrosion detected in welds.

VI. Conclusions
1) Accuracy for pig-measured distances is critical for the verification of pig-detected damage. Our
experience indicates that pig-measured distances are generally within ±2% of actual distances.
Distance measurement errors vary in magnitude and direction throughout a pig run in different
pipeline segments. Distance measurement errors up to several hundred percent can occur in
short pipeline sections. Distance measurement errors tend to be exaggerated near or in pipeline
bends. It is not always possible to make one-to-one or exact comparisons between pig-detected
damage and subsequent verification inspections. Even when multiple reference points are
located within fifty feet of pig-detected damage, the match-up of pig-detected damage and actual
pipeline corrosion can be difficult. Intelligent pig inspections should utilize as many reference
points as possible.

2) Distance measurement errors can be calculated for different pipeline segments using known
reference distances. These values can be used to calculate adjusted measurement tolerances
for subsequent verification inspections. Both the direction and magnitude of the tolerances can
be adjusted. When applied to short pipeline segments, these adjustments can increase
verification efficiency and reduce subsequent inspection costs
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3) MFL pig results and repeatability varies from run-to-run or year-to-year in any given pipeline.
However, the variation tends to be within reasonable limits. The results from recurring intelligent
pig inspections and subsequent verification inspections can help determine the general trend for a
given inspection run. Knowledge of these trends can help reduce subsequent verifications and
add confidence to pipeline mechanical integrity assessments.

4) Given the pipeline design characteristics, multiphase production fluids, and a gas propulsion
medium for pigging, the Prudhoe Bay pipeline conditions represent extremely adverse conditions
for MFL pigging. In spite of adverse conditions, generally the MFL pigs perform well and tend to
be conservative in their evaluation of detected corrosion. In ARCO's experience at Prudhoe Bay
with high-resolution MFL pigs, overall 50.5% of all identified corrosion features are categorized in
the correct wall loss category. The MFL pigs overestimated (conservative) 39.5% and
underestimated 10.0% of the total corrosion features. In general, a total of 90.0% of all the
corrosion features were either evaluated correctly or overestimated. Based on the comparison of
two comprehensive field studies, the simple accuracy of high-resolution MFL pigs is at least
comparable to that of UT pigs. When the limitations o1 each technology and inspection conditions
for most pipelines are considered, high-resolution MFL pigs may consisiently detect and size
anomalies better than UT pigs.

5) Pig-detected damage is rarely underestimated by more than one wall loss category. Only 6 or
0.4% of all the 1,376 detected and verified corrosion features from the 1991 and 1992 data were
underestimated by more than one pig-graded damage class. The MFL intelligent pigs grade the
more severe pig-predicted damage with increasing conservatism. Probability calculations for
actual wall loss values were produced for light, moderate, and severe pig-graded damage
classes. The results are specific to our data set, but may offer a predictive guideline for other
MFL pigging projects.

6) MFL pig's quantitative accuracy is affected by the pipe manufacture method. The pigs perform
much better in seam-welded versus seamless line pipe. The percentage of damage correctly
sized is 65.5% and 29.9% for seam-welded versus seamless line pipe. Coincidentally, the overall
results are similar with approximately 90% of all the values either correctly sized or overestimated
and only 8%-12% underestimated. MFL pig results were less accurate and more conservative in
seamless line pipe. The probable explanation is MFL "noise" that arises during magnetic
saturation of seamless line pipe. The root cause of the "noise" is likely a combination of
variations in the scamless pipe's wall thickness, concentricity, and variation of total applied
stresses.

7) MFL pigs have increased difficulty with detection of damage in or near pipeline girth welds (up
to distances of I to 1.5 inches from welds) and in pipeline bends. MFL pigs missed or did not
detect known corrosion as follows: 77% of the known damage in welds, 46% of the known
damage in bends, and 82% of the known damage at welds in bends. The majority of the damage
included in this analysis was at least 20% wall loss and 1.5 inches in diameter.

8) MFL pigs have increased difficulty with detection and sizing corrosion features with actual
lengths of less than 2 inches or greater than 12 inches.

9) Increasing total gas pressure from 320 psig to 425 psig significantly mitigated intelligent pig
velocity fluctuations. Consequently, inspection coverage was improved from 83% to 100% of
total line length in a Prudhoe Bay pipeline.

10) All of the ARCO pigging inspections were conducted under extremely adverse conditions.
We anticipate that MFL pig inspection results could be significantly better under more optimal
conditions. Given the d ',ction difficulties in welds and bends, the criticality of our pipelines, and
extremely adverse insp,,,ion conditions, we conclude that high-resolution MFL pigs are not a
stand alone inspection technique in our multiphase fluid pipelines. Therefore, supplemental
inspections are required to assure pipeline integrity and prevent leaks.
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TABLE 1
PIPELINE PARAMETERS

PFE LINE WALL PE ESIGV PE
UNE SE LENGTH THK. .F W4AAJFACThFE R DESIGN SA44RT PG INSPEC TED (YEAR)
NO. (in) (ft) (in) GRA4E WTH00 (psig) (psig) COE 1988 1989 1990 1991 1992

A 24 14,534 0.375 X-65 Seam-welded 708 200 B31 4 A A A A A
B 16 15.354 0.344 X-56 Seamless 1440 220 831.4 none A rnone A A
C 24 7,299 0.281 X-65 Seam-welded 708 200 631.4 A A none A A
D 12 10.528 0.406 X-56 (varied) 1440 791 831.4 none none none A none
E 24 15,982 0.375 X-65 Seam-welded 708 220 B31.4 A A A none none
F 16 16.239 0.406 X-65 Seaftlem 1320 230 B31.4 none A none A none
G 24 16.340 0.375 X-65 Seam-welded 720 228 B31.4 none none none none A
H 16 2,264 0.312 X-65 Seamles 1440 200 631.4 none A none none none
I 1 2 7.200 0.406 X-56 (varied) 1440 742 631.4 none none none A none
J 24 6.650 0,281 X-65 Seam-welded 750 234 831.4 none A A A none
K 24 26,531 0.281 X-65 Seam-welded 708 200 631.4 A A A none A
L 24 9,372 0,281 X-65 Seam-welded 708 200 631.4 none none none none A
M 16 17,582 0.344 X-56 Seamless 1440 220 Z,3i 4 none none none A none
N 24 18,769 0.281 X-65 Seam-welded 708 190 B31.4 none A none none A
O 24 21,530 0 281 X-65 Seam-welded 750 248 631.4 none A A A A
P 24 13,982 0 281 X-65 Seam-welded 720 234 B31 4 none none none none A
o 16 25,877 0.312 X-65 Sewnmle 1440 296 6314 none A A a A
R 16 25,651 0312 X-65 .Searrles 1440 200 B31.4 none A none B A

Dqffemnt compmny's 0nswecon tools; A and B.
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TABLE 2
1989 VERIFICATION SUMMARY

NUMBER OF LOCA T7ONS
FL. FL > MFL < % % OVER % UNDER

UNE COMPARED RTAJT RTAUT RTAJT EQUAL ESTIMATED ESTIMATED

A 113 76 24 13 67.3 21.2 11.5
a 39 5 34 0 12.8 87.2 0.0
C 3 0 2 1 0.0 66.7 33.3
O 35 14 11 10 40.0 31.4 28.6
E 3 1 2 0 33.3 66.7 0.0
F 40 13 17 10 32.5 42.5 25.0
H 10 10 0 0 100.0 0.0 0.0
N 4 0 4 0 0.0 100.0 0.0
J 30 15 11 4 50.0 36.7 13.3
K 13 9 2 2 69.2 15.4 15.4
O 67 28 11 28 41.8 16.4 41.8
R 24 8 12 4 33.3 50.0 16.7

TOTAL 381 179 130 72 47.0 34.1 18.9

TABLE 3
1990 VERIFICATION SUMMARY

NUMBER OF LOCATIONS
MFL- FL > MFL < % % OVER % UNDER

LINE COMPARED RTAUT RT/JT RT/UT EQUAL ESTIMATED ESTIMATED

A 138 96 25 17 60.6 18.1 12.3
o 2 1 0 1 50.0 0.0 50.0
E 1 1 0 0 100.0 0.0 0.0
J 2 2 0 0 100.0 0.0 0.0
K 71 47 3 21 66.2 4.2 29.6
O 150 37 111 2 24.7 74.0 1.3

TOTAL 364 184 139 41 50.5 38.2 11.3

TABLE 4
1991 VERIFICATION SUMMARY

NUMBER OF LOCA TIONS
AFL - FL > MFL < % % OVER % UNDER

LINE COMPARED RTIJT RT/UT RT/UT EQUAL ES77MATED EST7MATED

A 86 48 21 17 55.8 24.4 19.8
8 48 26 18 4 54.2 37.5 8.3
C 42 22 11 9 52.4 26.2 21.4
O 182 131 34 17 72.0 18.7 9.3
0 149 88 51 10 50.1 34.2 6.7
F 56 29 21 6 51.8 37.5 10.7
M 39 14 25 0 35.9 64.1 0.0
J 30 14 14 2 46.7 46.7 6.7
I 93 55 25 13 50.1 26.9 14.0

a 73 34 33 6 46.6 45.2 8.2
R 30 17 4 9 56.7 13.3 30.0

TOTAL 828 478 257 93 57.7 31.0 11.2
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TABLE 5
1992 VERIFICATION SUMMARY

NUMBER OF LOCATIONS
MFL - MAFL > MFL < % % OVER % UNDER

LINE COMPARED RT/UT RT/UT RT/UT EQUAL ESTIMATED ESTIMATED

A 206 169 33 4 82.0 16.0 1.9
B 19 1 18 0 5.3 94.7 0.0
C 8 4 3 1 50.0 37.5 12.5
o 7 0 7 0 0.0 100.0 00

G 1 1 0 0 100.0 0.0 0.0
N 4 3 0 1 750 0.0 25.0
P 1 I 0 0 100.0 0.0 0.0
K 11 10 1 0 90.9 9.1 0.0
a 239 32 207 0 13.4 86.6 0.0
L 36 9 27 0 25.0 75.0 0.0
R 16 0 16 0 0.0 100.0 0.0

TOTAL 548 230 312 6 42.0 56.9 1.1

TABLES
1989-1992 VERIFICATION SUMMARY

NUMBER OF LOCA 7IONS
MFL . FL > MFL < % % OVER % UNDER

YEAR COMPARED RT/UT RTAJT RTAJT EQUAL ESTIMATED ESTIMATED

1989 381 179 130 72 47.0 34.1 18.9

1990 364 184 139 41 50.5 38.2 11.3

1991 828 478 257 93 57.7 31.0 11.2

1992 548 230 312 6 42.0 56.9 1.1

TOTAL 2121 1071 838 212 50.5 39.5 10.0

TABLE 7
STATISTICAL PARAMETERS FOR ACTUAL WALL LOSS VALUES

IN DIFFERENT PIG-GRADED DAMAGE CLASSES*
Qua/itive

Description for Pig-Graded Actual Wal Loss TotaW
Damage Class Damage Class I Mean Isw Dev. I Skew I Count

Light <20% 18.2 8.1 1.31 161
Light <30% 21.8 11.1 0.69 199

Moderale 20%-40% 25.4 8.7 0.29 371
Moderale 3D%,50% 23.5 10.8 0.54 412
Severe >50% 30.3 10.8 0.00 53

1991 and 1992 data only.
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TABLE 8
PROBABILITY TABLE FOR PREDICTED ACTUAL WALL LOSS VALUES

Pig-Graded Probability that Actual Wall Loss Is In the Specified Range
Damage Class <20% 20-30% 30-40% 40-50% 50-60% 60-70% >70%

P(x)>40%

Light(<20%) 0.587 0.341 0.069 0.003 "

P(x)>60%
Light(<30%) 0.436 0.334 0.179 0.045 0.005 0.001

P(x)>50%
Moderate 0.268 0.434 0.252 0.044 0.002
(20%-40%)

P(x)>60%

Moderate 0.375 0.351 0.211 0.056 0.007 <0.0001
(30%-50%)

Severe (>50%) 0.171 0.317 0.328 0.150 0.031 0.003 <0.0001

TABLE 9
VERIFICATION SUMMARY FOR DIFFERENT PIPE MANUFACTURE METHODS

NUMBER OF LOCATIONS

MANUFACTURE MFL . MFL > MFL < % % OVER % UNDER

METHOD COMPARED RT/JT RTA/T RTAUT EQUAL ESTIMATED ESTIMATED

Seamless 850 254 527 69 29.9 62.0 8.1

Seam-welded 1029 674 235 120 65.5 22.8 11.7

TOTAL 1879 928 762 189 49.4 40.6 10.1

1500' Elbow

=•, Pipeline Stanchions

Exanio Pipeline AnchorýExpansion -- so, 0 L~~eAnhr

Loop

Figure 1. General Overview of Pipeline Design
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Figure 2. Basic Diagram of Pipeline Installation
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ABSTRACT

An integrated corrosion and scale treatment program was evaluated using a special gas/liquid
separation sidestream apparatus in conjunction with an electrochemical potentiostat. The
Electrochemical Sidestream Apparatus (ESA) was custom designed by Champion Technologies
for use by P.T. Caltex Pacific Indonesia in Sumatran oil gathering systems. It was found to be
a very effective system for evaluating corrosion tendencies in gas/liquid matrices, by
electrochemical methods.

The field investigations had historically been followed using in-line pre-weighed, commercial
weight loss corrosion coupons for monitoring the inhibition program. A comparative
corrosion monitoring program was conducted using both commercial corrosion weight loss
coupons and electrochemical techniques based on polarization resistance, cyclic voltammetry,
and Tafel extrapolation. Three main phenomena were investigated: (1) localized corrosion,
primarily due to solvated carbon dioxide; (2) erosion corrosion due to the production of sand,
and (3) the effect of an oil in water reverse emulsion on the corrosion processes.

Scaling tendencies were evaluated from real time scaling coupon data, historical scale
formation data, simulation runs using Oddo-Tomson Calculations.

The efficacy and cost effectiveness of using a dual function corrosion/scale inhibitor versus a
unifunctional corrosion inhibitor was examined in light of the current research data.

The project was a joint research effort of Champion Technologies, Inc., P.T. Champion
Kurnia Djaja Technologies, and P.T. Caltex Pacific Indonesia.

Key Terms: C02, Electrochemical, Corrosion Rate (mpy), Corrosion Inhibitor, ESA,

Calcium Carbonate Scale, Dual Function Inhibitor.
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INTRODUCTION

A integrated corrosion/scale mitigation program was evaluated in an oil gathering system
located in Central Sumatra, Riau Province, Republic of Indonesia. The gathering system
produces light gravity crude oil with an average water cut of 92% and an average well head
temperature of 180 degrees Fahrenheit. The gathering lines consist of 2 inch to 20 inch ID
mild carbon steel pipelines. The production contains an average of about 29% free C02 in
the separated gas phase, and an average of about 150 ppm of solvated carbon dioxide in the
field area examined in this study. The untreated produced water contains an oil in water
(reverse) emulsion of 2800 - 4000 ppm oil in the water phase coming into the gathering
stations. The operating pressure of the various pipelines in the system varies from about 50
psi to 120 psi depending on particular section of the gathering system. The only present
method of corrosion monitoring used in the area routinely is a weight loss coupon. Coupons
are installed on the pipelines at the six o'clock (bottom) position.

Due to the large amount of C02 solvated in the water, a variety of unique conditions can exist
within the producing area that exhibit scaling, corrosion or both depending on the well water
chemistry and the operating conditions at the specific location. In some of the lines localized
corrosion has occurred due to carbon dioxide attack (Figure 1) while calcium carbonate scale
has occurred mainly in the separation facilities with only limited instances of scale in upstream
producing lines and equipment.

Because of the problems of some scale and corrosion simultaneous occurring in locations
within the field, the current practice has been to apply a combination scale and corrosion
inhibition product commonly referred to as a "dual function" inhibitor.

The present chemical is a completely water soluable combination chemical that is formulated
to inhibit both corrosion and scale at a produced fluid temperature of 180 degrees F. The
average treatment rate has been 3.0 to 4.0 ppm continuous injection.

I. Evaluation of Corrosion Inhibition Program

The present research involved designing a gas/liquid separation vessel and sidestream with an
electrochemical potentiostat interfaced to it in order to make instantaneous electrochemical
measurements in the operating system. The sidestream apparatus successfully separated the
gas, oil, and water to an acceptable level for electrochenmical data acquisition. Previous
attempts by other investigators in this producing area had always resulted in unreliable data
due to electrode fouling.

The actual dimensions of the separation vessel were three feet in height and 12 inches in
diameter interfaced into the producing line to simulate a gas boot. The electrochemical
electrodes were inserted into the bottom of the apparatus. The vertical separator allowed for
sufficient oil separation from the water not only for electrochemical investigations, but also
provided good quality produced water samples for chemical analysis by bottom sampling the
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apparatus. The sidestream system design allowed for obtaining good quality samples under
dynamic operating conditions.

All electrochemical data were obtained with a portable potentiostat with the working electrode
area for cyclic scans designed to obtain a current density of 5 milliamperes per square
centimeter for estimated pitting rate determinations 1-3. All data was calculated to express
corrosion rates in mils per year (MPY).

A. Background Uninhibited Corrosion Rates

The ESA unit was installed at seven coupon and wellhead locations within the gathering
system network to determine uninhibited corrosion rates. The effect of the stabilized oil in
water emulsion and sand production on the corrosion rate could also be monitored under the
uninhibited conditions.

The ESA sidestream also provided a method of comparing instantaneous electrochemical
corrosion rates with the present and past weight loss coupon data.

The uninhibited corrosion measurements by electrochemistry were somewhat higher than the
coupon rates. This was felt not to be an experimental artifact; but an indication that the ESA
design was able to produce a much cleaner water to examine versus the line water which
contained a 2000 - 4000 ppm oil in water (reverse) emulsion as well as possibly some coupon
exposure to produced oil in pipelines with sufficient flow turbulence. This was supported by
previous studies which indicated that under nonfouling and nonconcentration polarization
conditions, the electrochemical data can agree very closely with carefully monitored coupon
data 4- 6. The higher electrochemical corrosion rates were also consistent with the
examination by scanning electron microscopy of several coupons that indicated little
contribution from erosion to the corrosion rates in most producing lines. These coupons
showed no etching or abrasion along their edge surfaces perpendicular to the direction of flow.

Figure 2 depicts the corrosion rates in MPY of corrosion coupons compared with the
electrochemically determined general and pitting corrosion rates.

As mentioned previously, the difference in the electrochemical and coupons rates is somewhat
due to the inhibiting effect of the produced oil and oil in water emulsion found in the produced
water.
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B. Inhibited Corrosion Rates

1. Dual Function Inhibitor

The chemical injection of the dual function scale corrosion inhibitor was initiated after the
acquisition of all background data. The ESA sidestream was installed and the electrodes were
allowed to reach steady state. Steady state corrosion rate measurements were then taken for
five hour periods and an average value calculated for each five hour exposure period. The
reported electrochemical values are the five hour averaged values (Figure 3).

Corrosion coupons were installed and the general corrosion rates determined by 45-60 day
exposures. The corrosion rates of the two methods are compared in Figure 3. The two
methods agree well and both were determined to be satisfactory methods for measuring
corrosion rates in the gathering system. The electrochemical methods have the advantage of
providing more detailed and instantaneous data.

2. Single Inhibitor Amine Bases

The corrosion performance of the dual function chemical was investigated by examing its
mitigation efficiency versus two single function corrosion inhibitor only formulations.

The dual function chemical injection was discontinued and a microliter chemical injection
pump was installed into the feed line of the cleaned separator of the ESA unit. Corrosion
inhibitor bases were blended to 1 % solutions for microliter chemical injection.

The inhibitor bases evaluated were:

(a) Blend A -- a water soluable quaternary amine.
(b) Blend B -- water soluable oxyalkylated amines
(c) Blend C -- the water soluable dual function scale/corrosion product.

Figure 4 compares the inhibited corrosion rates of the three product blends. Blend B gave the
best corrosion mitigation with an average estimated pitting rate of 3.0 +/- 1.0 MPY.

II. Evaluation of Scale Inhibitor Program

An investigation of various ratio blends of the water soluable dual functions inhibitor were
examined to find the most effective ratio of scale inhibitor to corrosion inhibitor for areas of
the field with different water chemistries. Blends in decade per cent increments of 70% scale
inhibitor to 30% corrosion inhibitor to 30% scale inhibitor to 70% corrosion inhibitor were
examined for total effectiveness and cost effective application.

A calcium carbonate scale simulation was conducted on the produced water at the gathering
station. The produced water was sampled through the separation gas boot. The pH, C02 in
water, and bicarbonates were determined immediately (Table 1). The Oddo-Tomson 7 calcium
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carbonate scaling tendencies was calculated at variable operating conditions experienced in the
production and gathering system. The Valone-Skillern method was used to calculate calcium
carbonate scale deposition in the facilities at atmospheric pressure. The results indicate a
positive scale index of 0.69, but the amount of calcium carbonate scale is limited to 42 pounds
per thousands barrels.

As the operating pressure and C02 content drops in the system, the calcium carbonate scale
potential increases (Figure 5 & 6). This would indicate a potential for scale after degassing in
the separation facility on the water injection system.

Previous field records and performance reports of oil wells and surface equipment have shown
virtually no calcium carbonate scale has formed in the gathering system during the last two
years in the producing area studied. Secondly, no serious scaling has taken place upstream of
the dual function chemical injection points. This would indicate calcium carbonate scale is not
dropping out upstream carbonate from Valone scale simulation program. The dual function
inhibitor provides phosphonate residuals in the produced water to an average of 0.45 ppm.
Field results indicate this residual seems to be sufficient to inhibit scale downstream in the
separation facility.

Based on this study, a dual function inhibitor is not required in this area of the production and
a more cost effective single function water soluable corrosion inhibitor based on oxyalkylated
amine chemistry will be used in a new chemical treatment program specifically designed for
this production area of the field.

III. CONCLUSION

The ESA electrochemical sidestream system is an accurate and reliable method for examing
corrosion phenomena on-line in operating systems where the oil/water separation can be
accomplished with reasonable efficiency.

The standard in-line commercial weight loss corrosion coupons are a valid corrosion
monitoring method for the gathering system.

The level of C02 in the gas and water provide a mechanistic pathway for high levels of
corrosion if untreated.

Erosion corrosion due to unconsolidated sand flow is not a significant corrosion influence in
the studied area.

The reverse emulsion in the produced water enhances the corrosion inhibitor process and
reduces the severity of the corrosion by oil wetting pipe surfaces.

Single function corrosion inhibitors are more cost effective for this system, as the incidence of
scaling is insignificant. The dual function treatment will be discontinued and a new treatment
program based on oxyalkylated amine chemistry will be implemented.
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Calcium carbonate scale upstream of the separation factory is not a major concern.

Any scaling problems would occur after degassing as the calcium carbonate scaling index
increase with reduced C02 and pressures. A chemically compatible scale inhibitor if
necessary could be injected at low concentrations upstream of the gas boot. This would
control the calcium carbonate scale at lower operating pressures in the separation facilities.
The use of two separate single function compatible corrosion and scale treatment chemicals
will be more cost effective in this system than a dual function product.
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TABLE I

WATER ANALYSIS & SCALING TENDENCY

COMPANY:

FIELD: Sumatran Field

SAMPLE LOCATION; Wash Tank

SAMPLE DATE: Jan. 11, 1993

SERVICE ENGINEER:

WATER ANALYSIS

CHLORIDE-l- .LC2W__ _____ 1203 ___ 1203 1203

SULFATE (S04) MGS/L I 40 40 40

CARBONATE 1C03) MGS/L-. 48 48 48

BICARBONATE (HC031 MGS/L ~ 1144 1144 1144

CALCIUM-JCa)J MGS/Lj1 80so 80 so__ 8

MAGNESIUM_(nl_ MGS/L ___ 63 __ 63 __ __63

IRON MGSAL________/ 1.5___ 1.5 1.5
BARIUM_(Ba)MSL0__0 ____ 0

STRONTIUM (Sr) MGS L 0 0-- 0
SODIUMJNa.) ___MGS/L 1051 1056 1056

IO3NIC STRENGTH 0.06 __ .0 _ 0.061
DISSOLVED SOLIDS (TDS) 3645 3645 3645
SPECIFIC GRAVITY @60F __1.00 1.00 1.00
TEMPERATURE -165 155 200

PRESSURE (PSIA) ___ 50 ____25 -__500

.pH CALCULATED__(TOMSON ~ 6.38 8.41 7.28
SUR AC~j~E j 1 7.25 7.801 _ 7.80.

S C02 (MOLE % LfI 29.00 0.50 1 _ 0.50

SCALING 1T3ND5CXBB

PTB BAS04 (TOMSON) -0. 4 -0.3 -0.5

PTB CAS04 (TOqM-SO) { _ -1012.05 -953.7
-PTB SRS04- (TOMSON) -48. 3 -50. 6 -42.6
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Figure 1
Pitting Corrosion Rates vs Solvated 002 Concentration
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FIGURE 4
Pill ing Rates of TIhree Types of Inhibitor Bases
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THE IMPORTANCE OF WETTABILITY IN
OIL AND GAS SYSTEM CORROSION

John S. Smart, III
John Smart Consulting Engineers

14210 Carolcrest Drive
Houston, TX 77079

tel/fax 713 493 5946

ABSTRACT

Wettability is one of the most important factors in determining if corrosion will
occur in oil and gas systems, but is little understood. Factors involved in
determining the oil vs. water wettability of metal and corrosion product surfaces
are presented. The data are applied to corrosion under producing well and
production equipment conditions to estimate when corrosion can be expected to
occur and 'he effect of wettability on corrosion rates.

KEYWORDS: Corrosion, wettability, oil-wet, water wet, surfactants, water cut,
problem wells, sulfonates, amines, contact angle, inhibitors, carboxylic acids,
interfacial energy, adhesion tension

INTRODUCTION

With today's technology, corrosion engineers are very good at explaining
corrosion once they find it, but they are not always so successful at predicting
when and where it will occur in the first place. One of the major factors in
determining when and where corrosion actually occurs, but which has received
little attention in the corrosion literature, is the subject of wettability.
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Wettability helps determine when and where metal surfaces can become water wet,
and thus are subject to corrosion. Surfaces which remain oil wet do not corrode.

Further, even surfaces which do become water wet can have substantially modified
corrosion characteristics due to oil wetting parameters. These wettability
effects are the reason that several authors have found such a strong effect when
oil is present when testing system corrosion parameters. If wettability can be
predicted, or measured for a system, then a major factor in corrosion can be
better understood and costly errors avoided.

Wettability has been recognized as an important factor in corrosion for over 40
years, with significant research efforts by at least three major oil companies
(1,2). Wettability was thought to affect corrosion in two ways, by reducing the
interfacial tension between water and oil, and by increasing the tendency of oil
to wet steel. Early wor kers concentrated in the development of oil wetting agents
as corrosion inhibitors. Researchers performed sessile drop size ratio tests to
determine the wettability of various oils in the presence of their produced
brines. From the results, however, they concluded that they were doing something
wrong. There is no mention of the requirement that air contamination of the
samples be avoided, which is one likely source of their problems. As a result,
early efforts in this field were not successful, and were terminated.

Wettability

Wettability is defined as "the tendency for one fluid to spread on or adhere to
a solid surface in the presence of another immiscible fluid."(3) Applied to
corrosion, wettability is a measure of the preference of the corrosion product
layer or metal surface for either water or oil. When the corrosion product layer
is water wet, there is a tendency for water to contact the majority of the
corrosion product film and to fill cracks and interstices in the corrosion
product film. It is important to note, however, that the term wettability is used
to denote the wetting preference of the surface, and does not necessarily refer
to the fluid with which it is wet at any given time.

Measurement of wettability

To understand some wettability characteristics, consider the idealized oil-water-
mineral system shown in Figure 1. The surface energies in this system are related
by the Young-Dupre equation as follows:

o- = - cos (Eqn. 11

where = interfacial energy between the oil and solid, dynes/cm

-= interfacial energy between the water and the solid,
dynes/cm

S= interfacial energy (interfacial tension) between the oil
and water, dynes/cm

S= angle at the oil-water-solid interface measured through
the water, degrees.

The oil-solid and the water-solid interfacial energies cannot be measured
directly, however, the oil-water interfacial tension and the contact angle can
be determined in the laboratory. Therefore, the contact angle, 9 ., has achieved
significance as a measure of wettability. It can range from zero to 1800,
signifying completely water wet surfaces and completely oil wet surfaces.

Wettability can range from strongly oil wet to strongly water wet, depending upon
the type of surface and the properties of oil and water in contact with it. In
rock core wettability studies, water advancing contact angles less than 75',
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measured through the water, are considered as water wet, while a contact angle
greater than 105° is considered oil wet(4,7). Contact angles between 750 and 1050
are considered as neutrally or intermediate wet. Besides oil and water wet,
systems can have mixed wettability, with some areas water wet and some oil wet.
Another type of wetting in crude oil brine systems is called "hybrid" wetting,
in which the water advancing contact angle is greater than 900 and the water
receding contact angle is less than 900. In a hybrid system, whichever liquid is
in contact with the surface tends to remain in contact with the surface until it
is displaced because of overriding forces.

Andersen, et al (7) have recently developed an improved device for measuring the
wettability preference of crude oil/brine/water systems based upon the Wilhelmy
plate technique. Wilhelmy described the basic technique for measuring surface
tension and interfacial tensions in 1863 (8), and it is still a standard
technique in surface chemistry.

In the modified Wilhelmy technique, a thin plate of the mineral to be tested is
suspended from a computer controlled microbalance over a vessel containing oil
and brine. A computer controlled stepper motor moves the vessel upwards, causing
the plate to pass through the air-oil and oil-brine interface. The change in
force on the plate as it passes a fluid-liquid interface is related to the
adhesion tension of the mineral surface. Adhesion tension is the product of the
Interfacial Tension and the cosine of the contact angle as given in Equation 1.
If the lower liquid preferentially wets the plate, an upward meniscus forms on
the plate and the adhesion tension is positive. Alternately, if the solid prefers
wetting by the upward liquid, a downwards meniscus forms as the interface passes
the bottom of the plate, and the adhesion tension is negative. Figures 2 and 3
illustrate the types of meniscus that form under water wet arid oil wet
conditions. This one test gives both a visual and a quantitative measure of
wettability. Because the test can be run both upwards and downwards, hybrid
wettability can be determined, as well as determining aging effects such as
caused by exposure of crude oils to air.

WETTABILITY FACTORS

Reservoir rock wettability has been extensively studied by petrophysicists, and
an exhaustive literature survey has been recently performed(4-6). Corresponding
data on corrosion related wettability is very limited. However, since corrosion
products such as iron oxide, iron carbonate, and iron sulfide are similar in many
respects to reservoir minerals such as silica, magnesium carbonate, and calcium
carbonate, much information on the wettability characteristics of corrosion
products can be obtained from reservoir rock studies.

Reservoir rock is originally water wet due to its sedimentary formation, and is
made up of many minerals, each with different surface chemistry and adsorption
characteristics. It was soon discovered, however, that reservoir rock can also
be oil wet, and that oil wettability of reservoir rock was controlled by the
adsorption and/or precipitation of surface active or polar compounds from crude
oil (4).

Smart (9) recently reviewed the factors important in the wettability of reservoir
rock, which are summarized as follows:

Surface Active Compounds in Crude Oil

There are more than 1500 separately identified surface active compounds in crude
oils. It is the presence or absence of these surface active compounds which is
the major factor in the oil wetting tendency of an oil (4). The total quantity
of these compounds is usually only a few ppm, and, unfortunately, no analytical
technique is yet able to identity these compounds and relate their chemistry to
the wetting characteristic of the oil.
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While the surface active components of crude oils are found in a wide range of
petroleum fractions, they are more prevalent in the heavier fractions of crude,
such as resins and asphaltenes (4). The surface active agents in oil are
generally believed to be polar compounds that contain oxygen, nitrogen and/or
sulfur. The oxygen compounds, which are usually acidic, include the phenols and
a large number of different carboxylic acids, which are interfacially active at
alkaline pH. Sulfur compounds include sulfides, thiophenes, mercaptans and
polysulfides. Nitrogen compounds are usually basic or neutral, and include
carbazoles, amides, pyridenes, quinolines, and porphyrins. Porphyrins can form
interfacially active metal/porphyrin complexes with a number of different metals,
including nickel, vanadium, iron, copper, zinc, titanium, calcium, and magnesium.

Wettability Effect of Polar Compound Chemistry

The surface active compounds in crude oils have different effects on
wettability.(4) Positively charged, cationic surfactants such as amines tend
to stick to negatively charged surfaces such as silica. Negatively charged
anionic surfactants such as organic acids tend to stick to positively charged
surfaces such as carbonates, and Sulfonates seem to have no systematic
differences between mineral surfaces. Adsorption of precipitated asphaltenes
promotes crude oil wettability on mineral surfaces.

The implications for corrosion of these polar compounds is that "black" oils
should tend to give corrosion problems at higher water fractions than would light
oils such as gas condensate. This is only a tendency, however, as each oil in
unique and must be measured. Deasphalted and refined oils did not show oil
adhesion at any tested pH level (4), meaning that petroleum product pipelines,
for instance, could be especially susceptible to corrosion, even at very low
water levels.

Effect of pH

The surface charge of silica and calcite in water is positive at low pH, but
negative at high pH. For silica, the surface becomes negatively charged when the
pH is increased above about 2 to 3.7, while calcite does not become negatively
charged until the pH is greater than 8 to 9.5. Thus calcite will tend to adsorb
anionic surfactants such as organic acids in the pH range of interest in
corrosion, 4-7, while silica tends to adsorb amines.

Silica surface charge pos < pH 2-3.7 < neg
Carbonate surface charge pos < pH 8-9.5 < neg

pH also affects the ionization of surface active organic acids and bases in the
crude oil.

For a given oil, only slight changes in pH at close to neutral conditions can
cause a drastic change in oil adhesion behavior. Morrow (10) has studied the
transition of oil to water wettability of minerals in different crude oils. His
results for two crude oils: Moutray Crude and NS-3 Crude at 50 0C are shown in
Figure 4 as a function of water pH and molar concentration of sodium ions. The
reservoir rock showed oil wetting behavior for brine pH values below about 6 for
these two crudes. At a pH above 6, water wetting behavior was observed. For
nearly all crude oils tested, the transition from oil wet to water wet fell
within the band of pH 6.5 +/- 2. Higher salinity decreased the pH at which an oil
wet system became water wet.

Effect of Multivalent Metal Cations

Multivalent metal cations in brine can reduce the solubility of the crude
surfactants and/or promote adsorption at the mineral surfaces, causing the system
to become more oil wet. Multivalent metal cations also act as "activators" by
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binding to the surface and providing negatively charged sites for the surfaces

to bond.

Exposure to Air

A number of researchers (4,7,13) have shown that exposure to air and drying can
alter the wettability of mineral surfaces. Crudes not exposed to air showed very
little interfacial activity. Upon exposure to air, the crudes developed moderate
to strong film-forming tendency and the Interfacial Tension (IFT) was lowered by
as much as 50%, indicating that surfactants were formed by oxidation of the
crude. Anderson et al (7) found that exposure of crude oils to air changed their
wetting characteristics in non-systematic ways, but that normal paraffins such
as hexadecane remained stable.

Natural State Mineral Wettability

Work on mineral flotation indicates that coal, graphite, sulfur, talc, and many
sulfides are probably neutrally wet to oil wet. Metal oxides and many other
naturally occurring inorganic minerals are usually wetted by water, but also can
be wetted by oil, making them intermediately wetted compounds. Most other
minerals, such as quartz, carbonates and sulfates are strongly water wet in their
natural states (4). Hematite shows intermediate and hybrid wettability, but
tends to be more oil wet than water wet in various oils used to formulate oil
based muds. (11) This indicates that iron oxide corrosion products can be
strongly affected by the properties of the oil, and is controlled by the relative
effects of the amount of polar compounds in the oil, the brine chemistry, and the
relative amounts of oil and water. This makes the use of wettability extremely
complex as a predictive indicator in corrosion.

WETTABILITY: CORROSION STUDIES

Several authors have studied the effect of wettability on corrosion, but in some
cases have not explicitly recognized wettability as a determining factor. Efird
and Jacinski (12) studied the effect of crude oil on corrosion of steel in crude
oil/brine mixtures. They concluded that:

1. Crude oil has a significant effect on the corrosion of steel in crude oil
brine mixtures, and that these effects are significantly different for
different crude oils.

2. The differences in the observed steel corrosion behavior for different
crude oils are in the degree of corrosion product protectiveness and not
in the formation rate of the corrosion product.

3. Tests conducted on steel in brine environments without the crude oil
present do not give accurate representation of the behavior of steel in
the crude oil/brine production environment, and that this can lead to
gross errors when using the test results to estimate the potential
corrosion problems and effects of corrosion inhibitor treatments in a
crude oil production system.

These conclusions can be readily understood in the context of wettability and the
adsorption of surface active components on the surface of steel.

Efird (13) also studied the water-oil ratio required for the onset of accelerated
corrosion in various crude oils, recognizing that the onset of accelerated
corrosion in crude oil production cannot be reliably predicted by "rule of thumb"
produced water levels, by "the occurrence of free water" in the produced fluids,
or by "water external mixtures and emulsions." He determined the produced water
level in five crude oils at which accelerated corrosion occurred, which he termed
the "Corrosion Rate Break Produced Water Level," or more simply "The Efird
Number." The corrosion rate break tests were followed by test for corrosion
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inhibitor effectiveness at produced water levels above the Corrosion Rate Break
Level. These tests determined at what produced water level corrosion inhibitor
would be required, which inhibitor to use, and what materials should be used for
tubing and well head equipment.

Efird also stated that several principles MUST be followed to accurately
determine the produced water level for accelerated corrosion of steel. These
include:

1. The Production environment must be duplicated for all corr-sion testing,
and its composition other than the relative amounts of crude oil and
produced water should not be altered in any way.

2. The actual production crude oil must be used for all corrosion testing,
however, artificial produced water may be used.

3. Oxygen must not be allowed to contact the crude oil at any time before or
during the corrosion testing.

4. Each individual corrosion test must be completed before the chemistry of
the test environment is changed by the corrosion process.

The first three of these "MUSTS" are directly related to the surface active
properties of the oil as was discussed previously, especially for the presence
of polar compounds in the oil.

Efird's results are equally as interesting as his methods. The produced water
level for the accelerated corrosion of steel, the Efird Number, range from 2%
water up to above 60% water for the crudes he tested. Three of the five crudes
reported had Efird Numbers less than 10%. This should not be taken as typical of
the range of Efird Numbers in crude oil, however, as Efird was investigating
"problem" crudes (14).

Efird concluded that:

1. the produced water level where accelerated corrosion of steel in crude oil
production will occur can be identified with a high degree of accuracy,
and

2. that the expense of failure and replacement of downhole equipment and
tubulars can be minimized by identifying the produced water level where
accelerated corrosion will begin before it actually occurs.

Other examples of wettability influenced corrosion also exist in the literature,
such as the corrosion failures reported in the Ekofisk and Prudhoe Bay fields at
very low water levels. The author has also experienced corrosion failures in
North Sea oil wells at water levels reported as "Trace or 0.1%" water in oil
(15). In this case, corrosion occurred as drop sized pits strung along the bottom
of highly deviated wells. The production rate of oil in these wells was
apparently just right to allow drops of water to stratify along the bottom of the
tubing in this highly deviated section. It is not possible to differentiate
whether water wetting was established by long term contact beneath stationary
water drops or by wetting at low produced water levels. Exactly the same
situation has been reported by Gunalton (16) for producing oil wells in the Zakum
Field in The United Arab Emirates.

SWEET GAS CONDENSATE WELLS AND PIPELINES

Several recent authors have made measurements of the water oil ratio at which
corrosion begins to occur. Adams and Garber (17), in their study of gas
condensate well corrosion, report that the onset of corrosion occurs when the
water is at least 30% of the liquids, with the rate affected up to about 50%
water. Above 50% water, the corrosion rate was apparently not affected by the
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water fraction. The 30% number remained valid in all 48 wells that they had
investigated. The amount of water and oil in a gas condensate well is determined
by the in-situ phase equilibrium in the well tubulars, which is not the same as
separator conditions. They report that water and hydrocarbon dew points occur at
different depths in the well, but only when the in-situ liquids are 30% water or
more does corrosion occur.

deWaard and Lotz (18) report the same number in their model of carbon dioxide
corrosion of steel, in which they indicate that corrosion occurs when the water
fraction is 30% or more.

Gerritson et al (19) measured the water fraction at which corrosion began to
occur under disturbed flow conditions in kerosine and water at 70'C. In their
laboratory tests, no corrosion occurred below a water fraction of 40%, and
corrosion was roughly proportional to water fraction above 40% water.

Choi (20) studied the sweet corrosion mechanism of dynamic oil-brine two phase
flows, and proposed a mechanism for the pitting corrosion and mesa type corrosion
he observed in flowing crude oil brine mixtures. He concluded that the surface
condition of the steels in conjunction with local turbulence determined the
initiation of pitting rather than metallurgical heterogeneities such as second
phase inclusions or anisotropy. Local turbulence and wettability of a steel by
a water phase surface at an active corrosion site controlled pit propagation.
Flow dependency of sweet corrosion was greater as C02 partial pressure was lower,
and because of the importance of local turbulence and surface heterogeneities in
sweet corrosion, a proper simulation of field conditions is required in
performing oilfield chemical or material evaluation in a laboratory. The effect
of wettability on Choi's findings of the effect of turbulence and flow lies in
the water advancing contact angle.

CONCLUSIONS

1. Wettability is a major factor in oil and gas system corrosion, controlling
the occurrence of corrosion and having a major effect on corrosion rates.

2. The effect of wettability on corrosion can be measured in the laboratory
to determine which oils are potentially corrosive and what methods of
control need to be employed.

3. Data on the wettability of metals and corrosion product minerals is needed
to better understand the effect of wettability on corrosion.
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Abstract

Transportation of wet natural gas is of increasing importance in the
development of gas producing fields. The corrosivity of a particular
system, and the extent to which corrosion can be controlled, dre
significant factors in determining whether wet gas transportation is
economically viable.

[ie paper describes how flow conditions can influence inhibitor performance
in wet gas pipelines. Experience in the field is used to illustrate some
ot the problems that can occur. The use of appropriate laboratory test
systems for the evaluation of inhibitors for application in wet gas systems
Is considered.

Key terms: Wet gas, Inhibition, Hydrodynamics, Carbon Dioxide
Electrochemical Monitoring
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Introduction

Inhibition is the standard method used to mitigate the effects of corrosion
in pipelines. However, economic pressures to both improve un the
optimisation of inhibitor treatments and devise new tredtments for mixed
fluid lines means that inhibitor selection and on-site evaluations have d

Luntinunling dnd important role for future developments.

Of the many factors which must be taken into account when selecting an
appropriate inhibition programme for a gas pipeline, consideration of the
flow conditions is perhaps the most important. Fluids in transportation
lines are often operated in a relatively dry state but the increasing
interest in being able to transport wet and mixed fluids means thdt more
appropriate inhibition packages are required.

A wide range of flow conditions can exist in such systems and each regime
poses its own particular problems. These may relate either to enhanced
corrosion caused by increased flow and/or removal of protective corrosion
products under highly turbulent flow. These effects result from enhanced
mass transport of corrodents and high local momentum transfer (the fluid to
wall shear stress) respectively. The hydrodynamic conditions can also
significantly influence inhibitor transport to the pipe wall or inhibitor
film removal due to high wall shear stresses. Such processes and their
influence on corrosion are well documented, particularly for single phase
and two phase liquid systems (1,2,3). In the case of two phase gas/liquid
or three phase gas/liquid/liquid flow the interactions between fluid
hydrodynamics and corrosion more complex and required detailed
evaluation. A number of studies (4,5) including a Gas Phase project at
CAPCIS (6) have been undertaken over the past few yedrs to investigate the
factors which influence corrosion and corrosion inhibition in wet gas
pipelines. The major parameters of interest will first be summarised
below.

The transition from one flow regime to another can ta iilustrat&C by a flow
diagram such as the Mandhane plot (7). Figure I shows that for a
horizontal pipe, the dominant flow regimes at low liquid velocities are
stratified smooth flow, stratified wavy flow and annular or mist flow.
Transitions occur with increasing superficial gas velocity.

Inhibitor transport in pipelines operating under high gas velocities
producing annular or mist flow is not normally a problem because mixillg of
the turbulent gas and liquid phases provides good contact of inhibitor with
the pipe wall. However, in high production gas systems where water droplet
impingement onto the pipe walls occurs, inhibitor films can be removed
(5). Similarly, at local disturbances such as weld beads, etfective
inhibition is more difficult because of the high local shear stress
conditions.

If a pipeline is operating under stratified flow the wall shear stress
tends to be low and is therefore less significant. In this case, inhibitor
transport to the pipe wall could be a greater problem. Corrosion problems
can occur at the top of the line where condensed water absorbs carbon
dioxide and becomes corrosive. Such conditions cdn be simulated in an
designed flow loop test rig (6) with the corrosion monitored using suitably
designed insert probes and advanced electrochemical techniques. Inhibition
in this case requires vapour transport of inhibitor to the top of the line
or frequent batch tredtment must be considered.
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Une area of concern is at low spots in the line where stagnant liquid may
collect. lhis can be a particular problem in gdS systems containing low
levels of liquids. In these regions, locdl turbulence at the
hydrocarbon/aqueous phase interface may not be sufficient to allow adequdte
mixing or partitioning of inhibitor leading to reduced protection.

Another problem caused by low spots is the development of slug flow. As
fluid accumulates, the apparent pipe diameter available to the moving gas
decreases until the gas gathers the standing liquid into a slug which is
pushed up the inclined pipe. Beyond the next crest the fluid spreads out
on the pipe bottom and allows the gas to move free from the liquids. Under
these conditions, periods of high shear stress are produced in an otherwise
low shear stress system. Inhibitor film removed under slug flow conditions
has recently been detected using Electrochemical Noise Monitoring (8).

Iwo examples of the type of problem described above are given in the
following sections. How different operating conditions might best be
simulated in the laboratory in order to select the most appropriate
inhibitor programme are discussed. These evaluations mdy involve rotating
cylinder, jet impingment and/or flow loop apparatus.

Case History 1

Approximlately 18 months after commissioning, a wet Yas flowline wds found
to be suffering severe preferential weld corrosion with up to 611111 weld
metal loss just downstream of the choke.

Operating conditions were as follows:

Gas production 2000 mJm'/day (maximum)
Condensate 500 m /day (maximum)
Carbon dioxide 1.7 mol %
Pressure 70 bar
Temperature 76-C

lhe weld root contained 0.7-0.9% Ni and 0.25-0.45/ Cu with the filler metal
containing 0.4% Si, 0.6% Ni, 0.4% Cu.

Attempts to control the problem hdd included injtLtion of a water soluble
corrosion inhibition and later an oil soluble corrosion inhibitc, r but
neither product proved effective.

lhe mechdnism of weldment corr'.sion is believed to have rUsulted rVrum
differences in the tendcit-, of darbonate films formd• on the parent pipe
dnd the nickel containing weld metal under the conditions of uperatiun of
thel lowIine. The high shear stress coriditiuns led to rlmI~ovdl of the
surface film on the weld metal while thdt on parent pipe reaidined intact.
lhis caused a switch from cathodic to dnodic weld mL'tdl behaviour. Further
research is about to be carried out to determine the exdct LdUse of this
type of failure and the range of conditions under which it occurs.
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Idboratory Data

With regard to the immediate mitigation of the problem a laboratory test
programme was carried out in order to simulate the corrosion behaviour and
then select an inhibitor which was capable of protecting the flowline
weldments.

Tests were carried out in a Rotating Segmented Electrode (RSE) cell (Figure
2) and d Jet Impingement loop (Figure 3). The techniques for sectioning
weldments and monitoring weld corrosion have been described in previous
publications (9,10).

Initigl tests in the RSE under simulated operating conditions at up to
66N/m shear stress showed that the weldment corrosion behaviour could be
simulated in the laboratory with weld metal corrosion rates up to an order
of magnitude higher than that of parent metal. Figure 4 shows the effect
of increasing shear stress on corrosion rate.

Inhibitor tests showed that with some products protection was lost above a
certain critical shear stress (Figure 5) while others proved effective at
66N/m' (Figure 6).

lhe worst case shear stress levels in the flowline exceeded 200N/m: with a
Iliaximum of 258N/m calculated at the highest production rates. [urther
tests were therefore carried out in a Jet Impingement rig in which shear
stresses of up to 240N/m could be generated. It was found that effective
inhibition could be achieved at these shear stress levels.
lhe corrosion inhibitor selected from these tests continues to provide good
protection of the flowline weldment in service.

Case History 2

lhe second case history relates to the problems of inhibition in a gas
storage facility operated by Southern Californid Gas. This facility
consists of a number of gas wells which are connected to a common
withdrawal header system. Although the gas is supplied dry, upon
withdrawal, the gas is produced "wet" with approximately 9000-13000ppm
chloride and 0.8-1.2% CO . The produced fluids comprise 50:50 oil:brine
ratio with operating temperatures of 60-100"C at line pressures of up to
/00 psig.

lhe produced fluids were expected to be highly corrosive. Previous
experience had shown that attack occurred predominantLly at the bottom dead
centre at low spots in the withdrawal line. A rigorous procedure of
draining produced fluids from low spots was carried out twice a day and
corrosion inhibitor was injected into the system. However, regular
inspection indicated that corrosion was not being alleviated.

It was suspected that corrosion was not continuous and that variations in
the operation of the gas storage field could generdte service environments
which exacerbated corrosion and others which limited it. High pressure
sensor probes were installed in the withdrdwal line at the most vulnerable
locations in order to study vdriations in corrosion during norindl field
operations.
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Ihe probes were configured for use with the CAPCIS-MARCH portable Multi
System corrosion (MUSYC) monitor which incorporates the simultaneous
logging of coupling current using a Zero Resistance Ammeter (ZRA),
Electrochemical Potential and Current Noise (EPN and ECN) and Linear
Polarisation Resistance (LPR'. The multi-technique approach was adopted
since one technique alone would not satisfactorily detect all corrosion
conditions. The use of a number of powerful and complimentary techniques
provides a useful investigative tool for determining the factors that lead
to corrosion and the resulting morphology of attack (11).

field Data

l ypical responses from the CML MUSYC system are presented in 1I-gures / to
9. The data exhibits some interesting and characteristic features:

(i) Pronounced step changes in signal responses were observed at
specific times during plant operation.

(ii) A large range of corrosion rates was measured (0.2 to 250 mpy) but
of greater significance was that the corrosion rate changed almost
instantaneously.

(iii) At certain periods the signal responses became highly variable,
however, by comparison with the pronounced 'steps' the changes
occurred more frequently, varying in an almost oscillatory fashion.

(iv) In all cases, transient changes in the corrosion rate were observed
despite dosing the system with inhibitor.

It was possible to interpret the data by correlating the signals with
changes in the relevant process parameters. It was found that the
corrosion rate was a function of the withdrawal status of gas wells
upstream, although no individual well was responsible for causing enhanced
corrosion attack.

It is postulated that the observed corrosion behaviour is a function of the
local gas velocity since velocities would increase dramatically once wells
upstream were switched over to withdrawal and vice-versa when shut-in. lhe
step changes in signal responses would appear to reflect the tendency for
fluid drop-out which occurred at low local velocities.

lhe oscillating corrosion data at certain periods probably corresponds to
slugs of fluid being forced through the line at intermediate gas
velocities.

L.orrosion inhibition of this form of attack proved to be ineffective even
dt substantially increased dosage levels.

Under these circumstances where the corrosivity of the system is very
specific to its operation, on-line corrosion monitoring (rather than
laboratory simulation of process changes) is the most effective approdch to
determining how best to control the problem.
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Discussion and Conclusions

Ilhe two exdmples described above illustrate sume of the types of
corrosion/inhibition problems which can occur in gas transportation. The
data also demonstrate how the range of electrochemical monitoring
techniques now available can be used to assess the various forms of
corrosion encountered in practice, such as pitting, corrosion caused by
condensation at the top of a pipe and slug flow. On-line monitoring can
obviously be used to advantage in a trouble shooting excercise, as
described above, however these real time measurements can also be employed
in the final stage of an inhibitor selection programme.

ihe success of any monitoring excercise will depend on the design of the
probe, its position in the system and the measurement techniques. Linear
polarisation and zero resistance ammeter readings may be appropridte in
high conductivity environments but under low conductivity or condensing
conditions either impedance or electrochemical noise would be required.
All these techniques are employed in laboratory studies, the selection
being based on the type of corrosion problem and the flow conditions under
evaluation.

[he type of laboratory equipment which is appropriate for simulating system
operating conditions in order to select appropriatc- inhibitor programmes
needs careful consideration. It is most important that the system chosen
must incorporate controlled hydrodynamics. Other factors such the pipeline
steel and weldment compositions, aqueous chemistry and concentration of
corrodent must also be considered in addition to partitioning
characteristics and compatibility of the inhibitor with other treatment
chemicals (12).

Rotating cylinder type systems such as that used in preliminary studies for
Case History I described above, allow close control of the wall shear
stress over a limited range of conditions and are useful for conducting
batch treatment or inhibitor persistency studies. However, under
circumstances where shear stress levels are high (-7ON/m') or where
inhibitor transport is perceived to be a problem, then use of rotating
cylinder cells of is limited relevance.

Jet Impingement systems can reproduce high shear stress conditions drid Cdn
simulate the effects of droplet impingement or local disturbances in wet
gas systems. As yet there have been no reported attempts to correlate
either Rotating Cylinder or Jet Impingement data with the effects of slug
flow. Again, if inhibitor transport across liquid/liquid phase boundaries
is likely to be a problem then Jet Impingement rigs are not appropriate.

Ihe main use of flow loops must relate to simulation of inhibitor
transport. Examples given in the introduction of this paper such as
inhibitor transport to low spots or to the condensing phase can be
simulated in flow loop systems. A Group Sponsored Project to assess Gas
Phase Inhibition has recently been completed using a flow loop in which
condensing phase corrosion and inhibition was successfully simulated by
means of a cooled probe at the top of 4" diameter flow loop tubing (6).
Inhibitor transport to low spots was also studied.

Laboratory studies on the effects of slug flow require simuldtion in flow
loop studies with probes mounted flush with the pipe wall. Rapid response
electrochemical monitoring techniques such as Electrochemical Noise seem to
be the most effective method of evdluating the effects of a moving sluq of
liquid.
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In circumstances where the corrosivity of a systelu is very specific to its
operation, such as in Case History 2, then online corrosion monitoring is
perhaps the most 'appropriate method of determining the best method of
corrosion control.

Acknowledgements

lhe Case Histories in this paper are published with the kind permission of
lotal Oil Marine Plc. and Southern California Gas Company.

References
1. J.L. Dawson, C.C. Shih, R.G. Miller, J.W. Palmer, Mdts. Perf. 30, 43

(1991).

2. J.L. Dawson, C.C. Shih, P.K.N. Bartlett, U.K. Corrosion/90 3, pp
259-268, Pub. I.Corr, U.K. 1990.

3. C.A. Palocios, J.R. Shadley, Corrosion/91, Paper 476, Pub. NACE,
Houston, 1991.

4. R. Nyborg, A. Dugstad, L. [unde, Corrosion 93, New Orlednt, Pdper
77, Pub. NACE, Houston, 1993.

b. J.H. Gerretsen, S. [dmen, A. Visser, U. Lotz. NAt[ Corrosion, Ntw
Orleans, Paper 84, 1993.

6. Gas Phase Corrosion Inhibition. CAPCIS report, (1992).

/. J.M. Mandhane, G.A. Gregory, K. Aziz, Int. J. Multiphase Flow, Vol
1, p537, (1974).

8. S. Webster, L. Nathanson, A.G. Green, B.V. Johnson, U.K. Corrosion,
Manchester, Vol 2, 1992.

9. J.W. Palmer, J.L. Dawson, T. Ulrich, A.N. Rothwell, NACE Corrosion,
New Orleans, Paper 119, 1993.

10. J.L. Ddwson, A.N. Rothwell, D.A. Eden, J.W. Pdlmer. NACE Corrosion,
New Orleans, Paper 108, 1993.

1I. D.A. Eden, A.N. Rothwell. NACE Corrosion, Nashville, Pdper 292,
1992.

12. S. Webster, D. Harrop, A.J. McMdhon, G.J. Pdrtri(Ije. NA(:E
Corrosion, New Orleans, Paper 109, 1993.

2774



Elongated Slug
S bubble flow flow

0 flow

MOMT

!4 0 W
SUPERFICI AL GAS VELOCITY, VSG ft/15CC

FIGURE 1. Flow pattern map after FIGURE 2. Rotating cylinder cell.
Mandhane.

TOW

ccTW

C> 11 UM

FIGURE 3. Jet Impingement rig.

277



BASELINE CORROSION RATESFIGURE 4. 9am 7v4. m . 800"mn,

2.o

I.8

0.0

"k &

a 14. 34 so

SHW 6lWU CH/m*o

FIGURE 5. 30ppm INHIBITOR AFIU" 5. , 0 78 0=s 0 , 14Drap NO=2.O

1.71.01

1.4 -

0.3 $

1.2

1.1
0.0
CLip

o 14 34 66

ON&A ffmr. (N/m2)
I ANG Azi Mm We•2 NAz2 PIP!

FIGURE 6. 30ppm INHIBITOR B
I liw 002 76 010 0 5oWn 'm40

2.0

1.6 t-

1.8 9-

1.4*-

1.3-

1.1,-
0.8 -

0.6 -

0.4 -
0.3~
03 4

0.0
o 14 34 66

MOM WIN= (N/ma)
- FAMGE MMAZI MWILD 5WAW2 POW

FIGURE 4-6. Baseline weldment corrosion behaviour and the effects of 30ppm
inhibitor A and B on weldment corrosion over a range of wall
shear stresses.

2776



! •A ZRA Channel: 2
07 : 489 4n

_i--' flax: 294 uA
,ean. 29 WM

F &v." 50 uAJCVar: 1.7

00 onA

I uA EOV Channel: 3

E-

: •#M: 4.2 nA

IMax: I W

SFAe: 431 nV

I I 1

:10 ~m LPR Channel: 4

- 4  M"l 1. 35
50ev: 237 uK

CVar: 248 E-3

f 0 Cr LPNI Channel : 5

#in "33 Oh

"-:- '-- "'- •'- '-•O0 v.Oml. .. • /_.•Clar.- 447 E-3

Fi e 92807009. D2A
Time Span • 7 hrs 58 mins 59 secs

FIGURE 7. ZRA, Electrochemical Noise (ECN, EPN) and LPRM data showing

a step change in corrosion behaviour in a gas gathering system.

2777



I mA ZRA fhannel • 2

Min M 514 nA

I Max : 115 A

- •5ev.' 22 uA
CVar: 850 E-3

1 100 nA

1 uA ECN Channel". 3

A Min" 9.7nA
I- l Max 1 uA

•- I - Mean.' 596 nA
5 Yev. 476 nA
CVar." 798 E-3

100 pA

10 my EPN Channel: 4

Mmn. I.5 uiV

Mdax 10 /V 7
Mlean: 6.6 IV
SOev: 3.7 mV
C Var: 565 E-3

10 O6,m LPRM 1,anne] 5

Mfin 53 OhinK

A vax: 3 KO/Pimi

'lean:, 29 K(Ohim
i SOev: 35 KOhm

•- •" • Var:P.1I

ICC KC,7m

- I Je 92BO6N56. D2A
Time Span 7 hrs 58 mins 59 secs

FIGURE 8. ZRA, Electrochemical Noise and LPRM data showing a step change
in corrosion behaviour in a gas gathering system.

2778



I mA ZRA Channel. 2

-M.#in 335 nA

Max. 859 UA
Me v: 66 vA
CVar." 737 E-3

100 nA
I uA ENChannel.' 3

M.in 4.7 nA
Max'! uA
Mean." 759 nA

50ev" 356 nA
I-CVar." 469 E-3

100 pA

10 1V EPN Channel 4

Max 9.5 6V
Mean." 2.9 0V
50ev" 1.0 aV

6-- CVar: 353 E-3
I V
.1 aV

S10 Oh1m LPRM Channel.5

-T Tf #in'33 OMR

Max 100 KAMR

Mean. 4.7 KOha
50ev" 7.5 KOhM

A Rar." 1. 5

100 KOhm

Fj le 92802N37.P2A
Time Span • 7 h/rs 58 mins 59 secs

FIGURE 9. ZRA, Electrochemical Noise and LPRM data showing a step change
in corrosion behaviour and rapid fluctuations in corrosion
rate possibly due to slug flow.

2779



Behavior of Corrosion Resistant Alloys
in Stimulation Acids, Completion Fluids,

and Injected Waters

Dr. Russell D. Kane
Cortest Laboratories, Inc.
P.O. Box 691505
Houston, Texas 77269-1505

Abstract

The use of corrosion resistant alloys (CRAs) for oilfield applications has expanded greatly in re-
cent years. For the most part, selection of CRAs is based on resistance to corrosive species in the
production environment (i.e. H2S, CO2, sulfur, brine). In may cases, however, there are non-
production environments to which these materials must also be resistant for either short term or
prolonged duration. These environments include: (1) Stimulation acids and brine, and (2)
Completion and Workover Fluids. This paper discussed the requirements and methodology of
selection of CRAs for resistance to corrosion and stress corrosion cracking in these non-
production oilfield environments. It provides service experience and information obtained
through laboratory investigations which identify the critical aspects of each type of environment
and the requirements of a sound materials evaluation and selection program.

Key terms: corrosion resistant alloys, stress corrosion cracking, materials selection, testing, oil
and gas operations.

Introduction

Over the past decade, the use of corrosion resistant alloys (CRAs) for downhole tubulars and
equipment and topside piping, wellheads and flowlines has become increasingly more prevalent.
In these applications, use of CRAs is based on their high resistance to corrosion in environments
containing high levels of CO2 H2 S, chloride and in some cases e..-mental sulfur. A listing of
many commonly used CRA materials is given in Table 1. If properly selected, their use allows
elimination of chemical inhibition conventionally used with steel, costly workovers and the need
for equipment repair or replacement during the project lifetime. It is typically the benefit derived
from the elimination of these costly operations which directly or indirectly results in a signifi-
cant reduction in the costs associated with corrosion control. In these circumstances, even though
the initial capital costs may be higher than for conventional "steel and inhibitor" completions, it
has been shown that total project costs associated with corrosion mitigation can be significantly
reduced through the use of CRAs.

As indicated above, the principal technical concern in the application of CRA technology was
initially resistance to corrosive production environments. The effects of H2S, CO2 and chloride
and sulfur predominate the early literature (i.e. 1975 through 1988).(1-3) However, in recent
years, there has been increasing awareness of the additional need for compatibility of CRA
materials with various non-production environments which can be equally or even more
aggressive to CRAs.

The purpose of this paper is to define the nature of these non-production environments, highlight
the current areas of concern for the serviceability of CRAs and define parameters which can be
utilized for the selection of CRAs for compatibility with both production and non-production
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environments. Particular emphasis will be placed on both laboratory data and service experience
and methodologies to determine which environments define the safe use limits for CRAs in
oilfield operations.

Background

Over the past several years, Cortest Laboratories, Inc. (CLI-Houston), has been extensively in-
volved in evaluation, selection and specification of materials for use in corrosive oilfield envi-
ronments. These studies have included work on a number of large scale international projects in-
volving production environments ranging from corrosive sweet (C0 2) gas conditions to sour
conditions containing low levels of H2 S to liquid H2S with elemental sulfur. CLI has also
worked to incorporate its technical experience with that of a broadly based group of oil compa-
nies, equipment manufacturers and materials suppliers in the development of the SOCRATESTm*
expert system (see Appendix I for a list of companies). The aim of this effort was to assist
engineers in selection of the appropriate materials of construction through the development of
rules which define the applicable limits of materials used in oil and gas operations. (4)

During this expert system development effort, it was determined that under certain circum-
stances, the limiting parameters for materials selection was not always defined by the corrosivity
of the production environment (i.e. H2 S, CO2, chloride, composition of the produced water etc.).
In situations particularly where stainless steels and nickel alloys were utilized, major operational
problems from corrosive degradation could be expected which did not arise from prolonged ex-
posure to the production environment, but rather to relatively short term exposure to stimulation
acids, workover and completion fluids and/or injected or surface waters.

Based on the above mentioned considerations, it was decided to extend the program to include
rules which define (1) the limits of CRAs in non-production environments and (2) the use of in-
hibitors on carbon and low alloy steels and CRAs. This paper summarizes some of the back-
ground work and data assessment that was conducted prior to undertaking this activity. It
identifies specific areas of concern for commonly used alloys and situations where the selection
of materials based solely on the corrosivity of the production environment would likely result in
non-conservative designs.

Definition of Non-Production Environments

Stimulation Acids

A common oilfield practice is to inject concentrated, inhibited acid formulations down the pro-
duction tubing and into the formation to increase (stimulate) the formation permeability and
thereby increase the production of hydrocarbons. The acid formulations utilized in the acidizing
process typically have a combination of additives which include corrosion inhibitors as well as
other chemicals to control reaction rates with formation rock and to modify flow characteristics.
The more commonly used stimulation acids are based on HC1 (15 and 28 %), HCI+HF mixtures
(mud acids) or organic acids such as formic acid. Presently, even more complex acid formula-
tions are available which contain combinations of both inorganic and organic acids which allow
careful control of the reaction rate of the formulation with temperature.

The corrosion rate of acidizing on conventional steel equipment has typically been controlled to
an acceptable level with corrosion inhibitors.(5) These are commonly organic filming inhibitors
that minimize localized corrosion and reduce the corrosion rate of steel to _52000 mpy (0.005
inch per day; 0.12 mm per day). It has been found in some cases, that these inhibitors can be

* TM - SOCRATES: Selection of Corrosion Resistant Alloys Through Environmental Specifications (Cortest

Laboratories, Inc., PO Box 691505, Houston, Texas 77269-1505)
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substantially less effective in protecting CRA materials which have high levels of Cr, Ni, and
Mo leading to localized corrosion and stress corrosion cracking (SCC). Therefore, stimulation
acids represent a class of non-production environments which constitute a major concern in
terms of compatibility with CRA equipment.

Workover and Completion Fluids

In modern workover and completion operations, a variety of clear (non-particulate containing)
fluids are utilized depending on the specific characteristics of the wells in question.(6) These are
well control fluids typically consisting of chloride, bromide and chloride/bromide salt solutions
of high density used to produce a high hydrostatic pressure in the wellbore needed to
counterbalance the formation pressure. In some cases, these fluids are utilized for only short du-
ration while running and setting downhole equipment, but in other cases exposure can be for
prolonged periods as in the case of packer fluids which are held in the casing/tubing annulus for
years. Additionally, sometimes workover fluids are lost into the formation especially during
period of prolonged overbalanced pressure conditions (i.e. wellbore pressure > formation pres-
sure). In this case, these fluids can become commingled with the formation fluids often adding to
the severity of the production environment for an extended period at the start of well production.

Injected Waters

Another widely varying type of non-production environment to which CRAs can be exposed are
chloride containing waters which are either injected downhole or utilized at the surface.
Typically, water is injected into underground rock formations for either secondary recovery
(formation pressure maintenance in hydrocarbon bearing rock to maximize well productivity) or
for disposal of produced water. The composition of this injected water may vary greatly in
condition from raw acid gas containing brine (which may also be contaminated with air C• e to
leaks in the pumping system or due to ineffective deaeration), aerated brine to treated
(chlorinated and deaerated) brine or fresh water.

These systems have considerably different concerns regarding corrosion than those of the pro-
duction environment.( 7) These concerns may also vary greatly depending on the nature of the
injected water. Additionally, when CRAs are utilized in topside systems offshore, they can be
exposed to both corrosive waters internally and to aerated seawater on the outside from the
marine environment which in turn can be concentrated by evaporation. Therefore, in some cases,
these environments are less severe than production environments, such as with treated, deaerated
seawater. In other cases, they may be much more aggressive as observed in aerated seawater or
sour brine which has been contaminated with air.

Serviceability of CRAs in Non-Production Environments

Due to the highly specific nature of corrosion in non-production environments, separate guide-
lines must be utilized for ranking the severity of each type of environment and the resistance of
CRAs to that environment. The limiting environment can then be determined by the situation
which requires the highest alloy requirements to resist corrosion or SCC. Alternatively, changes
in operating procedures can be assessed which can limit or eliminate exposure to the non-
production environment to maximum performance and minimize alloy cost. In this section, each
of the three classes of non-production environments will be discussed separately in terms of the
critical parameters which govern CRA performance.

Stimulation Acids

In terms of assessing the severity of stimulation acids from the standpoint of corrosion and SCC
the following conditions must be considered:
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1. Acid type and concentration. 4. Inhibitors performance.
2. Maximum temperature. 5. Duration of exposure and well
3. Acid gas concentration clean-up procedure.

Typically, higher rates of corrosive attack are associated with stronger acid formulations, HF
coLtaining acids, and higher formation temperatures.

Secondly, the required alloy performance needs to be determined. Typically, the initial period of
exposure to the inhibited concentrated acid is most severe from the standpoint of weight loss and
localized corrosion.(8) Corrosion rates of CRA materials can range from 100 - 50,000 mpy (2.5 -
12,500 mm per year; 0.005 - 34 mm per day!). Corrosion rates are highest for HF containing
mud acids followed by HCI. The organic acids such as formic are typically the most benign in
terms of weight loss corrosion on CRAs. Greatest rates of attack are commonly found in the
lower alloy stainless materials such as 13Cr, 22-25Cr and 28 Cr. In most cases, materials with
more than 42Ni exhibit acceptable rates of attack except in concentrated HCI or HCI+HF at high
temperature (approaching 200 C or at high H2S levels) where 50Ni alloys or Alloy C-276 should
be considered. Organic acids such as formic typically do not pose major problems in terms of
corrosion or SCC of CRAs.

Particular concern is for the performance of the individual inhibitor formulations which are to be
utilized in the actual service application for fluids containing inorganic acids. There has been an
evolution of acid inhibitors for CRAs over time especially for duplex stainless steels, but
substantial variation in inhibitor performance still exists.(8)

No one inhibitor type has been found which works well in all combinations of alloy and acid.
Typically, CRAs require higher inhibitor concentrations LŽ2 percent) than do carbon and low
alloy steels particularly in the stronger, more aggressive inorganic acids.(9 ) One of the most
difficult situations is the tendency of 22-25Cr duplex stainless steel to exhibit selective phase
corrosion in a wide variety of acids whereby the ferritic phase is selectively attacked. Some in-
hibitors have been found which can successfully impart resistance to this form of corrosive
attack. Successful inhibition of 15 percent HC1 on duplex stainless steels has been reported up to
185 C and at higher temperatures if HCI+formic acid mixtures are utilized at an equivalent
strength to 15 percent HCI. (10)

In general, due to the high variability in inhibitor performance (See Figures 1 and 2), screening
tests for evaluation of the corrosivity of the actual concentrated inhibited acid formulations
under consideration on CRA materials are recommended. Additionally, the evaluation of CRAs
for acidizing conditions should also include exposure of stressed coupons to the spent (i.e.
reacted and uninhibited) acid to simulate acid returns which can occur for an extended period
after returning the well to production. Under these circumstances, it appears that SCC may be of
greater concern than weight loss corrosion in the acidizing process. SCC has been observed in
materials which have had acceptable weight-loss corrosion resistance in various acidizing formu-
lations. SCC severity is typically greatest in the spent acid environment. Therefore, careful
attention to post acidizing, well clean-up procedures should be taken to minimize exposure of
CRAs to these spent acid returns.( 8)

Workover and Completion Fluids

In terms of assessing the severity of workover and completion fluids from the standpoint of
corrosion and SCC the following conditions must be considered:

1. Acid gas partial pressure. 3. Inhibitor type and concentration.
2. Temperature. 4. Conditions of aeration.
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5. Fluid composition (i.e. chloride 6. Duration of exposure.
and bromide content; cation species
present, and ionic strength)

Only lnlitkd documented service experience has been obtained, but there is evidence from
laboratory studies which lead to concern for CRAs in workover and completion fluids. Examples
of common fluid types are shown below:

Single brine systems Mixed brine systems
1. NaCI (specific gravity, SG, 1. NaCI/NaBr (SG up to 1.50)

up to 1.20) 2. CaCI2/CaBr 2 (SG up to 1.80)
2. KCl (SG up to 1.20) 3. NaBr/ZnBr 2  (SG up to 2.00)
3. CaC12 (SG up to 1.40) 3. CaC12/CaBr 2/ZnBr 2 (SG up

to 2.20)
4. CaBr,)/ZnBr,) (SG up to 2.40)

These fluids can be classified as either light or heavy (high) brine systems. Typically, light
brines have a specific gravity (SG) of 1.05 to 1.40 while the SG of the heavy brines can range
from 1.30 to 2.40. They derive their SG from the amount and type of salt species dissolved in
solution. Adding to the complexity of the situation, there can also be a variety of inhibitors in
these brine systems. These include formulations based on both organic filming amines and
inorganic thiocyanate salts.

Test results have indicated that maximum corrosivity of these brine systems occurs with
temperature from <100 to 250 C and SG over the range 1.30 to 2.30. Corrosion rates for steel
range from <0.1 mm per year for NaCI/NaBr brine (SG = 1.32 to 1.42) to approximately 1.5 mm
per year for the CaBr2/ZnBr 2 brine (SG = 2.30) at 200 C (See Figure 3). Additionally, corrosion
rates can be a factor of ten higher in light brine fluids under aerated conditions (;lmm per year)
versus deaerated conditions (0.1mm per year).(1 1) In some cases, galvanic interactions between
the steel casing and CRA tubing in the casing/tubing annulus can increase the corrosion rate of
steel by galvanic interactions through packer fluids (See Figure 4).(12)

Both organic and inorganic inhibitors can be effective for reducing corrosion rate at
temperatures up to between 80 and 150 C. At higher temperatures these compounds have been
shown to have limited long term benefit partially due to their limited solubility and stability in
these concentrated brine systems. Specific combinations of inhibitors have been examined which
may inhibit corrosion under specific conditions in heavy brine systems. Unfortunately, some
inhibitors have been found to actually promote corrosion in some stainless steels and nickel base
alloys exposed to heavy brine fluids.(1 3) 9Cr-IMo and 13Cr alloys appear to be particularly
susceptible to general and localized attack in these environments. In some cases, even higher
alloy materials such as duplex stainless through Alloy 718 can also be attacked. However, more
work is needed before special formulations of inhibitors can be reliably utilized for the effective
long term inhibition in heavy brine packer fluids.

Another aspect of CRA behavior in workover and completion fluids is environmentally induced
cracking. It has been observed that 9Cr-IMo, 13Cr and 22-25Cr duplex stainless steels can
exhibit cracking failures in inhibited brine CaCI2/CaBr 2 completions fluids. These are typically
failures which have occurred after prolonged exposures at high temperature (at or above 200 C).
Some of these failures have been associated with decomposition of inorganic inhibitors to form
H2 S which promotes sulfide stress cracking (SSC) in 9Cr-IMo and 13Cr alloys and SCC in 22-
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25Cr duplex stainless steels (See Figure.(1 1, 14)

There have been reports which indicate that prolonged exposure to high brine CaCI2 workover
fluids and acid gas can induce localized corrosion and SCC in 22Cr duplex stainless steels and
possibly nickel base alloys under conditions which normally would not affect these alloys.(1 5)
The main effect in this case, is the increased chloride content of the environment resulting from
excessive fluid losses in the formation during workover and drilling operations. Once the well is
put on production, the chloride content can be up to three orders of magnitude higher than the
normal production environment. This situation can have a significant affect on the initiation of
localized corrosion and SCC particularly under conditions in which (1) H2S is present or (2)
prolonged exposure has occurred.

Injected Waters

In terms of assessing the severity of injected waters from the standpoint of corrosion and SCC
the following conditions must be considered:

I. Level of aeration/deaeration.
2. Residual Chlorine from water treatment gasses
3. Chloride concentration and possibility for chloride

concentration through evaporation.
4. pH as may be affected by dissolved acid
5. Presence of absence of H2S.

In most cases where water is being injected into hydrocarbon bearing formations, care will be
taken to control the quality of the injected water. That is, procedures will be set-up and main-
tained to deaerate (.20 ppb) and chlorinate this water and possibly treat the water with
additional biocide formulations to minimize corrosion causing and H2 S producing bacterial
growth. In these cases, the actual corrosivity of the water will be very low (<.0.1 mm per year on
steel; see Figure 6) at normal injection temperatures (<60 C).( 16) Therefore, carbon steel and
conventional austenitic stainless steels will perform well in terms of resistance to both weight-
loss corrosion and SCC. Residual chlorine in the system can increase the severity to localized
corrosion and SCC in stainless steels and should be maintained at levels <0.5 ppm. In addition,
corrosion will be higher at lower pH. Therefore, efforts in water treatment particularly in closed
systems are often directed toward pH control to maintain higher pH (i.e. pH >6.0).

In other situations, however, the corrosivity of chloride containing water can vary greatly due to
the numerous environmental variables and materials of construction in these systems. These may
include steel, stainless steels, nickel base alloys and copper alloys. Additionally, effects of
galvanic interactions and differential aeration cells at crevice sites can be strong in these
environments leading to cathodic protection of certain alloys and localized corrosion in others
depending on their electrochemical behavior (See Table 2).(17) However, under conditions
where the fluids are contaminated with sulfide species, substantial change in electrochemical be-
havior can occur causing dramatic changes in galvanic interactions (see Sour Wate below). In
order to understand these relationships, it is necessary to subdivide these applications depending
on their service environment. NACE Standard RP0475 provides some guidelines for the
consideration of environmental factors for selection of materials for water injection service.

CO. Containing Water. The most direct affect of CO2 in water is the lowering of the so-
lution pH. This can greatly increase the corrosion rate of steels as shown in Figure 7.(09)
Typically, deaerated systems with less than 0.2 bar partial pressure CO2 are not considered
excessively corrosive to steel(20 ), but can exhibit corrosion rates of up to 0.2 mm/yr (10 mpy).
Under these circumstances, minor amounts of buffering ions such as bicarb')nate produce pH
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values 5 or higher which reduce the corrosion severity. As the partial pressure increases,
corrosion rate increases. At 0.5 bar partial pressure CO2, the corrosion rate of steei [ 1 mm/yr (40
mpy)] is high enough to consider inhibition particularly if the bicarbonate level is low as in
condensed water systems. At 2.0 bar partial pressure CO 2, the system would be at a pH in the
range of 3.5 to 4.5 and be considered severe from the standpoint of weight loss corrosion
[corrosion rate of >2.5 mm/yr (>100 mpy). In all cases, increased velocity would be expected to
increase the corrosion rate of steel.

In terms of severity of corrosion on stainless alloys, CO2 corrosion is effectively mitigated by
the addition of Cr. As shown in Figure 8, the addition of at least 12 percent Cr, reduced the
corrosion rate to less than 0.1 mm per year (0.4 mpy). Additionally, up to 9 percent Ni also ap-
pears to have significant beneficial effects on the mitigation of corrosion in CO2/brine
environments.(2 1) This is the basis for the use of 9Cr-lMo, AISI 410 and 13Cr stainless steels
for many wet CO2 handling systems along with the recent development of alloys with enhanced
CO 2 corrosion resistance which have 13Cr-5Ni-2Mo. However, the nature of the corrosive
attack in 12Cr and 13Cr materials is commonly observed to be more localized in nature than
found in carbon or low alloy steels. The most severe corrosion is often found under static
conditions (<1 meter/second) and high levels of chloride ion. Velocity tends to reduce the
conditions for local attack and decrease formation of deposits on the material surface which can
cause crevice or under-deposit corrosion. In these mildly acidic environments, SCC of Ni-
containing stainless steels is not a major factor if deaerated conditions are maintained and high
chloride concentrations are not observed.

Sour Water. Sour water systems are usually significantly more difficult to handle since
problems can result from either weight loss corrosion or sulfide stress cracking in susceptible
steels. In addition, the combination of high levels of chloride and H2S can also produce SCC in
some grades of stainless alloys. The corrosion scaling tendencies of sour water systems is much
more variable than in CO 2 systems. Generally, corrosion rates of steel are not as high in sour
water systems than CO2 systems due to the somewhat protective nature of the sulfide scale
relative to the iron carbonate unless oxygen contamination has occurred.(2 1). Since protective
hydrocarbon films may not be present in these systems, corrosion rates would be at the upper
boundaries of those observed in oilfield production systems (i.e. those usually observed in high
GOR wells with high water cut).

If deaerated sour water conditions are present, the guidelines for oil and gas production
environments usually provide acceptable results. Resistance of materials to SSC can be handled
through the application of NACE Standard MR0175( 23). The primary concern in this case would
be to select SSC resistant materials and fabrication practices when the H2S partial pressure was
_>0.05 psia L>0.003 bar).

The rules for general corrosion, pitting, SCC and SSC developed in the expert system program
for sour production environments also apply to sour water systems. The only major difference
would be if aerated sour water conditions exist. Under these conditions, very severe weight loss
corrosion of steel and severe pitting and SCC of stainless and nickel base alloys occurs. Even
very highly alloyed materials such as Alloys G and C-276 exhibit marginal resistance to
localized corrosion as shown in electrochemical tests(24 ) In these cases, most titanium alloys can
provide added resistance to localized corrosion at less than 150 C. At higher temperatures,
however, only a few special titanium alloys such as Alloy Beta C can provide the necessary
corrosion resistance.

Aerated Seawater, Probably the largest group of applications relates to the exposure of
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materials to aerated seawater. These include a variety of platform topside piping and vessels,
firewater systems and desalination equipment. In these types of systems the major environmental
vaiiables are oxygen content, temperature and chloride concentration. In aerated seawater, the
materials are typically stainless steel or nickel base alloys depending on the degree of severity of
the service environment. Alloys are selected for resistance to localized (crevice) corrosion or
SCC. Figure 9, shows the limits for crevice corrosion in stainless steels in terms of alloy content
and chloride concentration. It indicates the generally higher resistance of super duplex and super
austenitic stainless steels over conventional austenitic stainless steels.( 25) In some very severe
cases, base alloys or Ti-alloys are required due to the requirements for resistance to localized
corrosion or SCC at temperatures > 60 C.

Figure 10 indicates the relative crevice corrosion resistance of several stainless steels based on
the depth of crevice attack for temperatures between 5 and 70C (26). The data is plotted in terms
of Cr + 3.3Mo + XN for the various alloys. Pitting resistance can generally be attained in
seawater up to high temperatures with 22-25 Cr duplex stainless steels. Crevice corrosion re-
quires very highly alloyed 6Mo stainless steels or nickel base alloys. New super duplex stainless
steels with 4 Mo and 0.2 - 0.3 N have also been found to provide excellent resistance to localized
corrosion in seawater.(27) Additionally, Figure 10 indicates that in materials which are suscepti-
ble to crevice corrosion, the depth of attack can be minimal at low temperatures (;5C) but in-
creases rapidly with temperature. The selection of stainless alloys is a function of both the type
of application and the effect of this attack on serviceability (i.e. piping or sealing application).

One additional aspect of the use of CRAs in seawater service is the affect of chlorination. As
shown in Figure 11, the corrosion potential of the materials depends on both the amount of
chlorine concentration and method of chlorination. Amounts of residual chlorine in seawater as
low as 0.1 - 0.2 ppm can elevate the corrosion potential enough to increase susceptibility to
pitting and crevice attack. By comparison intermittent chlorination has been found to produce
corrosion potentials in stainless alloys which are more cathodic and therefore less damaging than
potentials produced in seawater at 0.1 and 100 ppm chlorine.

Conclusions

Based on the results of this study, the following conclusions were made: 1. Oilfield production
environments do not always determine the serviceability limits for CRA materials.

2. In many cases, non-production environments have a higher degree of corrosivity and can
result in attack of materials acceptable from the standpoint of the production
environment.

3. In the selection of CRAs, the evaluation process must isolate the various production and
non-production environments. Relevant non-production environments include the
following:

a. Stimulation Acids
b. Workover and Completion Fluids
c. Injected Water.

4. Each of the environments given in Item 3 must be considered separately in terms of (a)
their aggressiveness to steel, and (b) to CRAs and the minimum alloy requirements for
each environment.

5. The alloys selected must meet the requirements of the most severe environment
(production or non-production). Alternately, modifications in operating procedures to
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minimize exposure to severe non-production environments.

6. Careful evaluation and selection of inhibition chemicals must be used to minimize
corrosive attack of both steel and CRAs in these non-production environments. This
procedure will allow for the use of generally lower alloy materials and the most cost
effective corrosion engineering approach.
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Appendix I List of Companies
Using SOCRATESTh

1. Abu Dhabi National Oil Company 14. Kawasaki Steel
2. AGIP S.p.A, Italy 15. Mobil R & D
3. Amerada Hess 16. Nippon Steel
4. Amoco Corporation 17. NKK America
5. Baker Oil Tools, Inc. 18. Oryx Energy
6. British Gas 19. Otis Engineering
7. Cabval 20. Petro-Canada Resources
8. Camco, Inc. 21. Sumitomo Metal America
9. Chevron Research and Technology 22. Texaco, Inc.
10 Exxon Production Research 23. Teledyne Wah Chang
It FMC Corporation 24. VDM Technologies
12 Inco Alloys International 25. UNOCAL
13 O.N.G.C., India 26. Vetco Gray
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TABLE 1

Ferritic Stainless Steels Martensitic Stainless Steels Duplex Stainless Steels

UNS No. i Common UNS No. Common UNS No. Common
Name Name Name

S40900 409 S50400 9CR-IMO-i S3i500 3RE60

IS40500 [405 K90941 19CR-I MO-2 7 S32900 329

S42900 429 191150 CA- i5 $ S32404 URANUS-50

S43000 430 S41000 410 1S31200 44LN

S44200 442 J91151 fCA- 15M $S31803 2205-22-Cr

S43400 1434 S42000 420 S32530 FERRALIUM-
- I - 255

S43600 1436 [191540 CA-6NM $S31260 1 _DP-3-25-Cr

S44600 _If6S42400 F6NM- I
S"4400 118-2 S415(,U F6NM-2

S44626 26-1-Ti I_
S44627 26- 1-Clb

S44660 ;SC- I__

S44635 ,126-4--4 1_ r
S44700 .29-4 _ _ _I. ,1

S44800 I 29-4-2 i( _
S44735 29-4C I _

Precipitation- Hardened Conventional Austenitic High Alloy Austenitic
Stainless Steels Stainless Steels Stainless Steels

UNS No.1 Common UNS No. Common Name UNS No. Common Name
Name

$45500 _ CUSTOM-155 IS30200 302 N08020 20-CB-3

S36200 ALMAR-362 J92500 CF-3 N08904 904L

S 15500 15-5PH S32Y100 321 N08024 20MO-4

S17600 11 STAINLESS-W S31600 316 1 N08023 ALLOY.28

S17400 1f 17-4-PH S34700 11347 1 N31254 254-SMO

S45000 i CUSTOM-450 S38100 18-18-2 N08367 ALLOY-6XN
- I I

S 17700 f 17-7-PH S30500 1f305

S66286f ALLOY-A286 S30400 304

S13800 11 PH-13-8-Mo S30403 .204L

S15700 1f PH- 15-7-Mo [[J92600 CF-8

S35500 i1 AM-355 $S30800 [308
S30900 '1309

_ _ __ J92800 CF-3M
;I$I 31000 il3 10 ,

11 J92900 ifCF-8M f ,,
S31603 !316L i

IS31700 17 3_7_ _ _
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TABLE 1 (cont.)

Solid Solution Nickel Precipitation-Hardened Nickel Cobalt base
base alloys base alloys alloys

UNS Common UNS No. Common UNS No. Common
No. Name IName Name
N08825 ALLOY-825 N07750 1 ALLOY-X-750 R30260 ALLOY-2602
N06975 ALLOY=2550 N07031 ALLOY-31 R30155 N-155
N06985 ALLOY-G-3 N09925 ALLOY-925 R30031 STELLITE-31

N06007 ALLOY-G {N07718 •[ALLOY-718 R30006 STELLITE-6
N06625 ALLOY125 [N07716 ,625-PLUS R30003 ELGILOY
N406110 ItALLCORR jN07725 [ALLOY-725 R30188 ALLOY-188

N0655 ALLOY-C-4 I N06625 I ALLOY-625 R30605 ALLOY-L-605
N06022 ALLOY-C-22 I, _ _ R30159 MPI59

N10276 I ALLOY-C-276 I_ _R30035 MP35N
N10002 ALLOY-C
N06975 r ALLOY-G-2
No6o3oj tALLOY-G-30 ._

Zirconium Alloys Titanium Alloys Nickel Copper Alloys

UNS Common UNS No. Common UNS No. Common
No. Name Name Name
R60702 Zr-702 R50400 TI-GRADE2 N04400 MONEL-400
R60704 Zr-704 R53400 TI-GRADE12 N04405 MONEL-R405
R60705 Zr-705 R58640 TI-6246 N05500 MONEL-KS00

R56401 TI-6A1-4V
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Note -ark b nr-te -c'ItV Grophrte- Test 2A- I 2A-2 2A-3 2A-4
behovor of ac1tepassv,,e IConditons 200 0
alloys N-C-Mo alloy C QOu

TI T, onhum .. _ Stage 1 1.2.3 t 1.2.3 t ,2. 1 1.2.3

I N-Cr- Mo-Cu--S alloy 80 4130
20 N~c6el-Iron--Chromium alloy 825 1 3 Cr 0 0 -

Aloy Stainless Steels. cost and wrought
Storless Steel - Types 316. 317M I = 22 Cr 0 -

I Nickel-Copper Alloys 400. K-500 25 Cr 0 J 0
to less Stnel -yF 302S 304. 321. 347 C-28 OI 0 0 I 0 0

90 1I eiStLos orosone

rNickel 20 02 N, 0 000 0 or
Silvr Braoze A".' 925 000 0P ( 0MPO)Nickel-Chromium, Alloy 60071 0 0 0 2 0 0 0 X2

Nicles-Aluminum 8rorzeoj
70-30 Carper Nickel 52 N-R0 0 0 2 0 0 0 X 2

tnnleonte - Type 4t0Ie Lo1 test080-20 Copper N(ckel0
90-10 Copper Nicke[2 Weight Loss Corrosion Stress Corrosion CrackIng

I Nickel SlI~er 0 M Ete 00MYo
Staaraess Steell 

T ypes 410. 41R6e t0si
Tin Bronzes (C&M)Cr

I Silicon BronzeC < 2000 MPY (5 5 MPe) X - Failure (2, 3 refers

ýAdrrealty Bross. Aluminum Brass Not Tested
Pb-Sn Solder (50/50)=2

Copperrn =o F e R l C orrol Ts wt 2r+Ih

I I I~c•_. I Ne]-an 4

Noaia Brass. Yellow Brass. Red Brass07
I I Aluminum BronzeEZ

Austenitc Nlclket Cast Iron=Z Temperature ('F)
ILow Alloy Stee'ED 100O 200 300 400 500

M-,I Steel, Cost ron

Aluminum Alloys I Mr Cm Ic grayvfv

Bev'~ 0-0 l ] 32

-16 -14 - 2 -10 -08 -06 -04 -02 C v02 t N

(Acfve) Volts vs Saturated Calomei Reference Eleclruce (Noble) • CaCI 2 -CaBr, 1 75 7

Table 2 - Galvanic series in seawater Flowin g seawater at C}--- ] CoC -CoBr 2  190
24 to 40 m/s for 5 to 15 days at 5 to 30C a --- a -Zn~r- 220' ." 60

2 00- -0 CoeBr2 _ZnBr 2  2 O0--Z'B22 30
Test IA- 1A-2 IA-3 IA-'400"'CO -0"/2 4CFHS• NoBrZnBK 1 55 >

"Cono'tons 0'.F/ -l 41 2 H 4'/,S E [2 1 1 75 50 a

4130 \0

13 C, 00

2a Cr 0 0 0 O

0300
78 Cr O 0 0 ( 0 0 0 2 0 230, 0. o i 0 o 3 I 0 0 0lll x. 3 ,, .

152N. 0 0 0 X 3 0 0 0 x 3
ALLCORR O 0 0 3 0 0 0 x 2

IC-276 0 0 0 , 5x3. 0 0 0 01.0 10C
Weight Loss Corrosion Stress Corros~on Crocing

Ether > 2000 MPY or

SD pecomens Destroyed b d - No Failure
Corrosion Dunng Test nerlod. + ........
< < 2000 MPY (5 5 MPD) X - Failure (2. 3 refers 0 100 200 300

to stage of test) Temperature ('C)C• Nat Tested

Figure 3 - Effect of temperature on corrosivity of brne
Figure !o - Results of Corrosion Tests with 151. HCi + Inhibtor i (Carbon steel A, 30 days. 2ml /crrm'

Test 18-1 18-2 1B-3 1B-4

Conditions 200F/CO2  400F/CO2  - ,6oF S- 4- /H-S
Stage 1 .2." 1 1 1.2,3 1 1.2.3 1 1,2.3

41301
13 Cr 0 x3 0

22 Cr 0 53 0

25 Cr 0 0 0 -x
28 Cr 0 0 0 x5? 0 0 0 2?
42N, 0 0 0 X 2 0 0 C 2

925 0 0 0 X 2 0 0 0
718 0 0 C x 21 x 2
S2N 0 0 0 2 0 0 o
At L(_•RR 0 0 0 X 2 0 G 52

C -- 276 0 0 0 2 0 0 0 2

Weight Loss Corrosaon Stress Corrosion Crackling

Either > 2000 MPY Orl Specimens Des:rayed ty 0 No Fa)iure-

Corrosion During lest Perod

-- < 2000 MPY (5 5 MP() x - falue (2. 3 refers
3 Not Tsted .. to) otoe of test)
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Effects of Acidizing on High Alloy Springs After HzS Exposure

Bill Bailey
Baker Oil Tools
P.O. Box 3048
Houston, Tx.

Abstract

Both compression and torsion springs made from MP35N, Elgiloy, X-750,
and Beta-C titanium were stressed and exposed to severe H2S, COz, and
chloride environments at 350°F (1 77°C) for 30 days. This was followed by
exposure to 38°C (1 00°F) simulated HCI acidizing solutions. Variables
evaluated include materials, heat treatments, inhibitors, acid
concentration, contaminant chloride concentration, and low alloy couple.

Key terms: acidizing, springs, HzS, hydrogen embrittlement, nickel base
alloys, cobalt base alloys, galvanic couple, corrosion inhibitors.
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Introduction

Springs used in downhole oil and gas completion equipment are frequently
exposed to corrosive produced fluids followed by acidizing treatments to
enhance the flow of hydrocarbons. Failures of springs have been reported 1

by several manufacturers. Laboratory tests attempting to reproduce this
cracking have been relatively unsuccessful. A testing program was
developed in hopes of producing laboratory cracking. It was further hoped
that a determination could be made of the effects of selected
environmental, material, and processing variables. These included spring
type, material, low alloy couple, inhibitor, MP35N aging temperature, and
potential fluid composition and concentration during acidizing.

Experimental

Compression springs were designed and manufactured from 4.11 mm
(0.162") MP35N, Elgiloy, X-750, and Beta-C titanium. Torsion springs
were manufactured from 1.14 mm (0.045") MP35N and Elgiloy. The springs
were assembled in fixtures designed to produce the high stresses
typically required in downhole completion equipment applications.
Torsion springs were stressed to 1792 MPa (260 ksi) corrected stress.
Compression springs were stressed to 758 MPa (110 ksi) for MP35N,
Elgiloy, and Beta-C and 689 MPa (100 ksi) for X-750. Each spring was
serialized and load tested to establish the required compression height or,
for torsion springs, the required angular deflection. Half of the
compression springs were assembled with steel end flanges to provide
low alloy galvanic couple. The other compression springs used alloy C-
276 end flanges. All of the torsion springs were assembled on fixtures
made from C-276 with MP35N pins (see fig. 1).

The springs were installed in two large capacity autoclaves and exposed
to the same brine solution containing 100,000 ppm chlorides. The gas
phase was 100 psia H2S, 100 psia COz, and sufficient Argon to bring the
total system pressure to 5000 psi at 350 'F (177 'C). The test duration
was 30 days. Two autoclaves were used in order to separate the springs
with low alloy couple and provide a larger fluid volume. The 18 steel
coupled compression springs were tested in a 5.2 gal. (20 liter) autoclave.
The 18 remaining compression and 18 torsion springs were tested in a 3.3
gal. (12.4 liter) autoclave. After removal from the autoclaves, the springs
were individually stored in glass bottles filled with analytical toluene
and sealed until the subsequent HCI testing was performed.
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HCI acid exposure tests were performed at ambient pressure. Plastic
bottles containing 300 ml of a specified concentration of HCI (with and
without chloride salts and inhibitors) were placed in a constant
temperature bath until the fluid reached the bath temperature, 38 'C (100
OF). The springs, still stressed, were then placed in individual bottles and
periodically checked for cracks.

Results

A. 30 Day Autoclave H2S, CO2, Cl-, 350'F Exposure of Stressed Springs

No cracking was found on any of the springs regardless of type
(compression/torsion) or galvanic couple (low alloy/C-276).

B. Acid Exposure

1. Spring type. Some of the compression springs were shown to
be susceptible to cracking in the low temperature acid
exposure tests. None of the torsion springs experienced
cracking in the low temperature acid exposure tests.

2. Materials. The following spring materials were found to be
resistant to cracking in the laboratory simulated acidizing
cracking tests: MP35N aged 4 hours at 704°C/1 300°F [MP1 300],
Elgiloy, Beta-C titanium. Cracking was observed under certain
conditions for alloys MP35N aged 4 hours at 649°C/1 200'F
[MP1 200] and X-750.

3. Chlorides. Chlorides appear to be an essential variable to
produce cracking. A lower limit was not established, but
10,000 ppm sea salts (4,750 ppm chloride) was sufficient for
MP1 200 and cracking was also observed when straight NaCI
was used (20,000 ppm NaCI, 15 % HCI).

4. Low Alloy Couple. Low alloy couple was found to be an
essential variable to produce cracking, however this should be
qualified since it may not be entirely related to galvanic
coupling. See discussion below.

5. Inhibitors. Inhibitors, at concentrations recommended by the
manufacturer, prevented cracking in susceptible materials.

6. Acid concentration. Both the X-750 and MP1 200 compression
springs were shown to be susceptible to cracking in HCI acid
concentrations as low as 10% (lower concentrations were not
tested).
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Discussion

The environment in contact with downhole internal spring components can
vary significantly during acidizing. Some of the variables include: type of
fluids used to cool down the well prior to acidizing (e.g. sea water, fresh
water, ammonium chloride, etc.), initial acid composition and
concentration, inhibitor concentration and type, temperature of the acid
treatment fluids at the downhole location of interest (both injected and
produced), pH of the "spent" acid being produced, the concentration of the
remaining inhibitor, dissolved formation minerals, duration of contact
with the spring components, contamination of H2S (indirectly from acid
reaction with iron sulfide on the tubing L.D as the acid is pumped in, or
directly from the formation when the "spent" acid returns), etc.
Combinations of these fluids can vary significantly in their effect on
cracking of ultra high strength, corrosion resistant alloy spring materials.

Type of stress appeared to be very important in influencing cracking.
Compression springs seemed to be much more susceptible to low
temperature cracking. This is contrary to what one would normally expect
for the springs used downhole. Torsion springs are smaller in wire size,
higher in strength, and frequently stressed closer to yield strength. The
highest fiber stresses for compression springs are located along the coil
ID and are torsional. The highest fiber stresses for torsion springs are
located along the coil OD and at 'legs'. The wire in this case is loaded by
tension or bending stress.

AlloMyJy.t was also very influential in determining cracking
susceptibility in the low temperature tests.

Heat treat condition was shown to influence the cracking performance
of MP35N compression springs. Higher aging temperatures provide better
cracking resistance but this must be weighed against the loss in tensile
strength. This loss was 379 MPa (55 ksi) in yield strength for the single
heat and wire size used in this test.

Low alloy couple was shown to be an essential variable. The cracking
observed is due to hydrogen embrittlement and without galvanic charging,
no cracking was observed. Neither the C-276 coupled compression springs
nor any of the torsion springs were galvanically coupled to an active
material and none of these springs cracked. The presence of iron sulfide
on the low alloy couple is believed to be a factor that helps to promote
this low temperature type of cracking. This is due to the evolution of H2S

2798



upon contact with HCI. The availability of H2S increases the amount of
atomic hydrogen entering the spring 2 . When MP1 200 compression springs
were exposed to acidizing fluids while in contact with low alloy end
washers, cracking was only produced if the end washers had not been
previously exposed to acid. To explain, two MP1 200 springs that had
received their H2S/CO2 /CI- exposure with C-276 washers were
disassembled and reassembled with different 4140 end washers. One
spring was restressed with 41 40 washers still containing iron sulfide
corrosion product from the autoclave testing. The other spring was
assembled with 4140 washers "cleaned" by HCI acid exposure . Cracking
was observed only on the iron sulfide covered, 41 40 coupled, MP1 200
spring.

However, cracking was observed on two occasions where the acid solution
was replaced after the initial exposure with a fresh acid solution that
now contained chlorides. In these cases, the iron sulfide would have been
removed and H2S would not have been generated in the second exposure. In
these cases an accelerated hydrogen charging rate was the cause of the
cracking. This was due to the increased corrosion rate of the steel end
washers resulting from a second exposure containing chlorides and fresh
acid.

Steel end washers may not be the most severe cracking condition. The
corrosion rate of ferrous materials in HCI is closely tied to cl-,,omium
content. During acidizing, higher alloys such as 9 Cr, 13 Cr, 2205 duplex,
and many other stainless steels have higher corrosion rates (and galvanic
charging rates) compared to low alloy steel.

Inhibitors effectively prevented cracking in materials/environments
combinations that previously demonstrated cracking susceptibility.
However, inhibitors are always reported to have been used when
investigations of field failures are made. There are a number of possible
explanations for this conflict, including differences in inhibitor type,
concentration, quality, time of exposure, depletion of the inhibitor in the
formation resulting in the most severe attack occurring when the "spent"
acid is produced, etc. Sulfur and non-.sulfur containing inhibitors were
tested in acid environments with spring materials that previously
produced cracking and both effectively eliminated cracking.
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Conclusion

* Galvanic coupling is a contributor to acidizing spring failures.
• The presence of H2S increases cracking susceptibility.
0 Higher aging temperatures for MP35N, above the 6490C (1 2000F)

specified by NACE MRO175, reduce the risk of cracking.
* X-750 and MP1 200 are more susceptible to this low temperature

cracking than MP1 300, Elgiloy, and Beta-C titanium.
* Methods for limiting the risk of cracking include: limiting exposure

time, sufficient use of inhibitors, selection of the more resistant
spring materials, and minimizing chlorides and galvanic coupling.
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Com ression S r- --s
C Mn iP S Si Cr Ni Mo IFe Co ITi

MP35N .006 <.01 .002 .001 <.01 20.6 34.9 9.5 .53 33.6 .69 .01B
Elgiloy .058 2.0 .007 .001 .50 19.7 15.3 7.1 Bal 39.6 - .06Be
X-750 .05 .06 .006 .001 .14 15.6 Bal - 6.7 - 2.59 2.6Cb
Beta-C .03 - - - 5.8 - 4.0 .10 8.0V 3.3AI 3.8Zr

Torsion Spri s
C Mn P S Si Cr -Ni Mo Fe I Co Ti

MP35N .012 .04 .005 .0006 .05 19.9 34.7 9.5 .b6 34.2 .60 .003B
Elgiloy .060 2.0 .008 .002 .5 20.0 1 5.5 7.2 14.3 40.4 .001 Be
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Tensile Properties
Yield Tensile elongation

mPa (ksi) mPa (ksi) %
MP35N c 649°C Age 2140 (310) 2207 (320) 4.0
MP35N c 704°C Age 1758 (255) 1805 (262) 5.7
Elgiloy c 5270C Age 2,58 (313) 2170_(315) 5.1 ...
X-750 c 649°C Age 1582(230) 1754(254) 4.2
Beta-C c 510°CAge 1275 (185) 1289 (187) 9.0
MP35N t 649°C Age 2249_(326) 2364.(343) 2.0
MP35N t 704°C Age 1903 (276) 12020 (293) 2.1
Elgiloy t 527°C Age 2604 (378) 2642 (383) 3.0

c=compression spring; t=torsion spring

Compression S rings with 4140 Steel Galvanic Couple
Sample Material HCI NaCI or Sea Hours Results

Conc. Salts ppm
1T Elgiloy 10% 10,000 Sea Salt 100 No Cracks
1 M Elgiloy 15% 20,000 Sea Salt 48 No Cracks

15% 20,000 Sea Salt 100+ No Cracks
1 B Elgiloy Not Tested
2T MP1 300 10% 10,000 Sea Salt 100 No Cracks
2M MP1 300 1 5% 20,000 Sea Salt 48 No Cracks
2B MP1 300 Not Tested
3T X-750 15% 0 -36 No Cracks

15% 20,000 NaCI -60 Cracked
3M X-750 10% 10,000 Sea Salt 72 No Cracks
3B X-750 10% 10,000 Sea Salt 48 No Cracks

10% 20,000 Sea Salt 30-40 Cracked
4T MP1 200 15% 0 -36 No Cracks

15% 20,000 NaCI -60 Cracked
4M MP1 200 1 5% 20,000 NaCI 9-24 Cracked
4B MP1 200 10% 10,000 Sea Salt --8 Multi-Cracks
5-r MP1 200 10% 10,000 Sea Salt 100 No Cracks
5M MP1 200 10% 10,000 Sea Salt 72 No Cracks
5B MP1 200 10% 10,000 Sea Salt 14 Cracked
6T Beta-C 10% 10,000 Sea Salt 48 No Cracks
6C Beta-C Not Tested
6B Beta-C 15% 20,000 Sea Salt 100 No Cracks
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Figure 1: 0.8X Photograph of the compression and torsion springs prior to assembly in
the autoclave. Each spring is loaded to a specific compression height or angle of
rotation to obtain the desired stress level.

Figure 2: 0.6X Photograph of the compression springs with low alloy steel end flanges
after 30 days in the autoclave environment. Crystals of corrosion product
are visible on end flanges and springs.
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Figure 3: 0.5X Photograph of the X-750 compression spring which cracked after 60
hours of exposure in a 15% HCI and 20,000 ppm NaCI solution at 380C
(1000F). The torsional fracture is typical for compression springs.

Figure 4: 14X Photomicrograph of the cracked X-750 spring of figure 3. The fracture
originated at the ID. No other cracks were found.
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Study of Corrosion Inhibitors in Waste Water

Reuse System in the Oilfield*

L. Zhu

* Paper not available at time of publication.
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The Preparation of Corrosion Inhibitor for Water
Flooding in the Oilfield and Mechanism Evraluation

Lu Zhu, Htuang Gunngtuan and Yan Wenjun

East China University of Chem. Tech., Shanghai 200237, China

Abstract

A various of imidazoline corrosion inhibitors were prepared by
reacting aliphatic acids with diethylenetriaamine and further
quaterized to form derivatives of imidazolines. Several test
methods, e.g., weightloss and electrochemical methods such as
linear polarization, polarization curve and Ac-impedance, were
SP d t o ovnl unt the performance of corrosion inhibitor. The

optimum corrosion inhibitor 110-8 was screened from t 1) 1.
measurement. The effect of 12S in water flooding on the
properties rof corrosion inhibitors was studied. The effects ,f
temperathire, uinerization and other water treatment chemicals on
the speed of film forming were discussed. The Ac-impedance and
modern instrument analysis methods, e.g., FT-IR, NMP and AES,
were applied to study the inhibition mechanism of corrosion
inhibitors. It was indicated that imidazoline molecules were
adsorbed on the metal surface to inhibit metal corrosion. Uidt::.
the action of hydrogen sulfide, corrosion inhibitors react with
Fes to form surface complexes and enhance the protection
pecrformnnce of film. Corrosion inhibitor HO-8 con be used as
multi-functional water treatment chemicals in oilfield flooding
w:,t ter.

Introduction

With the development of oil recovery, the amount of sewage
containing oil was increasing rapidly. A serious problem appeared
about the treatment and discharge of sewage in oilfield. On one
hand, the flooding water source was required for the secondary
oil recovery; On the other hand, it was required to solve 1he
discharge of sewage. It was natural for people to use oilfield
sewage as the flooding water of oil recovery, then, the two
problems mentioned above can be solved simultaneously. However,
the sewage components in oilfield are very complex.The high
,,inerizatiori and several types of gases, e.g., 12S, C02 and
dissolved oxygen can cause the corrosion of the equipment ;',,r
pipeline easily. The scaling salts contained in sewage, such as
calcium, magnesium, strontium and barium carbonates or sulfates
can form the scales in equipment. Moreover, the organic
substances and microorganism, e.g., sulfate reduced bacteria aind
I'frrobacillus can also lead to the bacterium corrosion 9nd plug
by the slim(. Reside treating with sevage to meet the requirement
of flooding water quality to prevent corrosion, scale and
microorganism slime, some corrosion inhibitors, scale inhibitors
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and batl .'r i 0 des, nCludino o r;,n i n amine.s Mo nunr,:amio:;.
ii Iam i neis, :1ni dI:es ) , in, i tln:'.) I i n',.- ntif cpu.:I. (rnary ,m.m ,.II r 1m : t :

v t c. , need I o b: i added into sr•fit'gv.
The study of corrosion inhibitors of oilfield flooding watr
lgan from 1950's. In 1950's, Farriss[l) used 13 ppm zinc
chromate to inhibit the corrosion of iron in 5.2% NnCI solution.
Bergman[2] proposed to use quaternary ammonium salts and rosin
amine as inhibitors. In 1960's, A. Ostroff[3] used 75 ppm
derivatives of cacao amine to inhibit the corrosion of mild steel
in NaCi solution ( containing 100 ppm U2S and C02) at 50 "C and
lhe inhibition efficiency was above 90%. Tn 1970's, P. W. Walk
and F. T. Bobalek [4] used 20 'ppm amines with elements S and 0 to
inhibit the corrosion of steel in 5% NaUT acid solution. Now, the
new types of corrosion inhibitors have been developing and more
works were based on the conbination of conventional chemcals as
to raise the inhibition efficiency. In recent years, several
types of corrosion inhibitors, e.g., SO-i and SL-2B etc., had
been used successfully in Sheng Li Oilfield. However, generally,
the patterns and efficiency of corrosion inhibitors need to he
improved.

Based on investigation for extensive information and thr,
consideration of characteristics of corrosion inhibition and
bactericidal function, the quaterrnary ammonium group was
introduced into imidazoline molecules to increase its solubility
in water and the efficiencies of corrosion inhibit ion nnd anti-
bacteria. Therefore, a series of imidazoline inhibitors with
high efficiencies for corrosion inhibition and anti-bacteria were
syntherizcd successfully and the influence factors and mechani.nm
were discussed.

The Evaluation of Corrosion inhibitor in Oilfield

l.weightloss test

A sheet of mild steel readily polished was wholly immersed in
high minerization (30000ppm.), 10±2 ppm H2S and 7515 ppm C02
simulative oilfield sewage. Seven days later, the corrosion
products were cleared away and the specimens were weighed with a
analysis balance. Then the corrosion rate and the inhibition
efficiency can be calculated as shown in Table I.

Table 1 The results of HO series of inhibitors with weightioss

No. blank 1 2 3 4 5 6 7 8 SL-2B

CR 10.8 6.41 1.70 3.27 7.53 3.96 0.76 0.79 0.75 1.19
(mm/y)

IF -- 40.6 R4.3 69.7 30.4 63.3 93.0 92.7 93.1 89.0
A,)

CR--corrosion rate. IE--inhibition efficiency
All figures about CR n table I was divided by 1O EUp 3
T: 60+1 C; p11:7.4: Dosnag : 20 ppm
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It was indicater in Tale 1 tlint t hr" inhibition er' i encle,- of
HO--3, 110-7 Pna .O-8 .,,,re hipser,:" I.bin these ," . t '.;.
inlibi tors t fsted simul taneously and it may get to above 90'.
They were better than SI,-2B inhibitor (a commrorial inhibitor).
Especially 110-8 is the best one. Moreover, the surfaces of
specimens were shine and there was not the occureiice of , itt ing
corrosion. It was shown from these results that HO-8 was
effective in the treatment of oilfield sewage containing H2S,C02
and high minerization.

2.liner polarization measuremcnt

The corrosion rate of inhibitors mentioned above can be mensured
by Model M-1120 corrosion rate measurement instrument. The resull
.'71s shown in Fig.l. It was shown from Fig.l that all the
inhibitors are effective compared with the blank. Especially, 10O
8 corrosion rate decreased fastest and the final corrosion rate-
was 1 o.,.t , which moaned thaf 110-8 r'ate of fi In format i on w;ts
fastest and the efficiency was highest of all. The reason was
that negative HS ions Adsorbed primarily on the surface under the
ottion of H2S and the quaternary ammonium group in the -10-8
molecules would strengthen the ability of ad;sorption by
interactions of charges. The effect of concentration,
temperature, minerization and the H2S content on 110-8 were shown
in Fig.2 to Fig.5.

It was known from Fig.2 that HO-8 was very effective when its
concentration got to 20 ppm. In Fig.3 and Fig.4, there was almost
no effect. when the temperature changed from 40*to 80"C and the
min erization changed from lO000ppm to 30000ppm. In Fig.5, thr
ý.urrosion rate was high when the concentration of H2S changed
from 30 to 50 ppm, but the decreasing tendency with time was hi:5h
too.

In practical application, corrosion , scale inhibitors and
hactericides were used simultaneously, so their compatibility was
important. The experiment followed was to study the efficiency of
the conbination of NO-8, HPDP and 1227 (a kind of bactericide)
and the results were shown in Fig.6. Tt was indicated from Fig.6
that the rate of film forming was more rapidly than that of 110 8
used only when these three chemicals were used at same time. The
one of reason was that HEDP and 1227 were effective in corrosion
inhibition for themselves and the synergestic effect existed
when they were used with 110-8.

3. polarization curve measurement

The results of polarization curve measurement of seven inhibitors
were shown in Fig.7. Tt was known from Fig.7 that all corrosion
inhibit,,rs were effective at a certain degrees of inhibition
action comparing with the blank. In particular, the polarization
curve of HO-P had a large slope than the others, which meand
that HO-8 had the highest polarizability, the fastest rate of
film forming and thf, most prrtrctive film. This result was
consistent with that of weightloss test and liner polarization
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mwn"iiirelenti.

1.Ac-impednnce measurement

The total impedance TzT and phase angle of corrosion system can
be measured by Mode] 4194A Ac-impedance measurer. Then the
s,.,lution resistance R1, the polarization resistance Rr,
differential capacity Cd and the figure of impedance complex
plane can he obtained by computer simulation. Fig.8 and Fig.9
showed respectively the change of C2 and &- with time under th,(
condition of 20 ppm HO-8. It was indicated form Fi.g.8 that with
the increasing immersion time, KLa became larger and CIS became
smaller obviously, the reason was that the film became thicker
and denser.

The Study of Machanism

1.FT-IR spectrum analysis

The FT-IR spectrum of corrosion inhibition syst em could be
obtained by Model FT-YR 20XS measurer and the result was shown in
Yig. 10. It was indicated from Fig. 10 that theftr was a great
adsorption peak at 1600 cm or so which is the charact3,ri.t' ic peak
0,f i' Amidazoline. Apiirt form it, there were two adsopt ion peaks at
1.560 cm and 1660 cm, which meased that there wan quaternary
aimmonium group in HO-8 molecule.

2.NMR spectrum analysis

The NNR spectrum of HO-8 could be obtained by Model WP-IOOSY
nrclear magnetic resonator and the result was shown in Fig 11. IT
was indicated from Fig.ll that there were imidazoline rings in
HO-8 obviously. Moreover, tertiary amine group in the side chain
of HO-8 has been substituted by benzyl group, which meaned that
HO-8 has been quaterized.

3.SEM analysis

The SEM of HO-8 could be obtained by Model Steroscan 250MK3
measurer and it was indicated from SEM photographs that there was
serious corrosion on blank specimens, but the corrosion only took
place at a small degrees under the condition of 110-8 used, which
,,paned that HO-8 was very effective.

4.AES analysis

The AES of HO-8 could be obtained by Model PHI 550 ESCA/SAM
combined spectrum measurer made by Perkin-Elmer Company and the
result wna shown in Fig.)?. The relationship of theý percent of
atoms and sputtering time could be calculated by experimental AF.S
and standard PS. Then the Fig. 13 coild be drawn. Ti was indicated
from Fig,. 12 and Fig. 13 that the content of element S and 0 %,:? s
I igher at 0 lif- ,,utf; i 'de of ri in and there was a mia\' irum vaI I l whven
the sp•iu i ri i n i mer w;u- :3, which meaned thai Fe(S and o~vide of
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iron were rich in theF outside of film and their combination
strengthened the protncttion under the condition of 140-8 used. In
general, some conclusions about the machanism could ýe made based
on the experiment mentioned above: HO-8 could form positive it'n
when it combined with hydrogen ion and it would be adsorbed on
the cathodic area of metal surface because of electrostatic
gravitational force, which stopped the hydrogen ion from further
closing to metal and lowed the energy of activation of discharge
of hydrogen ion. Then the corr'osion was inhibited effectively.
This kind of adsorption because of electrostatic gravitational
force or Vander wal force was physical adsorption.

Apart from these, there is no-share electron pair around the
central atom N in HO-8. The lone-pair electrons of central atom
of polar group will form coordinate bond with d orbit of metal
surface when the orbit is empty. Thus, the molecule of HO-8 can
adsorb on the metal surface. This kind of adsorption because or
the forming of coordinate bond was named as chemical adsorption.
A- to 11O-8, chemical adsorption and physical adsoption existed at
the same timo. On the one hand, the polar group in molecule can
adsorb on the surface of metal, which changed the structure of
electric doublo lnyvr and raised the energy of act;vation of the
ionization process of metal , On the other hand, the nonpoler-
group had directional arrangment far away the surface and formed
a layer of hydrophobic film which was the obstacle of diffusion
for corrosion reactants. Thus the corrosion was inhibited.

Cone] us ion

1. corrosion inhibitor 110-8 had good efficiency under th,
condition of H2S and C02.
2.the inhibition efficiency almost was not influenced by using
HEDP and 1227 at the same time.
3. by modern analysis technique, it was known that the machanism
of HO-8 was that: the molecule of HO-8 could form a layer of
adsorbed film, which hindered the diffusion of corrosive
substances. Moreover, 11O-8 could take part in the corrosion
teaction and formed a kind of complex combining with FeS which
could also take part in the film forming under the condition of 11z
S.
4. the synthesis process of 110-8 was simple and its efficiency
was high. Apart from these, HO-8 was also a kind of bactericides.
So it could be widely used in oilfield flooding water

Reference
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Low Cost Material Selection
for

Produced Water Tank

Torfinn Havn
Aker Engineering a.s
P.O. Box 589, N-4001 Stavanger, Norway

Abstract

Based on an investigation of 5 various materials it turned out that the most cost effective
solution for a Produced Water Tank on a North Sea platform was to use stainless steel
UNS S31603 in combination with simple carbon steel anodes.

This untraditional solution is verified by electrochemical potential measurements.

Current measurements show that the anodes work. The current demand was measured
to a higher value than design value. However, usually the current demand decreases
after some weeks and most probably the design life of 20 years are met.

Key terms: Produced water, cathodic protection, carbon steel anodes.

Introduction

Tanks for handling produced water is reported to suffer from heavy corrosion. This due
to the fact that produced water at atmospheric pressure is about as corrosive as
seawater.

Corrosion attack often requires repair welding and of course blasting and re-lining. This
causes high direct and indirect costs.

Knowing the external impact and the strong and weak properties of the materials, it is in
some cases possible to re-think material selection and go for untraditional solutions.

The weak property of the stainless steels is the low resistance against pitting corrosion in
chloride containing solutions. However, by moving the electrochemical potential slightly
(100-150 mV) in negative direction, the resistance against pitting corrosion is increased
to an acceptable level. This can be obtained by cheap carbon steel anodes. Even at
temperatures as high as 80 °C the pitting resistance will be acceptable.
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Process Data and Tank Design

The temperatures, medium and tank operation are as follows:

Operating temperatures: Minimum/normal/maximum 5 0C / 10 0C / 85 0C

Design temperatures: Minimum - 7 0C, Maximum 115 0C

Medium: Produced water and oil at atmospheric pressure,
water/oil ratio = 0.25. No sand.

Operation: At liquid level of 3.5 m and 0.5 m the pump starts and
stops respectively.

Produced water level: At highest 3.5 m x 0.25 m = 0.875 m

Tank size: L x w x h = 5 m x 1.62 m x 5 m
Tank is divided in two equal parts, making each part
2.5 mx 1.62 m x5 m

Material Evaluation and Cost Impact

Five material alternatives were investigated. The various alternatives are summarised as
follows:

1. Lined carbon steel with Zn or Al anodes is the alternative with lowest initial cost.
However, the lining can not be expected to last for more than 2-4 years. During
periods with high operating temperature, the anodes will not work as intended.
Depending on time span between damage of lining and relining, weld repair might
be carried out. The cost of one relining offshore is higher than the initial cost of the
tank which is about NOK 300.000,-.

2. Stainless steel UNS S31603 does not need lining and as shown in this paper, can
be protected against pitting corrosion even at a temperature of 80 °C by simply
using carbon steel anodes. The initial cost is higher compared to alternative 1, a
total of about NOK 800.000,-. However, this alternative is maintenance free.

3. Higher alloyed stainless steel grades as UNS N08904 and 6Mo stainless steel will
suffer from pitting corrosion at temperatures above 30 - 40 0C. And when a pit is
formed it will continue to grow at lower temperatures. The increased cost, about
NOK 1.4 mill. is therefore not justified.

4. Glass fibre reinforced plastic (GRP) is also a maintenance free alternative.
However, due to limited experience with tanks having such a high amount of
nozzles both in top and bottom, this alternative was not found favourable. In
addition the risk of falling objects and decreasing stiffnes at 80 0C, made the GRP
solution less attractive.
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5. The Titanium grade 2 alternative was found maintenance free for the whole design
life of 30 years. However, the initial cost was estimated to NOK 2.5 mill. Compared
to the stainless steel alternative of NOK 0.8 mill. This alternative was rejected.

Cathodic Protection Requirements and Anode Design

Design Life of Anodes

The design is based on 20 years life time. The reasons for not designing for overall
process equipment life time of 30 years are that retrofitting of anodes is very easy, quick
and cheap. No welding is needed on the platform. And for periods the water level will be
below the design level. This means that actual life of anodes will be longer than their
design life.

Calculation of Current Demand

Area to be protected The area to be protected is calculated to 11 M2 . This is for one part
of the tank and at a water level of 0.875 m.

Current demand The current density requirement is obtained through following
equations: it = io + k x dT (1)

io= current density for oxygenated seawater = 120 mNm 2

k = constant for temperatures above 25 00 = 1 mA/m 2 0C

An average temperature of 40 00 is used and gives.

it = 120 mA/m2 + 1 x (40-25) mA/m 2 
= 135 mA/m 2  (2)

The total current demand is then
it= 135mA/m 2xll m2 = 1.5A

Protection Potential

The protection potential in a produced water environment under atmospheric pressure is
assumed to be as for seawater.

The breakdown potential of UNS S31603 versus pitting corrosion is in the literature
found to vary between 0 mV, (SCE) (1), -50 mV (SCE) (4) and -200 mV (SCE) (2) at
80 - 90 0C.

To be on the conservative side, a protection potentiai Epr of -300 mV (SCE) is to be
designed for.

Calculation of Anode Potential EA

To enabling anode potential calculation, one first have to make an assumption about
anode area, calculate numbers of anodes, and then control the assumptions.
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It is assumed that the surface area ratio carbon steel to stainless steel is 1:12 or 8.3 %.
Further, the calculation is based on same current density of stainless steel surface as of
carbon steel surface: 135 mA/m2 which is an estimated limit for oxygen containing
seawater in a tank at a temperature of 40 0C.

The anodes then have to supply:

1.5A + 8.3 % x 1.5A = 1.62A (3)
or It + 'a = Icc (4)

where
It = total current demand on stainless steel surface
la = current consume on anodes (self corrosion)
Icc = total cathodic current

The carbon steel anodes are assumed to have a free corrosion potential at 40 0C of
about: EF = -620 mV (SCE)

The Tafel slope varies in the literature. However, a value of 60 mV per decade is
anticipated. Coupled to the stainless steel tank with an area ratio of 1:12, the electro-
chemical potential on the anodes will increase to:

EA = EF + (log (It+la) - log la) x 60 mV (5)
EA = -553 mV (SCE)

Anode Design

The driving potential is the difference between the potential of the polarized anode
surface and the protection potential of the stainless steel surface.

The driving potential:

dV = Epr - EA = -300 - -553mV = 253 mV (6)

The anodes are designed for easy handling.

Anode size: 350 x 350 x 35 mm 3.

The ohmic resistance of such an anode is according to Lloyd (3):

R = S/L2 (7)
S = specific resistivity (ohmcm)
L = arithmetic mean of anode length and width

For seawater:

S = 30 ohmcm
R = 30 ohmcm = 0.43 ohm

2 x 3528cm

2817



Each anode is then able to supply:

I = U = 0.253 A = 0.59A (8)

Number of anodes needed based on current density capacity:

N1 = 1.62A = 3 anodes

Anode mass needed for the life time is calculated by Faradays law.

dn = IM (g/sec) (9)
a- z-F

M: molar mass
F: Faradays constant
z: number of electrons

Total anode mass:

W = 1.62A x 56 x 103 x 3600 x 8700 x 20 =294 kg
2 x 96500

Number of anodes:

N2 = W/anode mass x f
f = anode efficiency = 0.90

Anode mass is calculated to 32.8 kg.

N2 = 294 kg = 10 anodes32.8 kg X 0.90

N2 > N1

A total of 10 anodes are to be used.

As shown in fig. 1 the anodes are painted on one side. Therefore, the 10 anodes will
have a surface area of: (350 x 350 - 100 x 100) x 10 mm 2 

= 1.125 m2

(Area used for anode fitting represents 100 x 100 mm2).

This area is: 1.125 = 10 % of stainless steel surface

The assumption of 8.3 % is fulfilled. The 10 % instead of 8.3 % means a slight increase
of Icc and a slight decrease of anode potential (5 mV).

The anode details, fitting device, anode locations and tank are shown in figures 1, 2, 3
and 4.
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Temperature Effects

The design is based on an average temperature of 40 0C. However, pitting corrosion at
max. operating temperature of 80 °C is also to be prevented. And as shown later
potential measurements for design verification is carried out at ambient temperature.

A temperature increase from 40 °C to 80 0C causes a potential increase of about 7 mV.
This is based on equations 2 and 5. Therefore, if a protection potential of -300 mV
(SCE) is needed at 80 0C, a potential of -307 mV is needed at 40 CC, and at ambient
temperature the potential should read about -310 mV (SCE).

Electrochemical Potential and Current Measurements

Results

After construction of the tank and installation of the carbon steel anodes, one part of the
tank was filled with seawater from the harbour of Stavanger. The level of the seawater
should have been 0.875 m. However, due to practical difficulties by entering the 5 m high
tank from the top, the manhole located on front side was used. Therefore the seawater
level was to be reduced to 0.525 m. The seawater temperature and pH were 7 °C and
8.1 respectively.

The voltmeter and reference cell (saturated calomel electrode) was calibrated versus
calibrated laboratory equipment.

The electrochemical potentials on the 10 anodes, on stainless steel wall behind the
anodes, on stainless steel wall at mid-distance between anodes and in bottom of tank at
longest distance from anodes were measured to:

Anode no. Anode surface Stainless steel Stainless steel Bottom of tank
behind anodes at mid-distance

between
anodes

1 -535 -487 -479 -377
2 -552 -532 -521 -387
3 -538 -501 -468 -385
4 -533 -494 -485 -380
5 -529 -427 -469
6 -537 -488 -458
7 -5,8 -481 -478
8 -532 -485 -482
9 -527 -425 -492
10 -524 -490 -480
Average: -533 - 481 -481 -382

Table 1 Potential measurements mV (SCE)
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The measurements were carried out about 4-6 hours after the seawater was pumped
into the tank. As reference, uncoupled stainless steel (UNS S31603) was placed in the
tank and a potential of -260 to -270 mV was measured.

One anode was electrically isolated from the internal of the tank and earthed through an
ampere-meter. Results ranging from 250 mA to 327 mA with an average value of 282
mA were measured.

Discussion and Conclusions

As can be seen from test results, the cathodic protection system is working. The carbon
steel anodes do supply the necessary current for protection of the stainless steel
surface.

The measurements gave results of limited scatter.

The electrochemical potential found on anode surfaces is slightly more positive (about
25 mv) than calculated.

The "mismatch" of only 25 mV may indicate that these calculations are close to correct
values. The "mismatch" would have been zero if the free corrosion potential was reduced
from EF = -620 mV to -645 mV. By more negative EF the "mismatch" would start to
increase. A steeper Tafel slope (more than 60 mV per decade) would also have reduced
the "mismatch".

However, all experience tells that the electrochemical potentials in a system decrease
with time (days and weeks) due to build-up of deposits on the surfaces.

Therefore, the main conclusion is that the designed anodes most probably will maintain
the stainless steel surface at an electrochemical potential below the critical pitting
potential.

This is also the case at 80 0C since the most positive value was found to be -377 mV
which is well below -310 mV (SCE).

Close to the carbon steel anodes (100 - 300 mm) the potential on the stainless steel
surface was about 50 mV more positive compared to the anodes. At longer distances
(600 - 700 mm) this difference increased to 150 mnV.

Regarding current output measurements the anode supplied more current than
calculated. The max. current output from one anode is calculated to 590 mA. By 10
anodes the supply is calculated to be 150 mA from each anode. Measured value was
282 mA. Taking into consideration the temperature of 7 °C (reduction of 12.5 % from
40 0C) and water level of 0.525 m instead of 0.875 m (reduction of 26 %) the calculated
value is: 150 mA = 106 mA

1.125 x1.
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The measured initial value (282 mA) is 2.6 times higher than calculated value. This result
is not unexpected. The initial current demand is always high. After som time (days) the
current demand is expected to decrease due to build-up of deposits.

Following is concluded:

1. Stainless steel of UNS S31603 can be protected against pitting corrosion by
carbon steel anodes. The anodes are working.

2. Design based on overvoltage curves, known Tafel slope, current requirements and
Faradays law give a des•gn which is found verified by practical potential
measurements.

3. Current demand is higher than design value. Most probably the current demand
decreases after some weeks and restore anode life time calculation, thereby
enabling anodes to protect the tank for 20 - 30 years. If no deposits form and
current demand doesn't decrease, some anodes may need to be replaced after 8
years.

4. Protecting stainless steel by carbon steel anodes in this environment is a very cost
effective utilization of the inherent material properties of said material combination.
Compared to the other maintenance free solution, the Titanium tank, initial cost
saving is about NOK 1.7 mill.

5. Retrofitting of anodes is very cheap, quick and no welding offshore is involved.
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Fig. 1. Carbon steel anode. Sizes 350x350x35mm.
Chemical composition: 0.13%C, 0.20%Si, 1.05%Kn, 0.009%P & 0.012%S.
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Fig. 2. Fig. 3.
Pin for fixing of anode. Tank bottom seen from above. Anodes
All fillet welds: 100% DP schematically shown. All anodes
inspected. All UNS S31603. placed within 0.5 a from tank-bottom.
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Fig. 4. Tank schematically shown. Size: LxWxH = 5mxl.6mx5m.
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Corrosion Prevention on the Iroquois Gas Transmission System by a Reliability Based Design
Philosophy

Tom Hamilton
Iroquois Gas Transmission System L.P.
One Corporate Drive, Suite 606
Shelton CT 06484

Abstract

A reliability based design philosophy used on a newly constructed large diameter high pressure
natural gas pipeline is described.

The design process of the corrosion prevention measures is described, both protective coatings
and cathodic protection systems.

The operation of the cathodic protection system, and its interaction with previously existing
utilities is described, along with strategies implimented to overcome interference situations.

Key words: Corrosion prevention; Cathodic protection; Reliability ; Gas pipeline
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Introduction

Reliability of the pipeline system is of paramount importance to the Iroquois Gas Transmission
System.(IGTS) The pipe is a new source of energy, serving the Northeast, which is a market
where the primary energy source previously was oil. The line is not currently looped, which
means that any disruption in the flow of gas can affect customer takes in a relatively short period
of time. Since the market conditions are competitive, such disruptions would be capitalized upon
in short order by the oil factions. The prospect of insecure supply, in addition to the scare tactics
currently being used by the oil dealers, would slow the displacement of the sulfur laden offshore
product by the clean domestic alternative!

Having dispensed with the market picture, we turn to the engineering aspects of the reliability
based design philosophy. Although not as ripe with opportunities for humor, the basic concepts of
continuous access to the product bv the customer, and the provision of safety for people living
adjacent to the pipeline, remain.

Although all facilities are built using a projected or "design" life, a properly designed, constructed,
and maintained pipeline system can operate indefinitely. The depreciation schedules on line pipe
do not relate to the expected service life of the pipe in the same way that they do with
compression units or valve seats. If the IGTS pipeline is ever temporarily out of service, the last
thing that I would expect to be the cause is a failure of the line pipe.

Our committment to top flight reliability began with the design, followed through with the
construction, and continues with the operation. The focus of the present paper is on the coatings
and cathodic protection of the line. The design philosophy of reliability engineering1 was utilized
in all stages of the implimentation of a corrosion prevention program for the system. Others may
present the facilities design considerations or welding and metallurgical concerns at a later date.

The Iroquois Gas Transmission System currently consists of a single pipeline connecting a
source of western Canadian gas to U S markets between the St. Lawrence river and Long Island
New York. The pipe is 30" (762 mm) diameter for its northern 190 miles,(304 km.) and 24" (609
mm) for its remainder of its 370 miles. (592 km.) No compressor units are installed on the line, the
gas free flows from Canada to Long Island. Sales points on the system feed customers along the
way. This configuration will evolve with the market, in fact the first compressor station is being
built in Wright New York this year.

The line is protected from corrosion by coating with a thin film coating of epoxy. Field joints and
valves and fittings are coated with a liquid epoxy urethane. A system of rectifiers and deepwell
groundbeds provides cathodic protection. Since the pipeline route includes many miles of
collocation with high voltage electric power lines, the corrosion prevention systems are
augmented by over one hundred miles of zinc ribbon which was installed in the pipeline trench
during construction.

Code Compliance

High pressure gas pipelines are governed by the Code of Federal Regulations Title 49, Part 192.

These requirements represent the minimum mandatory standards for the design, construction
and operation of high pressure gas pipelines. We do not believe that following these standards to

2824



the letter would lead to the lowest lifetime cost or highest level of reliability for a pipeline system.
In most cases, IGTS standards are significantly in excess of the federal minimums. In others,
such as records management, the federal guidelines are followed closely, providing a good
chronological record of the pipeline and its cathodic protection system.

Design Considerations

Gas is compressed in Canada from less than 1000 psi (6895 kPa) in the multiple looped mainline
system of TransCanada PipeLines, to 1440 psi (9928 kPa), for delivery to the Iroquois pipeline.
Coolers downstream of the compression units are used to reduce the temperature of the gas for
efficiency and practicality. Serving high compression ratio units, the coolers are beneficial to the
longevity of the pipeline coating. Since the coolers may be out of service for a period of time, and
gas deliveries would not be curtailed, the worst case operating condition is defined. The pipeline
coating must be able to withstand operating temperatures in excess of 160 degrees fahrenheit
(70 degrees C) for some indeterminent length of time, as well as the general expectation that the
coating should continue to perform its task for the economic life of the asset.

This temperature consideration was the most challenging aspect of the technical design. All
compressor stations to be built in the future are to be of the high compression ratio type, which
demands that the coatings on the entire line be capable of withstanding the excursion conditions.

The cathodic protection system was designed to hold the polarized potential of the pipeline
between -0.850 and -1.100 V vs. copper/copper sulphate (Cu/CuSO 4). The line was not looped,
and each customer's sales point was isolated from the mainline, so a series of point source
current drains spaced equally along the route was determined to be the most economic and
effective design to accomplish the objective described above.

Modifying this design somewhat was the non-uniform positioning of zinc ribbon runs, to be
installed parallel to the pipe in the same ditch during construction, for High Voltage Alternating
Current (HVAC) effects mitigation. One mainline isolation joint was installed, at the landfall in
Connecticut, at the start of the 26.3 mile (42 km.) crossing of Long Island Sound. The offshore
line is provided with zinc bracelet anodes, spaced at 500 foot (152 m) intervals following
conservative offshore guidelines. The 8.9 miles (14.2 km.) on Long Island itself is protected by
zinc ribbon.

The sites of two groundbeds were also moved when, during construction, two creeks were
crossed by directional drilling, and it seemed opportune to site groundbeds in the immediate
vicinity "just in case".

The use of fusion bond epoxy, based on experience with previous pipelines, allows the wide
spacing between rectifier/groundbed units to be utilized. Attenuation studies indicated that the
thirty mile distance is totally attainable given consistent coating quality. This atiality must be
obtained both in the coating mills and in the field on joints, valves and fittings.

Coatings

The overall design philosophy centers around the concept that buried facilities are protected from
corrosion by groundwater by protective coatings. All of our experience with underground plant
indicates that the only significant challenge to corrosion prevention is on facilities where the
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coatings are inadequate. This most often occurrs with coatings which have aged, and which have
failed to some extent due to soil stress or other failure mechanisms.

Failure of a pipeline coating occurs when, by whatever mechanism, moisture is allowed to contact
the steel. The coating can tail during application, if voids are created, during shipping to site or
handling at site, if the integrity of the coating is compromised by mechanical damage, and most
importantly, during its service life after backfill.

We could be very conscientious of pipe handling during construction, but the longevity of the
coating system is directly dependent on the coating choice, fitness for service, and the reaction of
the coating to its servige environment.

Based on our previous experience with many types of pipeline coatings, and after analysis of the
expected operating conditions, thin film epoxy coating was chosen for the line pipe. It was our
conclusion that FBE exhibits the best combination of adhesion, film integrity, and resistance to
cathodic disbondment, with acceptable toughness and flexibility for practical pipeline use.
Appropriate high temperature performance had been demonstrated by FBE, in the lab, and in
many field environments, for many operators, giving us confidence that during thermal excursions
the coatings would not undergo a significantly accelerated rate of deterioration. Combined with a
strict monitoring of the applicators' quality assurance programs in the mills, we felt confidant that
we had the best line pipe coating for the intended service. In service, the epoxy products are not
known to fail in a manner where they would shield cathodic protection current.

It was a significantly mc-e challenging task to specify a coating for the field joints, valves and
fittings. The high operating temperatures are generally not compatible with liquid coatings. We
had the optic7 of field applied FBE for the field welds, but needed coatings for valves and fittings
as well. We had been looking for years for liquid coatings to be used on weld joints, as repair
coatings, and for valves and fittings which could withstand the rigors of field application and
cathodic protection at normal operating temperatures. We had subjected all products submitted
to an extensive battery of laboratory tests. The cathodic disbond test and the low temperature
flexibility testing seemed to be the most challenging. Very few coatings have been found which
can pass these tests. Following successful lab testing, the coatings must pass a field trial for
ease of application and handling.

Only one coating has been found, to date, which can handle the rigors of pipeline field application
and survive in the high temperature environment. This epoxy urethane coating was used
extensively on the IGTS line, with great success.

The coating was initially challer:ging for the contractors to apply in the field and in the fab shops,
since most had had minimal previous exposure to such liquid coatings. After a short lea,-ning
curve however, all six spreads easily attained acceptable production rates, and all left the job
feeling that the product was no problem for normal pipelining. This factor cannot be overlooked,
since the world's greatest products or application specifications mean nothing if the contractor
who actually applies the product has to fight with an impractical situation. The field people are an
integral part of the overall system which is to produce a defect free pipeline.

Coating Reliability

Some pipeline companies use coatings incorp,)rating an outer plastic film which provides
mechanical protection for the "corrosion coatirl" underneath. Some of these products are
capable of withstanding very high operating temperatures, with the polypropylene serving the
extreme high end, and polyethylene serving the range that we were considelin., Here, the
reliability concept comes into play with respect to coating choice.

No pipeline coating is 100 % void free. Additionally, at some point in each product's service life
the coating will begin to fail. As defined above, coatings fail to perform their interded service
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when moisture is allowed to come in contact with the substrate. This is the point when the
utilization of a thin film coating is superior to a multi-layer coating system in underground service.

When the coating on a pipeline fails, between the day of its backfill and the day of its retirement,
the operating company supplies cathodic protection so that the pipe retains its integrity. The thin
film coatings generally fail via underfilm migration of moisture from coating holidays, or by
through film transport of water. The layered coatings have similar risk of undercut at holidays, but
virtually nil chance of through film transport. Unfortunately, when failure occurs with a
multilayered plastic system, the task of the operator to supply cathodic protection to the steel
surface, or to successfully monitor the effect of the cathodic protection system is at best
extremely challenging.

The new pipeline coatings are extremely effective. The current demand of the installed pipe is
very low, microamps per running foot on large diameter lines. The challenge with a new pipeline
is not provision of sufficient current, but provision of very small amounts of current to the
necessary locations.

If a pipe coating begins to fail, the volume of current needed goes up. If a coating fails by water
absorption as the old asphalt coatings did,or as our thin film coatings may, the rectifier outputs
can be simply increased. The current density has increased, but the current distribution remains
essentially the same. A half amp output groundbed can be increased to five amps output quickly
and easily should the need arise. If however, the current demands go from fifty micro amps per
foot to seventy microamps per foot due to coating undercut, and your pipe to soil survey is not
sophisticated enough to indicate the increased need due to shielding, the pipe could be subject a
considerable increase in corrosion rate without the operator being aware. Then a corrosion pig is
run or random bellhole examination uncovers the unpleasant truth.

If a thin film coating fails, by undercut or by through film water transport, at least I know that the
pipe to soil survey will indicate the situation, and that I have the technology to fix the problem.
Time will tell if our coating choices are appropriate for the actual operating conditions.

Cathodic Protection

The cathodic protection system consists of a series of eleven rectifier/groundbed units spaced
approximately equally along the line. Around thirty miles (48 km.) of pipe is protected by each
rectifier. The coating system is so effective that only milliamps of current are required to protect a
mile 1.6 km.) of pipe.

In addition, at locations where zinc ribbon has been installed in the pipe trench during
construction to mitigate the effects of high voltage AC lines in parallel rights-of-way, and this
system aids the provision of cathodic protection to over one hundred miles (160 km.) of line pipe.
There were also a few hundred zinc anodes installed in the pipe trench during construction to
provide adequate current in areas of rock trench where there was not sufficient soil cover to allow
passage of cathodic protection current in surface waters. All sacrificial elements are attached to
the pipeline through above ground test lead posts to allow them to be disengaged for polarized
potential testing purposes.

The original cathodic protection design, which was based on a soil resistivity survey at
approximately one mile (1.6 km.) intervals prior to construction, and theoretical pipe coating
performance in forced drainage attenuation calculations, has been validated by field surveys
following rectifier commissioning.
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The principal field survey was an on/off pipe to soil survey using a spacing of three feet.(one
metre) Prior to beginning the survey, the optimum interrupter timing was determined by
theoretical calculation (computer modeling), and the predictions confirmed by field measurments

after the installation of the groundbeds. 2 This pre survey work assured us of capturing valid data
so as to draw the most reliable conclusions from the survey results. With the interrupters set at a
one second cycle, one third second off, two thirds on, and using a field data logger capable of
storing readings available after any spiking had settled down, we were able to survey between
four and eight miles of line pipe per four man crew in a ten to twelve hour day. Up to seven
interrupters were used at a time, with four typically being necessary to interrupt the Iroquois
supplied current.

A major challenge to data interpretation turned up during the surveys. Telluric currents were
especially active during the summer of 1992, and our principally north-south pipeline was heavily
influenced. Many of the lows found during the surveys will be investigated further by detail survey
before they may be classified as coating defects etc. Even our annual test lead pipe to soil
surveys may require potential logging in the future if this situation continues. To determine the
effect of earth voltages and separate the effects of DC traction systems in certain areas also
becomes challenging.

The pipe to soil results confirmed the original cathodic protection design, identified areas of
interference with adjacent utilities, located minor construction related coating damage and some
cases of broken zinc ribbon, and identified one area of underprotection where the current from a
rectifier did not cross a major river.

Cathodic Protection Criteria

Two criteria are used to assess the propensity for active corrosion. We are totally committed to
the scientific basis of each criterion used, and have been encouraged by recent findings on this
topic. 3

The commonly used -0.850 V Cu/CuSO 4 is most widely applied. Familiarity with this criterion,
and the comfort we all feel when we read something less negative than this on our meters, plus
the fact that it is readily achieved on a new pipeline, makes it the most common criterion on our
system.

We have many miles of concrete coated (rock jacket, approximately one inch, (25mm) thick) pipe
in the southern end of our system. This pipe may be overprotected if polarized to 850 mV. In
addition, other pipe, due to its immediate environment, may not readily polarize to that level. In
these cases, we institute the use of the 1 OOmV cathodic polarization criterion. We measure this
effect by comparing the depolarized pipe to soil potential with the interrupted p/s at the same
location.

Because of our dedication to an extended service life for this pipeline system, we have also
instituted the use of a thresh.,Id polarized potential criterion. By not exceeding -1.100 V we will
prevent the formation of hydrogen at the steel surface, and avoid excessive coating disbondment
from cathodic protection. Of course, the preservation of our primary corrosion prevention system
allows the use of the minimum possible amount of cathodic protection, which extends the life of
the overall system as much as possible. This strategy should maximize the reliability of the
system.

Although a cathodic protection system consisting totally of sacrificial elements could be argued to
be maximally reliable, it is not as effective in the cost benefit analysis. We are trying not only to
engineer a reliable system, but to do so in a manner that exhibits responsible economic
performance.
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Cathodic Protection System Operation

Each of the rectifiers has been outfitted with a data acquisiton and storage unit which
continuously monitors the condition of the rectifier. The units can be polled by telephone at will by
the corrosion technicians, for instance after an electrical storm to check the condition of the
fuses. This ability to record the status of the rectifier and review as needed will confim the
continuous operation of the rectifiers, cut down on the number of actual field visits to the units,
and provide an accurate record of the time of service interruptions. Using these systems, the
availability of the cathodic protection system to the pipeline should approach 100 %.

Pigging

Pigging is, in general, outside the scope of this paper. Reliability of a pigging program is of
interest to us. With the advent of higher resolution inspection tools, we have a leg up on the
technology of the past. A cost benefit analysis can now be done comparing the relative cost of
determining the line's fitness for service using a conventional tool, a higher resolution tool or a
very high resolution tool. To achieve an adequate level of confidence in the inspection data, we
feft we should do some preliminary work.

Since we have a considerable offshore pipe segment that we know is presently well protected
from corrosion, and since the concept of calibration digs is not feasible for this line, we elected to
perform a baseline survey of this line segment. All of the magnetic anomalies found during this
baseline survey must be due to metallurgical reasons, and not corrosion. Future pig runs should
reproduce indications in these original locations. New indications should represent corrosion
activity which has taken place since the baseline run. This strategy should provide maximum data
reliability and minimize inspection costs.

This is another example of where we have elected to spend money on work in excess of
regulated minimums foilowing the belief that it will lead to the lowest long-term cost of operation,
and provide maximum system reliability.

Interference

When the pipeline passes through the sphere of influence of an adjacent underground utility's
cathodic protection system, or when another's underground plant encroaches on ours, the
probability of interference between the two CP systems is very high. When a conductor picks up,
due to alternative electrical paths for the direct current, and transmits the CP current from a
foreign rectifier, the current must at some point leave that conductor to return to the originating
rectifier. This discharge point is the dangerous part of underground interference. The current,
leaving the pipeline through a small holiday in the coating can in relatively short order, pit the
discharging line. We had already controlled the pickup end of the equation to the best of our
ability using coatings with a high insulating value, and now needed to identify and control the
discharge points.

To maximize reliability of the Iroquois system, a close pipe to soil survey was carried out
immediately after energizing the cathodic protection system. This survey identified areas of
interference concern, all as it turned out being caused by adjacent high pressure pipelines.

The coping strategy for these interference problems is to provide a low resistance path for the
current to return to the originating pipeline. Usually this is in the form of a string of zinc anodes
attached to our pipeline. In this fashion, there is no maintenance associated with a unidirectional
bond, nor is there any adverse consequence to the line if either or both CP systems are out of
commission for a period of time.
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The foreign source of current must simultaneously be interrupted with the Iroquois current so that
an accurate representation of the discharge area is obtained, since during operation the area of
discharge is affected by a voltage gradient caused by the flow of current back to the "offending"
pipeline.

It is planned that time dependent interference from electric railways will also be easily dealt with
through the use of low resistance return paths, or some sort of greater shielding at the pick-up
areas, so that a fail-safe philosophy can be maintained throughout the system.

Summary

Throughout the design, construction and maintenance of the Iroquois Gas Transmission System,
the concept of overall system reliability has been at the forefront. The idea that the system should
be, if not foolproof, at least as fool resistant as possible has been on the minds of the entire
management team. Regarding corrosion prevention, that meant specifying the best possible
coating materials, seeing that they were installed using the best possible techniques, so that the
load on the cathodic protection system could be minimized, and the installed CP system could be
as simple as possible.

With most of the corrosion prevention done before the pipe is backfilled, the task of maintaining
the line, for whatever period of time, becomes a matter of course. Overall, with emphasis on
reliability engineering, isolation and failsafe interaction strategies, we have provided a very
reliable system.
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Abstract

The corrosion behaviour of Grade 550 (X-80) pipeline steel with coating disbondments was
studied in a range of bicarbonate solutions using a potentiodynamic polarization technique. The
corrosion morphology of the steel was examined using optical and scanning electron microscopy.

The shape of the polarization curves and the sensitivity of the steel to pitting corrosion were
found to vary with bicarbonate concentration. Increase in bicarbonate concentration results in a
wider passive region and a more noble breakdown potential, resulting in greater resistance to
pitting corrosion. The surface morphology showed no pit formation in solutions with HC03-
concentration greater than 0.05 M, but pits did develop at a concentration of 0.05M. With further
decrease in HCO3 concentration, the size and density of corrosion pits increased. The graph of
corrosion potential versus HC0 3 " concentration showed a peak at 0.05M, whereas the corrosion
current density increased monotonically with increased bicarbonate concentration. Low
concentrations of chloride ion greatly affect the polarization characteristics and can cause the
elimination of passivity in specific solutions.

Key terms: Pipeline steel, pitting corrosion, coating disbondments, bicarbonate concentration
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I. Introduction

Recent research 1 has shown that coating disbondments on pipelines in Canada contain solutions
with much lower bicarbonate and carbonate concentrations, and hence lower pH, compared with
those that have been analyzed on US pipelines. 2 Coating disbondments on pipelines in Canada
were found to contain solutions with relatively low concentrations of bicarbonate and chloride
ions. The composition of the NS-4 Solution, shown in Table 1, is typical of solution
compositions in disbondments on Canadian pipelines. 1 Although much research 2-6 has already
been carried out to understand the corrosion and stress-corrosion cracking behaviour of pipeline
steel in more concentrated carbonate/bicarbonate solutions, less research has been focused on the
corrosion problems of carbon steel in dilute carbonate/bicarbonate solutions in the presence of
chloride ion. Since the results of field investigations have indicated that pitting corrosion may,
in some cases, be the first step for pipeline fracture in C0 3 "--HC0 3 environment, the research
described in this paper was carried out with the following objectives: (1) to establish the effects
of bicarbonate concentration on the polarization characteristics and corrosion behaviour of
pipeline steel, and (2) to examine the effects of chloride ion on passivation and pitting of pipeline
steel in bicarbonate solution.

II. Experimental

The steel samples used in this study were cut from Grade 550 (X-80) linepipe, 914 mm diameter
and 10 mm wall thickness. The chemical composition and tensile properties of the steel are
presented in Table 2.

The corrosion behaviour of the steel was investigated by potentiodynamic polarization using a
PAR/EGG Model 273 potentiostat. The samples were mounted in epoxy and wet-ground with
emery paper to a 600 grit finish. The test solutions were NS-4 Solution 1 and sodium
bicarbonate solutions varying in concentration from 0.005M to IM, with corresponding pi-L "lues
from 8.2 to 9.5. To investigate the effects of chloride ion on pitting corrosion in HC0 3 solu,'
sodium chloride was added to the 0.005M sodium bicarbonate solution, to yield sodium chloride
concentrations of 0.001M and 0.01M. The test solution was deaerated by bubbling nitrogen gas
for 1 hour at a rate of 15 cm 3/min before the sample was immersed in the solution. Polarization
tests were carried out at room temperature, based on ASTM standard G5-87, with a scan rate of
0.33 mV/s. After each polarization test, the surface condition of the sample was examined using
an optical microscope and a scanning electron microscope (SEM).

Ill. Results and Discussion

A. Effects of Bicaxbonate Concentration on Polarization CI iracteristics

Figures IA), IB), and 1C) illustrate polarization curves of the steel in bicarbonate solutions of
different concentration. The shape of the polarization curves changes with bicarbonate
concentration in terms of the number of anodic peaks. As shown in Figure IA), in IM and 0.5M
sodium bicarbonate solution, there is one anodic peak, at a potential of about -600 mV (the
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primary passive potential, E), noble to which the passive region exists. It was observed that a
white-grey film formed on the specimen surface when the potential was increased to that
corresponding to the anodic current peak.

At lower bicarbonate concentrations, 0.1M and 0.05M, a well-defined second anodic peak
appeared, at potentials of about -300 mV, and there was little change in the first anodic peak, as
shown in Figure IB). In bicarbonate solution of further lower concentration, 0.005M and 0.01M,
the two anodic peaks overlapped to form a wide and blunt peak, as shown in Figure 1C).
Yellow-brown surface films formed in the 0.01M and 0.005M bicarbonate solutions in the
potential region immediately above Ep, corresponding to the decrease in anodic current density
with increasing potential. The more noble Ep in the solutions of lower concentration, resulted
in a narrower passive region.

Since corrosion behavior depends on the tenacity and stability of the protective films on the
sample surface, the different passivation behavior of the steel in solutions of different
concentrations mentioned above is believed to be the results of change in the protective films.

The relationship of corrosion potential (Econ.) with bicarbonate concentration, Figure 2, shows
a maximum at 0.05M concentration. On the other hand, the corrosion current density (Icon.),
measured by the Tafel back extrapolation method, increases monotonically with bicarbonate
concentration, as shown in Figure 3. This is most likely attributable to the higher conductivity
at the higher concentration. Figure 4 shows the relationship of breakdown potential (Eb) with
bicarbonate concentration. At bicarbonate concentrations of 0.05M and lower, Eb is about 820
mV. At bicarbonate concentrations above 0.05M, the breakdown potential increases gradually
until it stabilizes at a higher value, about 920 mV. Since lower breakdown potential means lower
pitting corrosion resistance, increased sensitivity to pitting corrosion is expected in more dilute
bicarbonate solutions.

Figure 5 shows the surface morphology of specimens tested in IM, 0.5M, 0.1M, 0.05M, 0.01M
and 0.005M HC0 3 " solutions. The density and size of corrosion pits increased with decreased
bicarbonate concentration. The specimen tested in 0.005M solution showed larger shallow pits
about 80 um in diameter and a rather high density. The size and density of pits decreased
gradually with increasing bicarbonate concentration, and pits did not form in solutions above a
concentration of 0.1M bicarbonate. Low HC0 3 concentration results in a relatively active pitting
potential and larger pits; whereas high HCO3" concentration results in a more noble pitting
potential, small pits, and a smaller number of pits or no pits.

From both polarization characteristics and surface morphology of the polarized samples, it is clear
that the pitting corrosion resistance of the steel decreases with decreased bicarbonate
concentration. Pitting corrosion will become an important process in dilute bicarbonate solutions
of 0.05M or lower concentration.

B. Effects of chloride ion on pitting corrosion behaviour
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Figure 6 shows the polarization curves of carbon steel in NS-4 Solution, 0.005M NaHCO3 and
0.005M NaHCO 3 + 0.001M NaCl solutions. As shown, a passive region exists in 0.005M
NaHCO3 solution; however, a small amount of chloride ion significantly changed the passivation
behaviour. The addition of 0.001M NaCI to the 0.005M NaHC0 3 solution completely eliminated
the passive region, as shown in Figures 6 and 7. In addition, no passivation was found to exist
in NS-4 Solution, containing 0.006M HC0 3" and 0.004M CU. It is clear that chloride ion is
harmful to passivation in HCO3- solution. Increasing CI" concentration from 0.001M to 0.01M
in the 0.005M NaHC0 3 solution, however, has little influence on the polarization characteristics,
as shown in Figure 7.

Figure 8 shows the corrosion morphologies in 0.005M NaHCO 3, 0.005M NaHCO3 + 0.001M
NaCl, and NS-4 solutions. The corrosion pits are larger in the NaHCO 3 solutions with CU- than
in the chloride-free solution.

The detrimental influence of chloride ion on passivation is believed to result from its catalytic
effect on liberating Fe3+ from the ferric oxide film, 7 which causes the breakdown potential of
the ferric oxide film to be reduced to its Flade potential. 8

IV. Conclusions

The polarization characteristics and the pitting corrosion behaviour of Grade 550 (X-80) pipeline
steel in NS-4 Solution and in bicarbonate solutions with and without CI" have been investigated
using a potentiodynamic polarization technique. The following conclusions have been reached:

1. The presence of small amounts of chloride ion greatly reduced the passivating tendency of
the steel. A passive region did not exist in NS-4 Solution and in the 0.005M NaHCO3
solutions with 0.001M and 0.01M chloride ion, and pitting corrosion is more severe in
these solutions than in the chloride-free solutions. Since carbon steel does not show
passive behaviour in HCO3" solutions in the presence of CI', it may be reasoned that the
mechanism of stress-corrosion cracking of pipeline steel in NS-4 Solution is not explained
by the film rupture, at least not by rupture of a passive film.

2. The shapes of the polarization curves vary with bicarbonate concentration of the solution.
At high concentrations, one anodic peak exists, followed by a wide passive regime. In the
solutions of intermediate concentration, a well-defined second anodic peak appears at a
potential of about -300 mV. In solutions of low concentration, the first and the second
anodic peaks overlap to form one wide blunt peak. The different shapes of the polarization
curves are attributed mainly to the difference in stability of the FeCO3 film in the different
solutions.

3. Lower bicarbonate concentration resulted in higher sensitivity of the steel to pitting
corrosion. The steel was immune to pitting corrosion at R.IM and higher concentration.
Pitting occurred in 0.05M bicarbonate solution, and the size and density of corrosion pits
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increased with decrease in bicarbonate concentration. These results are consistent with the
change of breakdown potential and indicate that pitting corrosion may be an important
process in these types of environment.
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Table 1. Composition of NS-4 Solution
----------------------------------------------------------------------------------------
Compound NaHCO 3  KC1 CaC12  MgSO 4.7H 20
----------------------------------------------------------------------------------------
Concentration (gil) 0.483 0.122 0.137 0.131

(Mole/1) 0.00575 0.00164 0.00123 0.00053
--------------------------- I-------------------------------------------------------------

Table 2. Chemical composition (wt.%) and mechanical properties of the steel, Grade 550 (X-80)
---------------------------------------------------------------------------------------------------------------

C Si Mn P S Cu Ni Cr Nb V Ti Al Y.S.(MPa) T.S.(MPa) EI(%)

---------------------------------------------------------------------------------------------------------------
0.06 0.30 1.81 0.006 0.001 0.22 0.20 0.02 0.064 0.039 0.006 0.036 629 740 28.3

---------------------------------------------------------------------------------------------------------------
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Abstract

Dissolved carbon dioxide in water or aqueous solutions is known in cause severe corrosion of linepipe
steels used in the oil and natural gas production. CO2 corrosion in a wet gas pipeline is influenced by
pH, temperature, partial pressure of COQ, oxygen content, H2S level, flow rate of the solution, solid
particles content, surface condition, water chemistry and oil condensate drop out. The microstructure
of steel has also been found to affect the corrosion rate because of its impact on the corrosion scale
characteristics.

The volume fraction and distribution of various phases have been measured for different heat treatments.
A predominantly interface controlled mechanism of corrosion is found to be operative below 60 "C,
whereas a diffusion controlled mechanism is dominant above 60*C when a stable carbonate scale is
formed. Conditions that promote tight and adherent scale result in lower corrosion rate than conditions
that promote the formation of porous and less tenacious scale. The volume and thicknesses of the
primary and secondary layers of the carbonate scale are found to be a strong function of the
microstructural feature of the steel, particularly those involving ferrite-pearlite type of nicrotstructure.
The effect oi mkiostructure diminishes under a transport controlled mechanism.

A predictive model relting the microstructure nmd composition of the steel with the corrosion rate is
being developed on the basis of eqparena mam. "Ie model will be used to suggest proper
heat treatment condion for The linq*e steel on the basis of its corrosion behavior.

Key terms: Linepipe steel, heat-treatment, microstructure, carbon dioxide, iron carbonate, aqueous
corrosion, pH, CO 2 partial pressure, stability diagram.

I. Introduction

The feasibility of transporting wet, untreated natural gas is becoming an important factor in the
development of many gas fields, since the traditional practice of avoiding condensation of an aqueous
phase in pipelines by using offshore dehydration of gas prior to its pipeline transport is very costly. The
wet corrosive conditions in various linepipe and downhole tube steels in the presence of carbon dioxide
present severe problems and operational risk due to the potential of significant internal corrosion since
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the associated water and carbon dioxide form weak but corrosive carbonic acid. A knowledge of carbon
dioxide corrosion, therefore, is important in determining the reliability of equipment for production,
processing, qnd transportation of hydrocarbon oil and gas. Consequently, a corrosion control program
is considered critical to proper operation of wet gas pipelines. For lines operating in annular mist flow
regimes, continuous injection of a corrosion inhibitor represents a viable corrosion control system.
However, for lines operating in stratified flow, continuous inhibition is not effective because the inhibitor
mist is not expected to be stable beyond a point 10-20 pipe diameters from the injection point1.
Therefore, corrosion may occur at the top of the line due to condensation of an aqueous phase. In such
a case, corrosion control can be achieved by batch application of corrosion inhibitors, ensuring full-bore
wetting of the internal surface of the pipe. This technique, however, poses several operational problems,
such as reliability of inhibitor performance, frequent interruptions of the operation and handling of large
slugs of inhibitor2.

It is critical to the operation of wet gas pipelines to evaluate factors that influence corrosion rate of carbon
steel in the presence of CO, with particular emphasis on understanding conditions that allow the formation
of protective scales. Various attempts to explain the mechanisms involved in C0 2-induced corrosion of
steels have been made". Regardless of the exact mechanisms involved in corrosion of bare steel, the
formation and tenacity of protective scales or passive films are major controlling factors that influence
the final corrosion rate. With respect to low alloy-carbon steels, corrosion rates are dominated by
chemical or physical stability of precipitation type scales which consist primarily of iron carbonate.
Parameters affecting iron carbonate scale formation (dissolution) were found to be temperature, pH, CO2

partial pressure, brine content, material composition, flow velocity and time. Furthermore, laboratory
simulation of the production of iron carbonate type scales is strongly dependent upon experimental
conditions such as the surface to volume ratios, surface preparation, testing apparatus, etc. The
relationship of CO 2 corrosion to testing parameters and the correlation of these results to in service
damage is important to determine, since meaningful laboratory corrosion testing procedures which can
evaluate the susceptibility of a given material to corrode under given service conditions are desirable.

Four types of corrosion have been identified in wet CO2 atmosphere in steels, viz. uniform corrosion,
pitting corrosion, stress corrosion cracking and mesa attack. The uniform corrosion of steel in CO2
containing environments is controlled by the protectiveness of the corrosion product layer and is
unaffected by the fluid flow velocity if the scale is not removed.

Significant amount of work has been done to relate the corrosion rate of different grades of steel from
the environment side of the application, such as the temperature, solution pH, partial pressure of the gas
phases, inhibitor effects, flow condition, solution composition, etc. In this research, an attempt has been
made to carry out a fundamental analysis of the corrosion behavior from the material side. A structure-
property relationship is being developed which can be used to predict the corrosion rate under a set of
conditions by carefully measuring the microstructural features of steel.

A. Factors afrecting C0 2-Corrosion

A comprehensive survey of all the important parameters and their effects on the corrosion behavior has
been done by Mishra et.al7. Various constitutive equations and nomograms relating the corrosion rate and
these parameters have been developed and modified over the years8"4 . These equations, with applied
scaling factors, are very useful in predicting the rates and can be used for material selection. Some of the
relationships have been industrially used for monitoring the process. The parameters affecting CO2
corrosion of steel can be divided into two groups: (1) environmental parameters which include
temperature, CO2 partial pressure, pH, flow velocity, contents of oxygen, iron, crude oil, solid particles
and hydrogen sulfide in the solution, etc, and (2) metallurgical parameters which include alloy
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composition, microstructure, surface roughness, etc.

The equations generally accepted and concerned with the effects of pH, temperature (T) and Pco2 and the
effect of steel heat-treatment have been discussed by Mishra et. al"5 . The actual measurements made for
the corrosion rate shows an agreement within thirty percent of the predicted value.'. Simon Thomas et
al.' 4 have also developed various scaling factors for other parameters, such as the flow rate, hydrocarbon
content, glycol and methanol effect, etc., that should be used to calculate a more precise corrosion rate.
A spread-sheet computer program has also been developed to predict the corrosion rate with inputs
defining the flow parameters, pH, temperature, inhibitor efficiency and gas content, pressure and dew
point 4.

B. Corrosion Mechanisms

Studies have been conducted by Schmitt 6, Burke3, Ogundele and White4 and DeWaard and Milliams' who
have explained the salient differences in mechanisms based on the fact that cathodic hydrogen evolution
proceeds catalytically by the direct reduction of carbonic acid5 or through the reduction of HCO 3- ions4

with the final corrosion product being iron carbonate after anodic dissolution of iron. The rate of uniform
corrosion of bare iron has been reported to be controlled by kinetics of H2 evolution, which involves the
heterogeneous hydration of chemisorbed CO 2 as the rate-determining step'. However, if the metal surface
is coated with corrosion product layers, mass transfer through this layer can become the limiting factor,
which indeed is the reported phenomenon above 600C temperature.

However, a possibility of the cathodic reaction through reduction of both H2C0 3 and HCO,', has also
been suggested6. An extensive research has been carried out to explain the bicarbonate contribution to
steel corrosion in carbon dioxide containing environment"7 . The results suggest that the corrosion product
is Fe(HCO 3)2 initially, which then forms iron carbonate scale after prolonged exposure. The final scale
observed, therefore, consists of iron carbonate only. However, some evidence of bicarbonate in the final
scale product has also been found in API X-42 grade of linepipe steel 7.

Iron carbonate is not a very protective film and, thus, corrosion is not stifled. It has been reported that
the final iron carbonate scale consists of a primary scale which is thicker than the secondary scale' 8 and
further explained how cementite platelets (during ferrite phase dissolution) assist in anchoring the iron
carbonate scale and improved adhesion. This observation explains why cementite was found in scales on
steels after exposure to CO2 - containing environment, not as a product formed by corrosion process".
Also, the role of microstructure in controlling the corrosion behavior becomes evident from this scale
behavior. Protectiveness of iron carbonate growing on steel is said to be increasing at 60 °C and
above'6 . Above 100 °C, iron oxides (mainly Fe3O4) are known to form. Iron carbonate layers grown in
conditions below 40 'C and below five bars of carbon dioxide pressure are amorphous and exhibit poor
adherence.

C. Heat Treatment

It has been reported that low-alloy carbon steels and hardenable steels are most resistant when quenched
and either tempered or double tempered to form martensitic microstructures in the hardness range of HRc
22 maximum'. The microstructure of carbon and low alloy steels are known to influence their corrosion
resistance in acid environment, and in CO2 environment in particular 21. Furthermore, experiments carried
out on API N-80 specimens in conditions, where CO 2 partial pressure of 1.03 MPa and a temperature of
710C were maintained, revealed two types of scales'". The primary iron carbonate scale formed on
normalized specimens were thicker, less porous and more tenacious than those formed on quenched and
tempered ones. The secondary scale has the same characteristics for both types of heat-treatment. It has
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also been mentioned that the thickness of the primary FeCO3 scale is more uniform and the crystals are
larger in the normalized steel than for the Q&T steel. This behavior is observed because the pearlite
phase in normalized steels is well distributed within the metal matrix. Furthermore, this condition helped
to anchor the iron carbonate crystals to the surface when ferrite corrodes leaving the pearlite to form
platelets"8 . The results of Palacias'8 and Fincher', therefore, are contradictory.

A study' found that the corrosion rate of steel in carbonic acid increases significantly with carbon
content. The rate was found to be 11.5, 75 and 340 mdd for 0.05, 0.38 and 0.46 wt. pct. carbon steels,
respectively, for seven days exposure. Corrosion rate decreased to 12.2 and 32 mdd for 0.38 and 0.46
wt. pct. carbon steels while it increased to 49 mdd for the 0.05 wt. pct. carbon steel after 70 days of
exposure. It indicated that corrosion rate of medium and high carbon steels increases with carbon
content, which related to higher percentage of carbides formed. It is well known that iron carbide is
more cathodic than the ferrite phase. Earlier study' found that medium carbon steels were more resistant
than the low carbon steels. It was also concluded that steels with pearlite structure corrode slower than
similar steels with spheroidized structure. Furthermore, an attempt was made to correlate the ring-worm
corrosion at welds and upset tube ends with the structure of carbide caused by heat inu. The effect
of flow velocity on the corrosion rate of different grades of special steels has been studied by Ikeda et
al.'. Myasakal has compared the different microstructural effect under CO, and HS corrosion. Pearlite
has been found to enhance the corrosion rate, which is inconsistent with HolmbergIS23 results. The exact
role of microstructure in the formation of scales and in the rate of corrosion, therefore, needs to be
studied.

As far as the electrochemical principles are concerned, it was established that cementite has a lower
overpotential for hydrogen evolution reaction2", which suggests microgalvanic cells are formed between
cementite particles and ferrite matrix which lead to selective attacks at surfaces that are confined to
pearlite bands"1 .

UI. Experimental

Different grades of steel with specific heat-treatments were corrosion tested under fixed conditions of pH,
p,.2 and temperature. The set of parameters and experiments being conducted include steel grades, such
as (a) linepipe steel grades, API X-52 and X-60, (b) downhole tube grade, N-80 and (c) chromium
bearing steel 1 2.25 Cr + 1 .0 Mol under different heat treated condition, such as, thermo-mechanical
controlled processed [TMCP], annealed, normalized and quenched and tempered at three temperatures
of 3500, 400' and 4750C to vary the amount and morphology of ferrite, pearlite, cementite, martensite,
bainite and various carbide phases. This paper includes the results of experiments conducted with API
X-52 steel grade only, the chemical composition for which is shown in Table 1.

Experiments have been conducted in three percent sodium chloride synthetic brine solution under pure
carbon dioxide atmosphere at 12.5, 50 and 120 psi pressures and at 250, 380, 520, 580, 650 and 800C
temperatures. The experiments at 50 and 120 psi pressures of CO, are being conducted at 520 and W0C
only, whereas, the tests at 12.5 psi pressure have been conducted only up to 650C temperature. Thus far,
a static solution flow condition has been used through out the tests which have been saturated with carbon
dioxide at a pressure of 12.5 psi. Four specimens were prepared from each steel condition for weight-
loss and microstructural study after 100, 200, 400 and 800 hours of exposure time. Specimens were
cleaned and the scale was removed (if precipitated on the surface) with a steel brush, and rinsed with
distilled water and acetone before weighing for the loss of weight. The desired temperature was set with
only a ± 0.7'C fluctuation throughout the tests. Solution pH varied in the range of 5.2-5.7 during the
tests. The calculated pH, using the equation developed by DeWaard & Milliams", for the temperature
range of 25'-650C falls between 5.0 and 5.2 which is on the lower end of the measured pH.
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38 mm x 38 mnm x 4 mm samples were exposed up to 800 hours with a solution to surface ratio of 4.8
mi/mm2 . Specimens were polished to grit # 400 paper and ultrasonically cleaned. The dissolved iron ion
concentration of the solution at the end of the experiment was found to be 7 x 10' g/l.

Corrosion rates were determined by the weight-loss method and the scale morphology has been recorded
using the optical metallography. Microstructural analysis has been done with an image-analyzer to
measure the phase-volumes.

III. Results and Discussion

Corrosion rates, as weight loss in mg/mm2, for API X-52 grade of steel under different heat treated
conditions and at 250, 380 and 520 have been shown as best-fit straight lines in Figures 1-3, respectively.
The data in Figures 1-3 show that the corrosion rate starts to lose its linear behavior with time after a
certain length of exposure for a given heat-treated condition, as indicated by the arrows. The linear
behavior is characteristic of an interface controlled corrosion mechanism. As the iron carbonate scale
begins to adhere to the steel surface after prolonged exposure, the corrosion mechanism shifts to transport
controlled and a parabolic relationship is observed between the corrosion rate and time, indicated by the
arrows. The time for the onset of a parabolic behavior is different for different heat-treatments, since
the microstructural effect on sacle adherence changes with the heat-treatment. The time required to obtain
an adhering scale is also a function of temperature, as is evident from Figures 1-3. The linearity is lost
after a longer exposure at 250C for, e.g. TMCP condition, as indicated by the preliminary results
obtained. More data at intermediate times and temperature can provide further insight.

It is evident that the corrosion mechanism is different at 650C [Figure 4] from the other three
temperatures. However, there is a delayed start of approx. 100 hours, since the formation of a stable
scale is associated with a time lag. This lag is significantly lower than the linear corrosion range between
250 and 520C. A distinct parabolic rate is observed at the higher temperature of 650C, signifying a
change to diffusion controlled reaction under all heat-treated conditions. All the heat-treated conditions
show an increase in corrosion rate at 52°C. However, the effect of microstructure tends to diminish with
an increase in temperature. The lines in Figures 3 and 4 tend to merge as the temperature is increased.
This effect is observed due the increasing stability of carbonate scale at higher temperature. Annealed
grade of steel shows the lowest rate of corrosion at 38° and 520C. Microstructures consisting of ferrite
and pearlite show a larger variation in corrosion rate at any given environmental condition compared with
a martensitic structure. Figure 5 compares the effect of tempering temperature on the corrosion rate of
a quenched steel indicating a decrease in the rate with an increase in tempering temperature.

Figure 6 shows an almost linear relationship for the weight loss at 650C when plotted as a function of the
square-root of time. However, the delay-time, t1, is also shown in this plot which is consistent with
Figure 4. Since the lines for different heat-treatments do not deviate significantly due to proximity of
data-points, it further supports the observation that microstructure is no longer a dominant factor in the
corrosion behavior beyond 60"C. Figure 7 shows the region for linear, parabolic and paralinear rates of
corrosion as a temperature vs. log[timel plot. As discussed earlier, the time required for a change in the
corrosion mechanism from interface control to transport control, i.e. linear to parabolic rates, increases
with a decrease in temperature.

Figure 8 shows the plot for log [Corr. ratel as a function of the reciprocal of temperature for different
heat treatments as parallel straight lines with an average activation energy of approx. -10.3 kCal,
determined by the slopes. Corrosion rates at 650C have been shown by dotted lines with an approximate
slope to indicate the non-linearity of the corrosion rate with time, since the rate controlling mechanism
is no longer interfacial. Corrosion rate in mm/year, based on the linear slopes in Figures 1-3, is shown
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in Table 2, which indicates that the corrosion rates at 520C are significantly higher than 250, or 38 0C,
essentially due to the predominance of microstructural effect over the temperature effect. However, the
quench and tempered microstructures do not show a similar increase due to its martensitic nature. The
corrosion rate at 650C is calculated after 800 hours of exposure and is also listed in Table 2. A stable
adherent non-porous carbonate scale is formed beyond 600C which slows the corrosion down after
prolonged exposures. The tenacity of the carbonate film is known to increase with temperature.

Figures 9 and 10 show the optical micrographs of the steel samples. Mixed size, large grains are observed
in the as received X-52 steel [Figure 9(a)]. X-52 grade also shows large pearlite colonies with a banded
structure. The quenched and tempered X-52 steel [Figure 101 shows small grain size with high volume
fraction of tempered martensite. Little change in microstructure is observed by increasing the tempering
temperature from 350 to 475°C [Figures 10(a-c)]. Normalizing the X-52 grade [Figure 9(b)] gives a
uniform fine grain size with evenly distributed pearlite. Figure 9(c) shows a banded large grained
structure upon annealing. Table 3 shows the measured volume fractions of various phases. The
variations in size and volume fractions of various phases are responsible for the variation in the corrosion
rates observed at any temperature.

The data in Table 3 do not indicate a direct correlation between the phase fractions of ferrite and pearlite
and corrosion rate of the as-received, annealed and normalized samples. However, the distribution of
pearlite has an effect on the corrosion rate. The pearlite is redistributed in the ferrite matrix as a result
of heat treatment while the pearlite has a banded structure in the as-received condition. This ferrite-
carbide morphology results in bands of cathodes which increases the dissolution rate of the small anodes
(ferrite) that are close to and around the band, rather than a general slower dissolution of ferrite. This
dissolution of ferrite grains around the pearlite band ( small anodes and large cathodes ) could also result
in formation of pits which could cause the specimen to lose the pearlite colony itself after complete
dissolution of all the ferrite component around it.

It has been demonstrated that structures like bainite are more anodic than a structure consisting of ferrite
and pearlite28. A bainitic structure is often preferred from the toughness point of view and results from
a thermo-mechanical treatment [TMCP]. Therefore, the as-received TMCP steel is likely to corrode
faster than in other heat-treated conditions. Another study shows that in a corrosion couple between
quenched and tempered N-80 grade and normalized J-55 grade, N-80 preferentially corrodes'. Corrosion
of ferrite and anchoring of carbonate by cementite is the operative mechanism as a uniform dissolution
of normalized structure has been observed in comparison with the uneven scale-matrix interface of as-
received steel15 .

A constitutive equation can be developed which will thus relate the corrosion rate and the microstructural
features, such as the grain size and volume fraction of ferrite, pearlite, martensite, carbide, etc., once
significant data is generated. A direct correlation between the material parameters and the corrosion rate
can provide the guidance for selection and design of steel to combat the problem. If constituents of the
microstructure play the role of anodic and cathodic sites and control the rate of corrosion, it is logical
to conclude that their shape, size and distribution will be directly related to the measured rate at any given
set of solution conditions.

IV. Conclusions

Microstructure of steel plays a prominent role in the corrosion of linepipe steels in C0 2-brine environment
at temperatures below 6W"C. The difference in the rates of corrosion between different heat-treatments
become less as the temperature is increased, i.e. role of microstructure diminishes at higher temperatures.
Formation of a stable adherent carbonate scale is responsible for increased protectiveness.
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Ferrite-pearlite based microstructures show larger effects on the rate of corrosion compared with a
quenched and tempered microstructure. The finer the ferrite grain size slower is the rate of corrosion.
A non-uniform distribution of phases make the steel susceptible to enhanced corrosion. Rate of corrosion
decreases with an increase in tempering temperature for a quenched steel.
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Table 1: Chemical Composition and Properties of API X-52 Grade of Steel

Elements C Mn Si S P Nb YS UTS CVN, kg-m
Wt. Pct. kg/mm2  kg/mm -50 °C

0.14 1.26 0.22 0.002 0.018 0.022 37.5 42.2 54.1

Table 2: Corrosion Rate Immy] as a Function of Temperature for API X-52 Steel

HEAT TREATMENT 250C 380C 520C 650C CONST, mmy/Pco21 (Eqn.9)

As received [TMCP] 1.58 2.01 2.52 1.81 0.42 x 10"s

Quench & tempered 1.00 1.34 1.76 1.74 0.29 x 10k'

Annealed --- 1.12 1.59 --- 0.26 x 10's

Normalized 1.30 1.91 2.25 1.76 0.37 x 101'

CORROSION RATE [mm/year]; pCO2: 12.5 psi;
Test time: 800 hours; pit: 5.2-5.7
Final Fe** Conc.: 7 x 10- g/I

Calculated at T = 52 *C, Q = -10.3 kCal, p1l = 5.5 and PLo2 = 0.83 atm.

CR = CONST. - [H111. 3 0 Pc0 2
0. 7 , e-0/kT (7)

Table 3: Measurement of Microstructural Parameters

Heat Ferrite Pearlite Retained Martensite Grain size, Grain size,

Treatment % % Austenite % pm, a jm, P

As-received 53.02 46.98 7.4 37

Quench & 67.08 4.34 28.58
Tempered, 3504C

Quench & 60.78 2.79 36.43
Tempered, 400'C

Quench & 64.27 2.77 32.96
Tempered, 475*C

Annealed 44.42 55.58 2 20

Normalized 56.65 43.35 6 9
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Figure 9(a): Photomicrograph of as-rolled Figure 9(h): Photomnicrograph of' normalized
API X-52 linepipe steel. API X-52 linepipe steel.

I0 prn

Figure 9(c): Phiotornicrogra ph of' anunealed
API X-52 linepipe steel.
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Figure 10(a): Photomicrograph of quenched
and tempered [3500 C] API X-52 linepipe steel.

10 Pm

Figure 10(b): Photomicrograph or quenched
and tempered [4000C] API X-52 linepipe steel.
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Figure 10(c): Photomicrograph of quenched
and tempered [475°C1 API X-52 linepipe steel.
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The Effects of Latex Additions on Centrifugally Cast Concrete for
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R.G. Buchheit, T.E. Hinkebein, P.F. Hlava
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Albuquerque, New Mexico 87185

D.G. Melton
LaQue Center for Corrosion Technology, Inc.
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Abstract

Centrifugally-cast concrete liners applied to the interiors of plain steel pipe sections were
tested for corrosion performance in brine solutions. An American Petroleum Institute
(API) standard concrete, with and without additions of a styrene-butadiene copolymer
latex, was subjected to simulated service and laboratory tests. Simulated service tests
used a mechanically pumped test manifold containing sections of concrete-lined pipe.
Linear polarization probes embedded at steel-concrete interfaces tracked corrosion rates
of these samples as a function of exposure time. Laboratory tests used electrochemical
impedance spectroscopy to study corrosion occurring at the steel-concrete interfaces.
Electron probe microanalysis (EPMA) determined ingress and distribution of damaging
species, such as Cl, in concrete liners periodically returned from the field. Observations
of concrete-liner fabrication indicate that latex loading levels were difficult to control in
the centrifugal-casting process. Overall, test results indicate that latex additions do not
impart significant improvements to the performance of centrifugally cast liners and may
even be detrimental. Corrosion at steel-concrete interfaces appears to be localized and
the area fraction of corroding interfaces can be greater in latex-modified concretes than in
API baseline material. EPMA shows higher interfacial CI concentration in the latex-
modified concretes than in the API standard due to rapid brine transport through cracks to
the steel surface.
Key terms: concrete, corrosion, concrete lined steel pipe, electrochemical impedance

spectroscopy.

Introduction

The U.S. Strategic Petroleum Reserve (SPR) stores upwards of 500 million barrels of
crude oil in caverns formed in naturally occurring underground salt domes situated along
the Gulf Coast of Louisiana and Texas. The majority of these storage caverns have been
formed by a solution mining process that uses low salinity water, usually from a nearby
intracoastal source. This water is injected into the dome in a controlled fashion,
dissolving away the salt to form a storage cavern with the desired dimensions. This
solution mining process generates large quantities of brine that is transported through
0.91 to 1.07 m (36 to 42 in.) diameter steel pipelines to diffusers located in the Gulf of
Mexico, or to disposal wells in sandy, porous formations near the storage site. At sites
where solution mining has been completed, the brine disposal pipelines must be used on a
periodic basis to accommodate normal site activities. Currently, the SPR operates
approximately 65 miles of these brine disposal pipelines1 .

This work has been sponsored by the U.S. Department of Energy under contract no. DE-
A C04- 76DP00789.
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Over the 15 year history of the SPR, the brine disposal pipelines have, in certain
instances, experienced aggressive erosion and corrosion damage. To combat erosion and
corrosion damage, internal cement linings on the steel pipe are being considered as a
replacement strategy to offer extended service life and lower pipeline maintenance costs.
Concrete liners are expected to provide a buffer against erosion damage and provide
corrosion protection by passivation of the steel in the high pH cement paste.

Latex additions to concrete are reported to improve concrete properties important in the
SPR application including durability, adhesive properties, resistance to chloride ingress,
shear bond strength, and tensile strength 2 . Because of the potential for improvements in
concrete properties, latex modified concretes are candidate liner materials.

Currently, the performance of a variety of industrial standard and experimental concrete
compositions for use in SPR brine disposal pipelines are being explored. In this paper,
interim results are reported from on-going studies involving an American Petroleum
Institute (API) standard cement consisting of 60% high sulfate resistance Portland
Cement with 40% silica fume fly ash and this API standard concrete modified by
additions of a styrene-butadiene copolymer latex emulsion. The performance of these
concrete liners has been evaluated in a testing manifold using actual brine generated at an
SPR site. Additional specimens have been subjected to SPR brine under non-flowing
conditions, and have been returned to the laboratory at regular intervals to analyze brine
penetration and concrete deterioration as a function of exposure time. Laboratory scale
specimens have also been constructed so that the concrete liners can be evaluated using
electrochemical impedance spectroscopy.

Experimental Procedures

Materials and Specimen Preparation. Concrete lined steel pipe specimens were
prepared using commercially available materials. Plain carbon steel pipe sections 5.8 to
6.8 m (19 to 22 ft) in length with a 76 mm (3 inch) inner diameter were prepared for
lining by sandblasting the pipe interior. The baseline concrete mixture consisted of 60%
(by weight) API Class C (0% C3A) high sulfate resistance Portland cement, and 40%
API Class F ( <10% CaO, 5 -10% C) fly ash 2. Latex additions of 5%, 10%, and 15% by
weight were made by adding a styrene-butadiene copolymer emulsified in water to the
concrete mix prior to application in pipe sections. The emulsion contained approximately
50% solids by weight. Table 1 lists the amounts of the above ingredients used to make the
baseline and latex modified concretes.

The concrete lined pipe was fabricated at Permian Enterprises, Odessa, TX using their
standard centrifugal casting production methods. The concretes were prepared in a
mixing bin then pumped through a delivery lance into the pipe section to be lined. For the
latex modified concretes, the emulsion was added directly to the mixing bin without any
other alterations in the standard fabrication process. The pipe section was capped at one
end and the concrete was pumped at a predetermined rate through the lance as it was
withdrawn. After charging the pipe section, the remaining end of the pipe was capped and
the section was loaded onto rollers for the spinning operation. Pipe sections were spun at
speeds ranging from 12.7 m/s (2500 ft/min) to 14.2 m/s (2800 ft/min) for 1.5 to 4 minutes
generating forces in excess of 20 g. After spinning, the pipe section was removed from
the rollers, the ends were uncapped and excess water and latex were drained from the
pipe. The fact that latex was observed in the run-off when pipe sections were drained
indicated that not all the latex was retained in the liner. Pipe section ends were then
recapped and kiln cured at 650 C for approximately 18 hours. Full details of the
centrifugal casting process can be found in reference 4.
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Liner thicknesses and densities are listed in Table 1. Densities were determined using a
high precision balance to determine mass, and gas pyncnometry to determine volume.
The densities for the latex modified concretes are lower than the baseline concrete
indicating that latex was incorporated into the liner. However, the densities for all three
latex loading levels were nearly identical suggesting that the amount of latex retained
after centrifugal casting was similar. In spite of this apparent similarity, the latex
modified concretes performed quite differently in corrosion experiments and are referred
to according to their intended loading levels (5%, 10%, and 15%) throughout the
remainder of the text.

On-site Simulated Service Testing. A scaled test system was constructed at the Big Hill
SPR Site in Winnie, TX. This test was performed to measure the concrete liner durability
and pipe corrosion rate using actual brine generated from normal site operations. The
advantages of this test was that real service environments were encountered, and test
results were quickly interpreted. The primary disadvantages were that brine
concentrations varied during the test period compromising experimental control, and the
emergence of performance trends was slow since this was not an accelerated test.

Concrete lined test pipes were placed into a manifold through which site brine was
mechanically puinped. Brine was withdrawn from a settling ponds, pumped through the
system and deposited back into the settling pond at a distance removed from the system
intake (approximately 20 ni). The flow rate through the 5.0 cm (2 in.) inner diameter
piping used in the manifold was selected to generate a pipe wall shear stress equal to that
of a 0.91 in (36 in.) pipe carrying brine flowing at 2.36 m/s (7.75 ft/s). Corrosion rates
were measured using a linear polarization probes fitted into diametrically opposing ports
in the pipe section prior to the concrete lining operation. Instantaneous corrosion rate
measurements were made by determining the polarization resistance using a 10 mV
voltage perturbation about the free corrosion potential. Corrosion rates were determined
from the polarization resistance using the Stearn-Geary equation 5 assuming a value of 25
mV for B where B = 3a13c/ 2 .3 (Pa + P3c), with P3a and 13c representing the anodic and
cathodic Tafel slopes. The appropriateness of the linear polarization method for these
tests is discussed in the 'Results' section.

Electrochemical Impedance Spectroscopy (EIS). To supplement on-site testing,
laboratory-based EIS was performed on cells constructed from concrete lined pipe
sections. Test specimens, 100 mm i, length, were cut from pipe sections and sealed with
rigid plastic at one end. Specimens were placed on end and filled with air sparged
saturated solution consisting of 300 g/l NaCl, 4.0 g/l CaSO4, and 1.0 g/l MgCI2, which
approximated saturated SPR brine 6 . Air sparging kept the dissolved oxygen concentration
constant near its saturation value of 2 ppm 6 , while the use of a saturated solution insured
that composition variations were minimized during the lengthy tests.

EIS experiments were made using a two electrode measurement, where the working
electrode was the steel pipe and the counter electrode was a cylindrical nichrome mesh
inserted into the cell symmetrically about the pipe centerline. The EIS measurement
systems consisted of either a PAR 273 potentiostat/Solartron 1250 frequency response
analyzer (FRA) combination, or a Solartron 1286 electrochemical interface/I 255 FRA
combination. Each system was controlled by Scribner Associates' Z plot impedance
software package installed on an IBM personal computer. Typically, measurements were
made at frequencies ranging from 65 kHz to I mHz by sampling at 10 points per decade
frequency using a 20 111V sinusoidal voltage perturbation. At any frequency, the measured
current was integrated to minimize the effects of spurious components to the signal. EIS
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measurements were made at weekly intervals for the first 4 weeks, biweekly from 4 to 24
weeks, and monthly thereafter.

Electron Probe Microanalysis (EPMA). EPMA of the concrete liners was used to track
ingress of brine and degradation of the cement liners as a function of exposure time.
Specimens were exposed at the Big Hill SPR site and returned to the laboratory for
analysis at regular intervals. Sections of liners were removed, potted in epoxy and
polished with successively finer papers and diamond pastes until the surface was
sufficiently smooth for X-ray microanalysis. X-ray linescans were performed using a
JEOL 8600 electron microprobe. Analyses were conducted by stepping the beam in 50
gm increments from the steel-concrete interface to the concrete-brine interface.
Quantitative wavelength dispersive X-ray data were generated using a 25 nA beam at an
accelerating voltage of 15 keV. The data were corrected for fluorescence, atomic
absorption, and atomic number using the Bence-Albee technique. All of the major
elements in the system were measured, although the focus in this paper is on the
distribution of Cl.

Results and Discussion

On-site Simulated Service Testing. Table 2 lists maximum corrosion rates detected at
the steel-concrete interface over 314 days of test manifold operation. The steady state
corrosion rate for bare steel in the test manifold is listed for comparison. No corrosion
was detected at the linear polarization probes in the baseline concrete. Some indication
for corrosion was found for the latex modified concretes, however. Overall, these values
were small compared to the steady state corrosion rate determined for the bare steel
control. The data in Table 2 were calculated using a B value of 25 mV, and were not
corrected for iR drop occurring in the concrete. Accepted values for B are 26 mV for
corroding steel, and 52 mV for passive steel 7, hence the value used here is comparatively
low. Additionally, visual inspection of samples returned from the site showed that
corrosion at the steel-concrete interface was localized. For these reasons, these data are
taken only to indicate that concrete liners impart significant corrosion protection
compared to unprotected steel, and to indicate the relative presence or absence of
corrosion among the concrete lined specimens.

EIS. A complex plane plot representative of the response for both the baseline and latex
modified concrete liners is shown in Figure 1. The inset shows the small arc or 'spur'
observed at high frequencies. The low frequency arc was semicircular and depressed with
respect to the real axis. The high frequency arc was not always fully resolved, but also
appeared to be a depressed semicircle. Both arcs were consistently observed throughout
the duration of the exposure period for both the baseline and latex modified concretes.
The time constant for the high frequency arc was typically in the range of 10- 3 to 10-4 s,
while that for the low frequency arc was usually between 300 and 1000 s. The impedance
response of these systems was interpreted using the equivalent circuit model (Figure 2a)
developed by Macdonald 8 for corrosion of rebar in chloride-contaminated concrete. In
this model, two parallel subcircuits are used to represent corroding and passivated regions
of the steel cement interface. These parallel subcircuits are arranged in series with a
concrete resistance, Rc. The subcircuit for the passivated area of the interface is
comprised of a capacitance, Cpa, in parallel with a charge transfer resistance Rpa. The
subcircuit for the corroding area of the interface is comprised of a capacitance, Cca, in
parallel with a charge transfer resistance, Rca, and a diffusional impedance, Zw. Apa
and Aca in Figure 2a denote the passivated area fraction and the corroding area fraction
respectively. Inspection of specimens returned from the field showed that corrosion at
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the steel-concrete interface was localized, indicating that this model was physically
realistic for the present situation.

For complex nonlinear least squares (CNLS) fitting of the low frequency arc, a more
generalized form of the model in Figure 2a was adopted. In the modified equivalent
circuit shown in Figure 2b, the low frequency arc was modeled using a resistor in parallel
with a constant phase element (CPE); a combination otherwise known as the ZARC
impedance function8 . As shown in Figures 3a and b, this equivalent circuit was capable
of accurately fitting spectra from baseline and latex modified concrete lined pipe
specimens. Good fits were regularly obtained even for long exposure times. The ZARC
function is often used to model depressed arcs in the complex plane, so the level of
agreement between the model and the data in Figures 3a and b is not surprising. The high
frequency arc was not always fully resolved, and fitting was not performed. The Z'
intercept of the low-frequency side of the arc was used for estimating Rpa.

The generalized model was used to reflect the fact that charge transfer and diffusional
impedances were not clearly distinguished in the impedance response of these systems.
Use of the ZARC function is appropriate for modeling systems where the relaxation time
is not single valued but distributed about some mean value 9. In concretes, the conductive
pathways are the paste (Portland plus water), and shrinkage cracks filled with intruding
brine. A multitude of these pathways exist in the liner with similar, though not identical
relaxation times. Additionally, this and previous studies10 suggest that the mean time
constant for diffusional processes in the concrete, and the time constant due to charge
transfer at a corroding steel-concrete interface are similar. Separating out the diffusional
impedance is further complicated by the fact that good mass transport data are not readily
available for concretes of the type under study here. The ZARC function used in the
CNLS fitting allowed a lumped quantity, Rca, to be determined without having to
distinguish between diffusion and charge transfer components.

Figure 4 shows the measured charge transfer resistance associated with the passivated
interface, R pam, as a function of exposure time for the baseline and latex modified
concretes. The measured resistance is given by:

Rpam = Ppa° / Apa (eq. 1)

where Ppao is the area specific resistivity of the passive interface and, Apa is the
interfacial area. This equation illustrates the inverse relationship between the measured
resistance and the passive interface area. Assuming Ppao is similar for each type of
concrete, Figure 5 indicates that the baseline material exhibits the largest passive
interfacial area for exposure times up to 100 days. After this time, Rpam for tihe 5% latex
concrete appears to fall, suggesting that corroding interface is passivated. The 10% and
15% latex modified concretes exhibit high Rpam presumably indicating smaller passive
interface areas.

Figure 5 shows the charge transfer resistance of corroding areas as a function of exposure
time. These data are highly scattered, but the general trend appears to be that largest Rca
values are exhibited for the latex modified concretes. The Rca value plotted in Figure 5
includes a contribution due to diffusional impedance, Zw, and evaluation of these data by
the method used above is not believed to be valid due to intrinsic variations in Zw caused
by the latex additions.
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EPMA. Figure 6a is a plot of chloride concentration as a function of position in the 5%
latex modified concrete liner after 60 days exposure to brine at the SPR. This plot
illustrates how brine is transported and partitioned in the concrete. The predominant
feature of this plot is the high Cl concentration near the concrete-brine interface due to
penetration of the brine through the paste. Away from this large CI spike, smaller spikes
are observed. These are due to shrinkage cracks in the concrete liner that filled with brine
during exposure. These cracks appear to deliver brine to the steel-concrete interface
because the Cl levels there are clearly elevated. Elevated CI levels at the steel cement
interface were observed after 30 days exposure to SPR site brine indicating that transport
of brine through cracks is relatively rapid.

Figure 6b shows the chloride profile measured in the baseline concrete after 60 days
exposure. Compared to Figure 6a, Cl accumulation at the interface is considerably less.
Table 3 shows peak Cl concentrations measured within 0.5 mm of the steel-concrete
interface for the baseline and latex modified concretes. Chloride concentrations in excess
of 0. 1 w/o were regularly detected for the latex modified concretes, but were not detected
for the baseline concrete. The variation in the measured peak Cl level in the latex
modified concretes suggests that chloride did not accumulate in a uniform way at the
interface. It is likely that cracks allowed rapid transport of brine to the steel surface where
it then diffused along the interfacial region. Local regions high in chloride were then
created at the base of cracks.

The absence of high interfacial chloride concentrations for the baseline concrete is
noteworthy. It is possible that a chloride rich region has not yet been encountered in a
baseline concrete sample prepared for EPMA. However, the low interfacial chloride
concentrations of the baseline concrete are consistent with EIS data that indicated that
large passive interfacial areas were sustained during exposure.

It is possible that latex additions interfere with the concrete's ability to provide corrosion
protection for the steel. Latex in the paste may inhibit mobility of cement forming
calcium species thereby suppressing self healing of cracks. These open cracks may, in
turn, be responsible for the elevated Cl concentrations detected at the steel-concrete
interface for the latex modified cements. Reduced mobility of Ca-species at the interface
may also inhibit the chemical passivation of the steel since the high pH in the paste may
not be maintained over time.

The position of the Cl "front" as a function of exposure time is plotted in Figure 7 as a
measure of brine ingress through the paste. Contrary to expectations, brine penetrated
further into the latex modified concrete than in the baseline concrete. These data also
suggest that the penetration. rate for both types of concrete in the first 30 days is much
greater subsequent rates.

Summary

Latex modified concrete liners can be prepared using standard centrifugal lining
procedures, however it is not clear that latex loading levels can be accurately controlled.
Although latex modified concretes have been used successfully in other applications,
corrosion test results obtained for these centrifugally cast latex modified concretes do not
show a performance improvement over the API standard material. EIS results indicate
that the amount of passivated area at the steel concrete interface can be lower when latex
is added to the cement mix. EPMA results show that higher Cl concentrations exist at the
steel-concrete interface for latex modified concretes. This observation may be traceable to
inhibition of crack self healing in the latex bearing concretes. These cracks provide a path
for rapid transport of brine to the steel-concrete interface, and may cause locally high
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concentrations of Cl in the vicinity of the crack base. Locally high Cl concentrations may

result in localization of corrosion damage.
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Table 1. Concrete mixes, final liner thicknesses, and densities for the concretes
used in this study.

Material Fly Latex W/S* Final Liner
Cement Ash Emulsion Water Ratio Thickness Density

(kg) (kg) (kg) (kg) (mm) (g/cm 3 )

Baseline 90.4 60.2 0 54.4 0.36 11.85 2.45±+0.07

5% Latex 90.4 60.2 8.8 54.4 0.38 14.50 2.22_+0.06

10% Latex 107.8 71.8 22.6 54.4 0.34 12.85 2.24±+0.02

15% Latex 98.0 65.3 29.5 41.3 0.31 12.85 2.24±0.02

* Water to Solids Ratio

Table 2. Maximum Corrossion Rates Table 3. Peak Cl Concentrations Measured
Detected fom Simualted Service Testing. Within 0.5 mm of the Steel-Concrete Interface.

Exposure
Liner Corrosion Time Baseline 5% 10% 15%

Material Rate (days) Latex Latex Latex
(mpy)(mpy) 30 0.09 0.01 0.67

Bare Steel 20* 60 0.15 0.04 0.03
Baseline 0.0o 120 0.08 0.15 0.05 0.20
5% Latex 0.6 180 0.08 0.83 0.15 0.04
10% Latex 1.6
15% Latex 0.6

* approximate steady state
value

-no corrosion detected
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Abstract

A new process for internal welding joint corrosion protection of a pipeline with cement mortar liners is

discussed in the paper. A closed circular cavity is created with a piece of spring steel plate at the inside of

the welded area,into which a corrosion protection material is injected through a tiny hole after welding,

so that the liners of the sections of two pipes to be connected will be bound into a continuous liner at the

welding joint. The paper reviews the various aspects of the technology, constructing process, technical

parameters as well as the test results such as hydraulic test of the structure ,air-tightness and corrosion

resistance.

Introduction

Serious industrious damage w;ll result from corrosion of the internal surface of a pipeline, e. f. loss of

pipeline -transported products or their purity deterioration,production cost rise,environmental contami-

nation etc. Applying a coating or liner to the internal wall of a pipe has proved to be one of the most reli-

able,cost -effective and the simplest technologies of pipeline internal corrosion protection.

In the recent years thousands of kilometres of water pipelines with internal coatings and liners have been

in operation across China's oilfields. As for the materials for pipeline internal walls corrosion protection,

cement mortar and modified cement mortar liners,ti-je to their long service life and low-cost,has been

used widely in water supply pipelines and oilfield water injection pipelines. The pipeline internal walls

have thus been effectively protected from corrosion. As a result,the quality of the water will meet the

requirement.

Most of the linered pipelines are connected with each other by welding since it is simple and reliable.

High pressure water injection pipeline in particular has been welded together without exception. Howev-

er,since the applicable technology of internal welding joint corrosion protection are not available,most of
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the pipelines have not Leen finished with corrosion protection coatings or liners at a welding joint. So the

corrosion protection for them is incomplete. Therefore we will review the experiment and development

of the process in the paper.

Desrlption of the Process

A corrosion protection material is injected to the internal welding joint of the pipeline with cement mor-

tar liner to protect the area from corrosion. The details of the structure is shown in Figure 1.

1 2 3 4 5 6 7 8 9 10

Fig. 1 Schematic of the section
1,9-pipe, 2,10-liner, 3-rivet, 4-weld, 5-hole

6-welding joint, 7-injecting material, 8-spring plate

The fabricating process is to be briefed as follows:

Keep sections without liners toward both ends of a pipe,and drill a hole there in the field. Then insert a

circular spring plate into the pipes on the welding joint. After the two pipes are aligned,take away the

bandage from the spring steel plate,so that it will spring against the internal wall. Just by this way a

closed cavity is created. The material is injected to the cavity through the hole,connecting the liners with

each other at the weld joint. Finally place a revit into the hole and weld it on the outside of the pipe to

keep the hole plugging complete sealed and desired strength.

Test and Results

We finished the test of the process described above. The test consisted of selecting material,injecting

technology,mode of hole plugging, and test of completeness of the section of the pipe.

1. Selecting material for corrosion protection

Cement mortarpolymer cement mortar,epoxy and polyurethane were tested for flowing ch.,racteristic

when injected, and corrosion protection, strength and deformation characteristics, as well as binding

strength with liners.

The comparison of various materials with each other is shown as follows:
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(1) Cement mortar is characterized by its higher heat resistance,but has lower binding strength

with the existing liners ,and it is brittle as well.

(2) Polymer cement mortar has desired bond with the existing liners. In addition, its efficiency of

corrosion protection is as high as that of the existing liners. Also it exceeds the common cement mortar

in flowing characteristic ,so it is easy to handle. But its heat resistance is not good.

(3) Epoxy , polyurethane are satisfactory as to its binding capacity with the existing liners

water-tight capacity and corrosion resistance. But it is unable to withstand higher temperature.

2. Injecting process

The tested steel pipe,076 mm - 0245 mm,was linered of 6 mm cement mortar. We have developed a

injecting device which can control the volume of material to be injected,and the injecting process applica-

ble to the liners of pipes of various sizes. We have also collected a set of injecting parameters. The test

shows that to insert a circular spring steel plate into a pipe is very applicable. It is easy to put in place.

And it will ensure smooth injection of material,so sections without liners will be filled out adequately,

and the injected material will form a perfect corrosion protection liners.

3. Hole plugging

Revit made of the same material as that of the pipe is used to avoid corrosion of electric couple and to en-

sure the strength and seal of the hole. And weld it on the external wall of the pipe. We investigated the

effects of spot welding on the injected material by testing the maximum temperature rise at the internal

wall of the pipe. Based upon the data collected in the process we selected the right material.

Under the conditions of temp. 20'C ,normally welding current and speed,maximum temperature rises at

the internal walls of pipes of different thickness is shown in Figure 2.

200

= 180

S160I..

• 140

5 10 15 20

Wall thickness, mm

Fig. 2 Max. T. at internal wall Vs. wall thickness

1-epoxy, 2-polymer cement mortar, 3-cement mortar
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From the figure,it is clear that the material to be injected is required to withstand temperature of 2001C

with wall thickness greater than 5 mm,and with wall thickness greater than 10 mm,heat resistance of

the material is required to be 1501C . And the test of property of the material is in agreement with the

conclusion.

4. Test of completeness of the corrosion protection section

(1) Hydraulic test

The tested pipe is 76 mm in diameter,6 mm in wall thickness and 5 mm in liner thickness,to which hy-

draulic pressure 25 MPa / 15 min. was applied. The tested piece was then opened up to be inspected.

And it was found that the material remained undamaged. Accordingly it can be seen that the injected
material and the hole plugging survived the hydraulic pressure. And this section was able to stand the
pressure as high as that of the pipe liners. In other words,this method is not restricted in fluids pres-

sure.

(2) Test of air-tightness
The size of the tested piece was the same as that of the hydraulic tested one. Leak did not occure to the

section when 0. 6 MPa pressure / 30 min. was applied to it.

(3) Test of corrosion protection
Immersion corrosion test was conducted with the corrosion media such as watersewage water,salted so-

lution ,dilute acid solution and dilute alkali solution. The test shows that corrosion protection of the sec-

tion is as effective as that of the existing pipe liners ,which can meet the requirement for long service.

Conclusion

1. The process is simple,reliable and cost-effective. In addition,it is not restricted in fluids pres-

sure,and can be applied to the pipeline of small size with a cement mortar liner or modified cement mor-

tar liner.

2. Volume of material for corrosion protection to be injected is easily controlled.

3. Wall thickness of the pipe is to be considered to select material to be injected to ensure that
welding heat will not have impact on the material property.
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Abstract

A criterion known as the ANSI/ASME B31G criterion is currently used to assess the remaining strength of
corroded pipelines. From its inception, the B31G criterion has embodied a large factor of safety to protect
pipelines from failure. Experience has proven that the excessive conservatism present in the B31G criterion has
resulted in the repair or replacement of more pipe than is necessary to maintain adequate integrity.

A modified criterion has been developed to eliminate the excessive conservatism and still preserve adequate
pipeline integrity. Details of the modified criterion along with a description of the on-going work to further
validate and implement the modified criterion are presented in this paper. These projects are based primarily
upon research funded and directed under contract with the American Gas Association (A.G.A.) on behalf of the
Pipeline Research Committee.

Key terms: corroded pipe, pipeline, pressurized piping, pipeline rehabilitation, B31G
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Introduction

In the late 1960s and early 1970s, a criterion was developed through research sponsored by Texas Eastern
Transmission Corporation and the Pipeline Research Committee of the American Gas Association (A.G.A.) to
evaluate the serviceability of corroded pipe. This criterion has been embodied in both the B31.4 and B31.8
pipeline design codes and is described in detail in a separate document: "ANSI/ASME B3IG - 1991 Manual for
Determining the Remaining Strength of Corroded Pipelines". The criterion, commonly referred to as the
"B3 IG criterion", can be used by a pipeline operator to assess corroded pipe for rehabilitation purposes. The
remaining pressure-carrying capacity of a pipe segment is calculated on the basis of the amount and distribution
of metal lost to corrosion and the yield strength of the material. If the calculated remaining pressure-carrying
capacity exceeds the maximum allowable operating pressure of the pipeline by a sufficient margin of safety, the
corroded segment can remain in service. If not, it must be repaired or replaced. Applying this criterion,
pipeline operators have saved millions of dollars by not removing corroded pipe which is still fit for service in
spite of having sustained some loss of metal.

From its inception, the B31G criterion was intended to embody a large factor of safety to protect pipelines from
failure. Experience has shown that the amount of conservatism embodied in the criterion is excessive, resulting
in the removal or repair of more pipe than is necessary to maintain adequate integrity. Therefore, it is desirable
to have a modified criterion which will still preserve adequate pipeline integrity but will result in less removal
of pipe. A modified criterion which meets this requirement is described in this paper and presented in detail in
Reference 1. Papers similar to this paper have been previously presented at other conferences.

Background

The B3 IG criterion is based upon a semiempirical fracture-mechanics relationship conceived by Maxey (2) and
is described in detail in Reference 3. It was based upon a "Dugdale" plastic-zone-size model, a "Folias"
analysis (4) of an axial crack in a pressurized cylinder, and an empirically established flaw-depth-to-pipe-
thickness relationship. The extensive data base of flawed-pipe burst tests presented in Reference 3 demonstrated
its usefulness and validity for axial flaws in line pipe. Subsequently, Kiefner (5) conducted a series of burst
tests of corroded pipes which demonstrated the applicability of the NG-18 surface flaw equation to predicting
the remaining strengths of such pipes. Reference 6 presents details of these burst tests along with a compilation
of additional burst tests conducted on corroded pipe. The applicability of this approach to the analysis of
corroded pipe was further substantiated in a program of research conducted by British Gas (Shannon,
Reference 7). From the work of Reference 5, the B31G criterion was derived.

Basis of the B31G Criterion

Basic Equation. The B31G criterion is based upon Equation I

S= I - A/A, (1)
I - (AIA)(M')I

where

M is the "Folias" factor, a function of L, D, and t
S is the hoop stress level at failure, psi (Pa)

3 is the flow stress of the material, a material property related to its yield strength, psi, Pa

A is the area of crack or defect in the longitudinal plane through the wall thickness,in2 (mm2 )
A, is Lt, in' (mm2)
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L is the axial extent of the defect, inches (num)

t is the wall thickness of the pipe, inch (mm)

D is the diameter of the pipe, inches (mm).

Equation 1 is used to calculate the failure stress level of a pressurized pipe containing a longitudinally oriented
crack or defect. It is also used to predict the remaining strength of corroded pipe where the parameters of the
metal loss are handled as shown in Figure 1. The overall axial length of the corrosion is taken as L even if the
corrosion is an array of pitting not necessarily lined up along an axial line. The projection of the pitted profile
onto the axially oriented plane through the wall thickness as shown in Figure 1 yields the area, A, to be used in
Equation 1. The maximum depth of a corroded area, d, as shown in Figure 1 does not appear in Equation 1
but is used in the analysis of corroded pipe as will be shown.

Assumptions Embodied in the B31G Criterion

In adapting Equation 1 to predicting the remaining strength of corroded pipe, the following assumptions were
made. First, the Folias factor M was represented as follows

O j 1 + -, 2( 
2 )

Secondly, the flow stress of the material, 3, was taken as 1.1 SMYS where SMYS is the specified minimum
yield strength of the material.

To simplify the evaluation of corroded pipe, the area of metal loss, A, was represented by a parabola as shown
in Figure 2. This permits one to calculate A on the basis of two simple parameters of the metal loss, its overall
length, L, and its maximum depth, d. The resulting area, A, is equal to (2/3)Ld. A&, of course, is Lt.

The format of Equation I as used in the B31G criterion is

f I -~ 2/3(LdW1itM (3)

- 1.1 SMYS I - 243(dltXAl)]

M [It _9 !.j (2)

Factor of Safety

Equation 3 predicts the hoop stress level which will cause the failure of a corroded pipe with diameter, D, wall
thickness, t, and minimum yield strength, SMYS, where the metal loss has an axial length L and a maximum
depth, d. Sound engineering judgement requires that corrosion should not be allowed to reach a size (L and d)
so large that the predicted failure stress level is at or below the maximum operating stress level. Therefore, a
factor of safety must be applied to Equation 3. The basis for the factor of safety consists of the reasonable
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requirement that the failure stress level, Sf, not be less than 100 percent of SMYS. In that manner, the
acceptance or rejection of corroded areas by the criterion would embody the same factor of safety as a
hydrostatic test of the pipeline to 100 percent of SMYS. For those pipelines in which the maximum operating
stress level does not exceed 72 percent of SMYS, the factor of safety embodied in the B3 IG criterion (not
considering any other built-in conservatism of which there is some) is 100/72 = 1.39.

Format of the B31G Criterion

Evaluating a Corroded Region. A given corroded region in a pipeline is evaluated on the basis of its
maximum length, L, and maximum depth, d, via a transformation and combination of Equations 2 and 3.

L = 1. 12 d 1.ddt 0.52_1 VD (4)

1, 1.14f - 0.15)

The corroded area L is acceptable if L is less than or equal to the value given by Equation 4.

The B3 IG document provides the relationship shown in Figure 3 and the equation

L 5 1.12 ai(5)

as a means of evaluating a given anomaly.

Pits with depths greater than 0.8 of the wall 1' 'ckness are not permitted because of the chances that very deep
pits would develop leaks even though the criterion predicts that they will not cause ruptures. Because the
parabolic representation becomes less and less an accurate representation of the actual area of metal loss as the
length increases, the use of B values greater than 4.0 is not permitted. A value of B equal to 4.0 corresponds
to a d/t of 0. 175. Anomalies with depths in terms of d/t greater than 0. 125 but less than 0. 175 are not allowed
to have lengths exceeding 4 .4 8 '-D-t. Anomalies of depths in terms of d/t less than or equal to 0. 125 may be of
unlimited length since such cases would be expected to have the same remaining strength as a pipe which just
meets the minimum wall thickness requirement.

Calculating a Reduced Onerating Pressure Level. The B31G criterion provides that if L exceeds the
allowable length, an acceptable reduced operating pressure may be calculated by keeping the factor of safety
equal to 1.39. The reduced operating pressure is defined as follows:

= 1.1 P [1 - (213)(d4t) (6)

where p is the safe maximum pressure for the corroded area and p/is the greater of the MAOP or the pressure
determined by the equation in Title 49, Part 192 of the Code of Federal Regulations. Equation 6 is embodied in
a set of curves in the B3 IG document which permits the calculation of reduced pressure levels in the event that
the length of the corroded area is found to be unacceptable via Equation 5. Because of the previously
mentioned inadequacy of the parabolic approximation of a long corroded area, Equation 6 is used only for Q7

"In the B31G document, the M value is shown as (1 + Q2 ) 1/2 because one must calculate Q - 0. 893, to

use the curves.
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values less than or equal to 4.0. When Q is greater than 4.0, the 2/3 factor on Ld is converted to 1.0 (a
rectangular rather than a parabolic representation) and M is assumed to approach infinity. The result is that P'
is calculated as follows:

P' = 1.1 P [1 - d(7)

except that pl must be less than or equal to p.

Enhancements and Extension of the B31G

As a result of excess conservatism embodied in the original B31G criterion, too much serviceable pipe is being
removed during rehabilitation efforts. For the sake of optimizing safety, it is better to concentrate rehabilitation
efforts on the portions of the systems which truly need repair as soon as possible rather than stretch out
rehabilitation efforts to meet a criterion known to contain an unnecessarily large margin of safety. To obtain the
desired improvement in the criterion, the sources of excess conservatism and the serious limitations of the
original approach were reconsidered as described below.

Sources of Excess Conservatism

The sources of excess conservatism in the original B31G criterion are:

* The expression for flow stress
* The approximation used fo: the Folias factor
* The parabolic representation of the metal loss (as used within the B31G

limitations), primarily the limitation when applied to long areas of corrosion
The inability to consider the strengthening effect of islands of full thickness
or near full thickness pipe at the ends of or between arrays of corrosion pits.

Modified Flow Stress

It was known even when the original B3 1G criterion was developed that 1. 1 SMYS substantially underestimates
the flow -tress of a line-pipe material. In Reference 3, it was clearly demonstrated that yield strength + 10,000
psi (68.9 MPa) closely approximates the flow stress for line-pipe materials. Even if one takes yield strength to
be SMYS, this latter value would exceed the 1. 1 SMYS value for all available grades of line pipe. For the
modified criterion, then, the value of flow stress will be taken as SMYS + 10,000 psi (68.9 MPa).

Modified Folias Factor

The two-term approximation for M, the Folias factor, used in the original B31G criterion has been presented
herein in Equation 2. A more exact and less conservative approximation of MT is as follows. For values of
(L 2/Dt) < 50:

M, 1+0.6275 - -0.003375 3/- (

For values of (L2/Dt) > 50
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MT = 0.032 (L/ Dt) ÷ 3.3 (Sa)

The alternate form of MT is illustrated in Figure 4. It is needed for very long anomalies because the negative
term of the three-term series starts to dominate and the three-term approximation is no longer valid beyond the
stated limit. It is derived by extrapolating the MT versus L2/Dt relationship by means of a straight line tangent
to the curve of Equation 8 at L2/Dt = 50.

Modified Representation of Metal-Loss Area

Parabolic Area (Oriuinal B31G Criterion). The exact area of metal loss as portrayed in Figure I is
difficult to represent in terms of simple geometric shapes definable by maximum length and depth. Two shapes
which were considered in the development of the original B3 IG criterion were the rectangle (A = Ld) and the
parabola (A = 2/3Ld). On the basis of the 47 burst tests of corroded pipe presented in Reference 5, it was
easily shown that the parabolic method was preferable. Predictions of remaining strength using the rectangular
method were too conservative, but those made using the parabolic method as described in the form of
Equation 3 consistently underestimated the actual failuie stress levels as shown in Reference 5 (Table 4). The
ratios of actual-to-predicted failure stress levels range from 1.07 to 3.07. It is apparent that even with the
parabolic method, many of the predictions greatly underestimated the strengths of the pipes.

In reality, the parabolic method has significant limitations. Obviously, if the corroded area were very long, the
effect of the metal loss would be underestimated and the remaining strength would be over estimated. The fact
that the method of Equation 3 underestimated the strengths in all 47 cases is probably the result of
circumstances such as the pits not being lined up axially and the dt~epest areas being separated by islands of
greater remaining wall thickness. To prevent misuse of the criterion in cases where long, deep corroded areas
might actually have lower strengths than the criterion would predict, the method was limited as described earlier
to defects where the B values obtained from Figure 3 are less than or equal to 4.0. This forces all long areas to
be considered essentially on the basis of I - d/t.

Effective Area. A more accurate method to predict the remaining strength involves calculations based
upon various subsections of the total area of metal loss. For example, one could calculate 16 different predicted
failure pressures based upon the profile shown in Figure 6. Each calculation involves the length, I, where i
varies from I to 16. The area of each individual flaw is calculated as the sum of the areas of the trapezoids
made up by the discrete depth points within L. The area of each is slightly more than Ld., because the end-
point d values are nonzero. The procedure usually, though not always, results in a minimum predicted failure
stress that is less than the value corresponding to the exact-area total-length method. This method is referred to
as the "effective area" method. It is based upon the effective area and effective length of the defect.

One of the most important results of the PR 3-805 project sponsored by the A.G.A. Corrosion Supervisory
Committee(l) was the development of a PC program called RSTRENG. RSTRENG facilitates the analysis of
corroded areas via the effective-area method. RSTRENG and its use are explained in more detail later.

New Area Reoresentation. It was recognized that the parabolic area representation left a few things to
be desired and that some pipeline operators might not choose to use the effective-area method because of the
detailed measurements required. Therefore, in addition to the RSTRENG option, a new area representation
relying solely on maximum length, L, and maximum depth of pitting, d, was conceived. The new
representation is
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A = 0.85 dA (a)

The new A can be used in Equation I with the modified Folias factor (Equations 8 or 8a) to calculate predicted
failure pressures when only d and L are known.

The calculation of remaining strength via one or more of these more exact methods tends to give predictions
that are in better agreement with actual burst-test results than those made using the parabolic representation of
metal loss. However, there is no fixed relationship between the results predicted by the various methods.

A final point that must be made with regard to any type of profile representation of metal loss is that some
excess conservatism will always be present when the deepest parts of the corrosion are not lined up along the
axis of the pipe and when deeper portions of the pitting are separated by islands of greater remaining wall
thickness. Within the present state of technology, it is not practical to deal analytically with these variables.

RSTRENG

A personal-computer program, titled RSTRENG, was developed as part of Project PR-3-805 (Reference 1).
This software was developed as a tool for pipeline operators to easily evaluate sections of corroded pipelines.
Since the development of RSTRENG, an additional A.G.A. project has been carried out to enhance the usability
of RSTRENG. As a result of this project, RSTRENG2 was developed and is provided along with a users
manual in Reference 8. RSTRENG2 is based on the same equations as those in RSTRENG but is formatted in
a more usable and versatile format.

RSTRENG2 resides on a single 5-1/4-inch floppy disk that can be used on any IBM-compatible PC.
RSTRENG permits the analysis of corroded pipe by use of the effective-area method. It finds the minimum
failure pressure and effective flaw length automatically and quickly, saving much time over the long-hand
calculations.

To illustrate its use, let us consider a sample problem involving a 30-inch 0. D. by 0.375-inch wall (762-mm
O.D. by 9.53-mm wall) X52 pipe with a 20-inch-long (508-mm) corroded area. The maximum depth of
corrosion is 0.140 inch (3.56 mm) and the pipeline operator has made detailed depth measurements at 1-inch
(25-mm) intervals along the axis of the pipe deviating occasionally to pick up the locally deepest portions of the
affected region. The pipeline operates at maximum allowable operating pressure, P, of 936 psig (645 MPa).

First, let us see what the existing B31G criterion tells us. Since d is 0.140 inch (3.56 mm ), d/t = 0.373.

According to Equation 5 or Figure 3, our B value then is 1.025. The acceptable length of corrosion then is

L <_ 1.12BýDff = 1.12 (I.0 2 5)V/30x0.375 = 3.85 inches (10)

The length is too long and we must calculate a safe operating pressure. When we calculate Q - 0. 893 L

we find that Q is 5.32. This forces us to use Equation 7 as follows:

P'ffi 1.1P[1- d]= 1.1(936X1 - 0.373] (11)

Thus, under the existing B31G criterion, the operator must reduce the operating pressure to 645 psig or remove
or repair the pipe.
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The results using the more sophisticated RSTRENG2 analysis are presented in Figure 7. The input data are
presented across the top portion of this figure (diameter, wall thickness, SMYS, and Pressure). Below this data
is a corrosion profile. This profile represents each of the corrosion pit depths (y-axis) along the length of the
corrosion (x-axis). Each asterisk, "*", represents a corrosion pit depth measurement.

Below the corrosion profile is a summary of the results for CASE 1, CASE 2, and CASE 3. CASE I results
are based on the modified criterion where the area of missing metal due to corrosion is modelled using the
effective area method. CASE 2 is also based on the modified criterion except that the area of missing metal is
modelled as 0. 85 dL . CASE 3 results are based on the current B3 IG analysis methods.

For each case, a safe maximum pressure, a predicted burst pressure, and a factor of safety is presented. The
safe maximum pressure is a function of the established maximum operating pressure rating for a given pipeline.
The predicted burst pressure is based on the SMYS and does not account for any factor safety. The calculated
factor of safety is the predicted burst pressure divided by the operating pressure (936 psig) in this example.
Additional results of the effective area method analysis (CASE 1) are presented below the results along with the
length and pit depth input data.

Based on the RSTRENG2 analysis, the safe maximum pressure is calculated to be 892 psig (6,146 kPa). This
pressure is much higher than the pressure level of 645 psig (4,444 kPa) obtained via the existing B3 IG analysis
(CASE 3).

This example illustrates the most valuable feature of the effective-area method and the greatest weakness for the
existing B3 IG criterion. The new method permits the calculation of the realistic failure pressure of long
corroded areas whereas the existing criterion restricts the analysis to relative short corroded areas falling back
on the overconservative net-thickness concept when the corrosion is extensive in length.

Summary

This paper has described an improved method for evaluating the remaining strength of corroded pipe. The
pipeline industry currently uses the "B31G" criterion to evaluate corroded pipe for removal or repair or for
leaving it in service if the metal loss is within safe size limits as defined in the B31G criterion. An improved
criterion was desired because of the known excess conservatism in the original B3 1G method. Even though the
use of the B3 IG criterion has undoubtedly helped pipeline operators to avoid many unnecessary cut outs, the
excess conservatism continues to cause some unnecessary cut outs that could be avoided without compromising
safety.

The proposed modified criterion presented herein is less conservative than the existing B31G criterion. It will
permit metal-loss anomalies of greater size to remain in service at the current maximum operating pressure.
And, for anomalies which exceed the newly recommended allowable size, the modified criterion will require
less pressure reduction to maintain an adequate margin of safety.

The new criterion was made less conservative by means of a change in the manner in which the flow stress of
the material is considered and by means of a change in the format of the stress-intensifying effect of the metal
loss. The proposed modified criterion can be used with detailed measurements of the metal loss and successive
trial calculations to predict a minimum failure pressure for an area of metal loss based upon its "effective" area.

As part of Project PR 3-805, software was developed to assist pipeline operators in conducting the calculations
necessary to predict the remaining strength of a section of corroded pipe. This software, titled RSTRENG, has
been used widely by pipeline operators as a tool to make timely decisions during renovation or inspection.
Since the software has been used in industry, some modifications to the software have been incorporated into a
revised software program titled RSTRENG2.
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FILENAME: C:\RSTRENG2\DATA\X.DAT Date: 05-18-1993
Diameter, inches 30.00 Wall Thickness, inches 0.375
SMYS, psi 52,000 Pressure, psi 936

S.------------------ Leff -------------------
0 5 10 15 20

0.000 *-* +------------------------------------ -----------------
0.038 + *
0.075 + * * * * * * *
0.113 + * * * * * * *
0.150 +
0.188 +
0.225 +
0.263 +
0.300 +
0.338 +
0.375 +

Pressure, psi = 936
Safe Predicted

Maximum Burst Factor
Pressure Pressure of
psi (*) psi Safety

CASE 1 - Effective Area 892 1,239 1.32
CASE 2 - 0.85 dL Area 822 1,141 1.22
CASE 3 - B31G 645 896 0.96

Max. Pit Depth, inch = 0.140
Total Length, inch = 20.00 Max. Depth/Thickness = 0.37
Eff. Length, inch = 14.00 Eff. Area, inch^2 = 1.390

Start, inch = 3.00 Stop, inch = 17.00

(*) If the calculated safe maximum pressure for the criteria that
the user follows (CASE 1, CASE 2, or CASE 3) is less than
the established pressure, remedial action must be taken.

---------- Lengths and Pit Depths .
Length Depth Length Depth Length Depth

inch MIL inch MIL inch MIL

0.00 0 10.00 110 20.00 0
1.00 20 11.00 90
2.00 40 12.00 70
3.00 90 13.00 40
4.00 110 14.00 90
5.00 110 15.00 100
6.00 120 16.00 110
7.00 140 17.00 90
8.00 110 18.00 40
9.00 100 19.00 20

Figure 7. Results from RSTRENG2 Analysis
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Abstract

Welding trials have been carried out on a very highly alloyed, nitrogen-enhanced superaustenitic
stainless steel, Avesta Sheffield 654 SMOG (UNS S32654). Welding was performed
automatically in a laboratory welding fixture with gas tungsten arc, plasma arc, gas metal arc
and submerged arc welding. The welding was executed both with a nickel-base filler, Avesta
P16TM , and autogenously. Different nitrogen-containing torch and plasma gases were tested in
order to study the influence on nitrogen content in the weld metal and the pitting resistance.

Welding trials were also carried out with manual gas tungsten arc in order to study the
influence of dilution from parent material and the effect of two different shielding gases on
pitting resistance, mechanical properties, microstructure, and microsegregation of molybdenum.

The effect of different post weld cleaning methods on the pitting resistance was studied on
gas tungsten arc welds and shielded metals arc welds.

The tests showed that welding with addition of the overalloyed nickel-base filler gave high
pitting corrosion resistance. However, the resistance was surprisingly high also in autogenous
plasma arc welds and in gas tungsten arc welds when nitrogen addition in the torch gas was
used.

The investigations also showed that the nitrogen loss of the weld deposit was strongly
reduced when nitrogen-bearing gases were used as torch gas in gas tungsten arc welding. The
pitting resistance is substantially improved when welding was performed with nitrogen-
containing torch gas instead of pure argon. This effect was accentuated for autogenously welded
joints. The tungsten electrode wear was, however, increased when nitrogen was added to the
torch gas.

In plasma arc welding, there appeared to be only a minor nitrogen loss, or no loss at all
in welds produced autogenously. The pitting resistance was very high in all plasma arc welds.
The tungsten electrode wear was very low if nitrogen and hydrogen were added to the plasma
gas. The very high pitting resistance and good plasma arc weldability indicate that the plasma
arc welding process is very useful when automatic welding is applicable.

Post weld cleaning strongly influenceG the pitting resistance. The best pitting resistance was
achieved when acid pickling was performed in a heated pickling bath. Good results were also
obtained when the weldment was cleaned with abrasive means (grinding or 3M-polymer-
abrasive-grinding) followed by pickling with paste.
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I. Introduction
The interest in nitrogen alloying of stainless steels is growing rapidly and many stainless grades,
both austenitic and duplex, containing considerable amounts of nitrogen have been presented
during the last 10 years. It is well established that nitrogen, especially in combination with
molybdenum, greatly improves the pitting resistance. Nitrogen also increases the yield strength
by solution hardening of the austenite. Austenitic steels are eminently suited for high nitrogen
levels because the nitrogen solubility is very high in the austenite, and in fact higher than in the
liquid phase. Hence, superaustenitic stainless steels have a great potential for being strongly
improved by high nitrogen contents.

Since their introduction at the end of the 1970's, superaustenitic stainless steels have been
used successfully in a wide range of severe environments due to their excellent corrosion
resistance. There is, however, a demand for alloys with even better resistance to localized
corrosion. The principal alloying elements to improve the corrosion resistance are chromium
and molybdenum. Fortunately, both chromium and molybdenum increase the solubility of
nitrogen in the steel and, therefore, nitrogen contents of about 0.5% can be added to a super-
austenitic steel with high chromium and molybdenum levels without requiring too high
manganese content. Several of new superaustenitic stainless steels, using the beneficial effects
of very high nitrogen contents, have been developed to meet the requirements in the most
aggressive environments.

One example is UNS S32654. This new grade is alloyed with unusually high amounts of
molybdenum and nitrogen. The composition is presented in Table 1. High contents of
chromium, molybdenum and nitrogen give S32654 excellent resistance to pitting and crevice
corrosion. In Table 2 the mechanical properties are compared to those of Avesta Sheffield 254
SMO° (UNS S31254), the first generation superaustenitic steels. The high nitrogen level in
S32654 contributes to a very high strength. Due to the balance among chromium, molybdenum,
nitrogen and nickel, the stability against precipitation of intermetallics and carbides is similar
to that of the lower alloyed S31254. The corrosion properties of S32654 are reported
elsewhere1'2 .

Welding of high alloy superaustenitic stainless steels has been discussed extensively in the
literature 3' and it is for example generally agreed that overalloyed nickel-base filler metals
should be used for optimum pitting corrosion resistance. However, the acceptable level of
dilution from the parent material for best properties is seldom presented. Specific concerns when
welding high nitrogen alloys could be porosity and nitrogen loss7e . Also post weld cleaning
procedures, particularly of welds intended for use in very aggressive environments, need
attention 9". Welding of the new 7Mo superaustenitic stainless steel has been discussed in
general elsewhere12 . The object of this paper is to illustrate the influence of different welding
methods, dilution levels and post weld cleaning methods on microstructure and properties,
especially pitting resistance.

II. Experimental
A. Automatic Welding
Four automatic welding processes were studied: gas tungsten arc welding (GTAW), plasma arc
welding (PAW), submerged arc welding (SAW) and gas metal arc welding (GMAW).

Gas tungsten arc welding was carried out on 3 mm sheet by automatic welding in a
welding fixture. The welding trial was made both autogenously and with addition of P16 filler
metal. Different torch gases were tested. Tubes 25 mm in diameter with a 1 mm wall thickness
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were produced from strip in fully automatic machines where forming, welding, bead working,
sizing, eddy current testing and cutting took place in a continuous process. The welding was
performed autogenously using two torches, see Table 3. About 12 m of the total weld length
of 150 m was subjected to dye penetrant testing and about 6 m was radiographed.

Plasma arc welding was also performed on 3 mm sheet in a welding fixture. Different
torch gases were tested. The shielding gas consisted of argon + 10% nitrogen. The welding
was executed autogenously and with filler addition. Plasma arc welding of tubes 60.3 mm in
diameter with a 2.77 mm wall thickness was carried out on strips in a fully automatic welding
machine as described above. The welding was performed with filler addition. The shielding gas
consisted of argon + 10% nitrogen. See Table 4. About 12 m of the total weld length of 150
m was subjected to dye penetrant testing and about 6 m was radiographed.

Submerged arc welding was executed on 10 and 15 mm plate in a welding fixture. A
basic flux, Avesta 803, was used. Joint preparation and welding parameters were as shown in
Table 5. The welds were subjected to X-ray testing.

Gas metal arc welding was carried out on 3 mm sheet and 10 mm plate. Torch gas and
joint preparation were as shown in Table 5.

All weldments in sheet or plate were tensile and bend tested transverse to the weld. Impact
toughness of the weld metal was evaluated on the gas metal arc and submerged arc weldments
at ambient temperature and -90 0C. Five Charpy V-notch specimens per temperature and
weldment were tested. Hardness measurements (Vickeri) were carried out on weld deposits and
parent material.

The pitting resistance was evaluated in ferric chloride according to ASTM G48, Practice
A, using 24 h exposure. New duplicate specimens were used at each test temperature. The
testing was performed with 2.5°C intervals. The critical pitting temperature (CPT) was defined
as the lowest temperature at which attack occured. All specimens were pickled thoroughly
before testing.

Microstructure was studied in weld metal and HAZ. The amount of second phases in weld
metal was measured by linear analysis in light optical microscope. In the weld deposit, the
nitrogen content was measured using the LECO method. In order to calculate the dilution from
the parent metal in automatically performed welds with filler, the average composition of the
weld metal was measured in electron probe microanalyzer (EPMA).

B. Dilution from Parent Material
The welding trials were performed from one side on 3 mm sheet using manual gas tungsten arc
welding (GTAW). In order to achieve the different dilution levels, 30%, 50%, 80% and 100%
(i.e. autogenous), the joint was varied from square butt joint (autogenous) to V-joints with
different gaps.

Two different torch gases were used, pure argon and argon + 5% nitrogen. For backing,
a gas mix consisting of nitrogen + 10% hydrogen was used.

The dilution from parent material was calculated from electron probe microanalyses
(EPMA) in the weld deposits. Electron probe microanalyses was also used in order to measure
the microsegregation. The nitrogen content of the weld metals was measured according to
LECO. The amount of second phases was measured in light optical microscope using linear
analysis.

Prior to the pitting corrosion tests the specimens where thoroughly pickled in order to
eliminate any disturbance from oxidation, chromium depletion and surface contamination.
Pitting corrosion tests were performed as above.
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Tensile strength was tested transverse the welds. Bend tests were carried out over a
mandrel having a diameter of 9 mm (3 x t). The bend tests were performed on the welds with
both root side and face side in tension.

C. Post Weld Cleaning
The effect of post weld cleaning methods on the pitting resistance was studied on welds
produced with manual gas tungsten arc welding (GTAW) and shielded metal arc welding
(SMAW) on 3 mm sheet and 8 mm plate.

The gas tungsten arc welding was performed from both sides using argon + 5 % nitrogen
as torch gas and nitrogen + 10% hydrogen as root gas. The welding was carried out with
addition of filler rod. The shielded metal welding was carried out from both sides using a
coated electrode. On the 3 mm sheet material, a square butt joint was used with a 1.5 mm gap
for gas tungsten arc welding and a 2 mm gap for shielded metal arc welding. On the 8 mm
plate material 700 V-joint, having 2 mm land, without gap was used for the gas tungsten arc
welding. For the shielded metal arc welding a 600 V-joint, having 2 mm land, with 2 mm gap,
was used. In Table 7 the different cleaning methods tested are listed. Prior to the second pass,
the root was ground.

Subsequent to the post weld cleaning the surfaces were protected with tape and specimens
wciv cut out for pitting tests in ferric chloride solution according to ASTM G48. Prior to
testing the samples were degreased in acetone. The determination of critical pitting temperature
(CPT) was performed as described elsewhere in this paper.

Ill. Results and Discussion
A. Properties of Welds Produced with Automatic Welding

1. Gas Tungsten Arc and Plasma Arc Welds. The dye penetrant test of the tube welds
showed no cracks on either the gas tungsten arc or the plasma arc welds. No pores could be
detected in the X-ray tests.

The microstructures of the weld metals consisted of an austenitic matrix with small
amounts of interdendritic second phases. In the heat affected zone (HAZ), the austenite grain
boundaries were decorated with fine precipitates of intermetallic phase.

Weld transverse tensile strengths ranged between 750 and 850 MPa with all fractures in
the parent material. Bend tests transverse to the welds over a mandrel having a diameter of 3
or 4 x t were carried out without any cracking. All mechanical tests demonstrated that gas
tungsten arc and plasma arc welding produced sound welds with high strength and ductility.

Measured nitrogen contents, dilution from parent material, second phase content and
critical pitting temperatures of gas tungsten and plasma arc welds are shown in Tables 9 and
10.

Table 9 shows that the nitrogen content in the weld metal is reduced by the gas tungsten
arc process irrespective of shielding gas composition, even if the loss is somewhat less when
nitrogen is added to the torch gas. For plasma arc welding, there is no nitrogen loss but rather
a nitrogen take-up in the weld metal when argon and, particularly, argon and 5% nitrogen is
used in the plasma gas. The nitrogen take-up occuring when pure argon was used as plasma gas
could be due to the nitrogen-bearing shielding gas. See Table 10. When 5% hydrogen was
added, a slight loss was observed. As expected, both welding processes gave a reduction of the
nitrogen content in the weld metal when a nickel-base filler addition with virtually no nitrogen
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is used.
The dilution from the parent material was around 85 % for the gas tungsten arc welds due

to the V-joint, whereas, the plasma arc welds with a butt joint had a dilution of - 92 %. For the
autogenous welds, the dilution is, of course, set to 100%. The amount of second phase in the
autogenous weld metals appeared to decrease with increasing nitrogen content. Addition of a
nickel-base filler metal seemed to have a similar effect.

The pitting corrosion tests in ferric chloride showed a great influence of shielding gas for
gas tungsten arc welding. Pure argon in autogenous welding resulted in a CPT of < 70°C while
addition of 5 and 10% nitrogen increased the CPT to 80 and 87.5°C, respectively. Nitrogen
addition was also beneficial when filler was used even if the CPT level had been raised by the
addition of over-alloyed consumable. The plasma arc welds showed consistently high CPT
levels, with all welds above 90°C. For the autogenous welds, 5% nitrogen in the plasma gas
improved the pitting resistance but 10% nitrogen plus 5% hydrogen reduced the CPT. Both
results could be coupled to the nitrogen contents in the weld metals. Plasma arc welds with
filler gave a high pitting resistance.

The influence of second phase content on pitting corrosion resistance was difficult to assess
possibly because it is overshadowed by the nitrogen content. All pitting attack occurred in the
weld metal but no detailed study was made to determine the exact initiation sites of the pitting.
However, the HAZ was not attacked despite the presence of intergranular precipitates, which
is consistent with earlier experience with welds in superaustenitic steels'.

Welding with commercially pure argon resulted in different problems depending on
welding method. In gas tungsten arc welding, argon gave a calm welding process and a smooth
weld surface. However, the pitting resistance for autogenously performed welds is much lower.
When pure argon was used as plasma gas, the weld had undercut and a rough surface. The
pitting resistance, however, was excellent.

The nitrogen addition gave a considerable tungsten electrode wear in both gas tungsten arc
and plasma arc welding. An addition of hydrogen to the argon-nitrogen mixture, however,
resulted in a strong reduction of the electrode wear when welding with plasma arc. The pitting
resistance was somewhat lower in autogenously produced welds when using argon+10%
nitrogen +5% hydrogen instead of argon+ 10% nitrogen.

2. Gas Metal Arc and Submerged Arc Welding. The X-ray tests of the submerged arc
welds showed sound welds without porosity.

The tensile strength was on the same level as the parent material (800-88OMPa) for both
welding processes and with the rupture in the parent material. The Charpy V-notch impact
toughness was fairly high both at room temperature and at -90°C, see Table 11.

Low nitrogen contents were measured in both gas metal arc and submerged arc welds.
This is explained by low dilution. The levels of dilution shown in Table 11, reflect the different
welding procedures. Low dilutions were measured in cap runs of multipass welds. The amount
of second phase in the weld metal was about 1-2%.

The critical pitting temperatures in ferric chloride are on a high level for both gas metal
arc weldments, 97.5°C, as seen in Table 11. This is explained by a considerable addition of
over-alloyed filler material. The submerged arc welds showed somewhat lower CPT, the weld
produced with the highest arc energy having the lowest value. One reason for the lower CPT
in the submerged arc welds could be the higher level of non-metallic inclusions as a result of
a higher oxygen content. Another reason could be the considerably higher arc energy for the
submerged arc welds.
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B. Influence of Dilution from Parent Material
The rcsults from the study of the effect of dilution from parent material on pitting resistance
are shown in Figure 1. When pure argon was used as torch gas there was no significant
difference between the various dilution levels, 30%, 50% and 80%. However, the autogenous
weld showed a markedly lower CPT. When argon + 5 % nitrogen was used as torch gas no
significant difference could be seen among any one of the four different dilution levels.

The results in Table 12 show that there was no clear correlation between tensile strength
and dilution. However, for the autogenous welds, welding with argon + 5 % nitrogen resulted
in significantly higher tensile strength compared to welding with pure argon. The results from
the bend tests show that all welds, except for the autogenous welds, passed bending to 1800
without cracking. Only one of the specimens of the weld performed with the nitrogen-bearing
torch gas failed, indicating that the ductility was on the border line. In the previous
investigation on gas tungsten arc welds presented in this paper (paragraph A.), autogenous
welds performed with argon + 5 % nitrogen passed the bend test. These results indicate that
the ductility is on the border line for autogenous welds performed with argon + 5 % nitrogen.

Nitrogen contents of the weld deposits are shown in Table 12. Welding with nitrogen-
bearing torch gas resulted in a higher nitrogen content in the weld metal. This resulted in a
lower amount of second phases in the weld deposits, see Figure 2. The influence of dilution on
the content of second phases seems to be limited in the interval 30-80% dilution. However,
from 80 to 100% there is a significant increase in the content of second phases. These high
contents of second phases at 100% dilution are most likely the main reason for the drop in
ductility causing failures in the bend testing.

The microsegregation of molybdenum was measured using electron probe microanalyser
(EMPA). The lowest molybdenum contents measured - in the dendrite cores - were used for
calculating segregation indices for molybdenum, by deviding the minimum values by the
average molybdenum content of the weld deposit (%Mo.,/ % Movr). In Figure 3 the segregation
indices for the different dilution levels are plotted. For welds performed with argon + 5%
nitrogen there seemed to be a correlation to the dilution (i.e., the nickel content). This
phenomenon has been shown before"3 . However, no correlation could be found when pure
argon was used. The lack of trend in the latter case could be due to the difficulties in finding
the lowest molybdenum content of the dendrite. The difference between the two curves in
Figure 3 indicates that nitrogen has a retarding effect on the microsegregation of molybdenum,
although the difference between the curves is small.

These trials indicate that the importance of the dilution from parent material is limited to
the dilution interval 80- 100% when welding is performed with pure argon as torch gas. If argon
+ 5% nitrogen is used as torch gas there seems to be no clear influence of dilution on the
properties.

C. Influence of Post Weld Cleaning
In Figures 4 and 5 the critical pitting temperatures determined in ferric chloride (ASTM G48,
Pracatice A), are presented. The results from these post weld cleaning trials indicate that
abrasive cleaning methods alone are not sufficient in order to achieve optimum pitting resistance
of the welds. For shielded metal arc welding in 3 mm sheet, the critical pitting temperatures
for the ground welds were even lower than for that of the joint in the as welded state. The
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pitting resistance was in most cases clearly improved if the abrasive cleaning was followed by
pickling. The results show that optimum pitting resistance was obtained if blasting was
combined with thorough pickling in a bath. However, different abrasive methods followed by
pickling with paste did also give good results.

The results also indicate that the pitting resistance in many cases is better for gas tungsten
arc welds compared to shielded metal arc welds. The difference is most pronounced for welds
in 3 mm sheet. This phenomenon indicates that the best corrosion resistance for welds in light
gauges is obtained if manual gas tungsten arc welding is used instaed of shielded metal arc
welding. For medium and heavy gauges the difference seems to be smaller and shielded metal
arc welding is probably more advantageous for practical reasons.

Pitting resistance of weldments in stainless steels is almost always reduced compared to
the unaffected parent material. For UNS S32654, the CPT in ferric chloride of the parent
material is above the boiling point, while the CPT of manually produced welds in most cases
falls below 80-85oC. These trials have shown that different post weld cleaning methods can
offset the reduction of pitting resistance for welds in S32654. Although the post weld cleaning
is important for pitting resistance, the level of CPT is generally very high for S32654. In most
cases it is possible to achieve a pitting resistance of weldments in S32654 comparable to that
of the parent material of the lower alloyed so called 6Mo grades, e.g. UNS S31254, or super
duplex grades.

IV. Practical Implications
Most of the welding methods described in this paper - GTAW, SMAW, PAW, GMAW and
SAW - work excellently in UNS S32654. In spite of the high nitrogen content there is no
practical problem with porosity. The welding characteristics of this material are similar to those
of other superaustenitic stainless steels. However, there are restrictions to be observed. Post
weld cleaning is very important in order to obtain optimum corrosion resistance. For welding
in the field abrasive post weld cleaning combined with subsequent pickling is recommended.
Abrasive cleaning only seems to give a lower pitting resistance compared to the as welded
condition.

Autogenous gas tungscri arc wuk'ing 1hould not be performed using pure argon as torch
gas, although this gas gives good properties when welding with filler addition. If there is a risk
of dilution levels above 80%, argon + 5% nitrogen is preferable.

The only welding process, dealt with in this paper, which needs further development is gas
metal arc welding (GMAW). The torch gas used in these trials (argon + 30% helium + 1%
oxygen) gave rise to sputter. A new gas mixture is under development in order to give a calmer
welding process. However, the properties of gas metal arc welded joints presented here are
comparable to those of welds produced with the other welding methods.

V. Conclusions
A large number of welding trials on UNS S32654 have been performed and the following
conclusions can be made:

Welding of S32654 can be performed using GTAW, PAW, SAW, and SMAW giving
good welding performance, sound welds and excellent material properties. GMAW gives
sound welds and acceptable properties but requires some further development of welding
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practice.

Autogenous gas tungsten arc welding led to a nitrogen loss in the weld metal and a
reduction of pitting resistance. Nitrogen addition to the torch gas is therefore necessary
for best pitting resistance of autogenous welds.

Welding with addition of the overalloyed nickel-base filler gave high pitting corrosion
resistance. However, the resistance was surprisingly high also in autogenous plasma arc
welds and in gas tungsten arc welds when nitrogen addition in the torch gas was used.

Nitrogen addition to torch or plasma gas resulted in tungsten electrode wear. Hydrogen
addition to the nitrogen-mixed gas reduces the electrode wear.

Dilution from parent material seems to affect the material properties between 80% and
100% dilution. In the interval 30-80% dilution, there seems to be little influence.

Nitrogen in the weld deposit seems to have a moderating effect on the microsegregation
of molybdenum.

Post weld cleaning has a significant effect on the pitting resistance. Optimum pitting
resistance is obtained if abrasive cleaning is combined with subsequent pickling.
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Table 1. Typical composition of parent material, UNS 532654, and nickel-base filler.

Material C Mn Cr Ni Mo Cu N

UNS S32654 0.01 3.5 24 22 7.3 0.5 0.5

Filler wire 0.01 0.5 23 bal. 16 - -

Coated electrode 0.02 4.0 25 bal. 14

Table 2. Mechanical properties of UNS S32654 and 531254. Typical values, 10 mm plate.

UNS RpO.2 (MPa) Rpl.0 (MPa) Rm (MPa) A5 (%)

S32654 460 500 830 55

531254 350 390 700 50

Table 3. Welding data of welds performed with automatic gas tungsten arc welding.

Weld Filler Material Joint Torch/plasma gas Arc
number thickn. prep energy

I (m) I I (ki/mm)

TA 3 Sq butt Ar 0.4

T5N 3 Sq butt Ar+5%N2  1.0

TION 3 Sq butt Ar+10%N2  0.8

TFA P16 3 V-joint Ar 1.1

TFSN P16 3 V-joint Ar+5%N, 1.3

Table 4. Welding data of welds performed with plasma arc welding.

Weld Filler Material Joint Torch/plasma gas Arc
number thickn. prep energy

PA 3 Sq butt Ar 0.5

P5N 3 Sq butt Ar+5%N, 0.5

PIONH 3 Sq butt Ar+10%N2 +S%H 2  0.7

PFA P16 3 Sq butt Ar 0.8

PFIONH P16 3 Sq butt Ar+10%N+5%H2  0.9

PF-tube P16 2.77 Sq butt Ar + 10%N, + 0.5
5%H2
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Table 5. Welding data of welds performed with gas metal arc and submerged arc welding.

Weld Method Filler Material Joint Torch gas / flux Arc
number thicknI Prep energy

("un) (kJ/-)

M3 GMAW P16 3 Sq but Ar+30%He+1%q 0.6

MI0 GMAW P16 10 V-joint Ar+30%He+l%Ok 0.6

SX15 SAW P16 is X-joint basic 1.0

SVI5 SAW P16 15 V-joint basic 1.4-2.5

SVI0 SAW P16 10 V-joint basic 1.1

Table 6. Welding data of welds performed with manual gas tungsten arc welding.

Dilution Torch gas Material Joint prop. Arc energy
thickn. (nun) T -le (kJ/m-)

30 % Ar 3 V-joint P16 0.8-0.9

50 % Ar 3 V-joint P16 0.6-0.9

80 % Ar 3 V-joint P16 0.6-0.7

100% Ar 3 Sq bun 0.6-1.2

30 % Ar + 5%N 2  3 V-joint P16 0.6-0.8

50% Ar + 5%N 2  3 V-joint P16 0.4-0.7

80 % Ar + 5%N2 3 V-joint P16 0.6-0.9

100 % Ar + 5%N, 3 Sq butt 0.4-0.9

Table 7. Post weld cleaning of gas tungsten arc and shielded metal arc welds in 3 mm
sheet and 8 mm plate.

Post Weld Cleaning Weldments tested,

SMAW and GTAW

1) Grinding 3 mm

2) Grinding + pickling paste, 4h 3 mm and 8 mm

3) Grinding (polymer-abrasive) 3 mm and 8 mm

4) Grinding (polymer-abrasive) + pickling paste, 4h 3 mm and 8 mm

5) Sand blasting 3 mm

6) Sand blasting + pickling paste, 4h 3 mm

7) Sand blasting + pickling bath, 24h 3 mnm and 8 mm

8) As welded 3 mm
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Table 8. Welding data of welds for post weld cleaning.

Weld Joint prep Gap (mm) Arc energy
(kJ/mm)

GTAW, 3 mm sheet Square butt 1.5 0.3-0.4

SMAW, 3 mm sheet Square butt 2.0 0.4-0.5

GTAW, 8 mm plate V-joint, 700 1.5 0.6-1.0

SMAW, 8 mm plate V-joint, 600 2 0.6-1.0

Table 9. Tests of welds performed with gas tungsten arc welding.

Weld number % N Dilution Second CPT

M() phase (%) (C)

TA 0.36 1o0 1.4 <70

T5N 0.38 100 1.2 80

TiON 0.41 100 0.6 87.5

TFA 0.31 84 1.2 85

TF5N 0.32 85 1.6 90

TA-tube, AW 0.46 100 n.a <70

TA-tube, PWHT 0.46 100 0.3 95

Note: AW = as welded. PWHT = post weld heat treated.

Table 10. Tests of welds performed with plasma arc welding.

Weld number % N Dilution Second CPT

S1 = phase (%) (OC)

PA 0.50 100 0.8 97.5

P5N 0.61 100 0.3 BP

PIONH 0.44 100 0.7 95

PFA 0.43 91 0.7 BP

PF1ONH 0.38 93 0.5 BP

PF-tube, AW 0.42 84 0.8 90

PF-tube, PWHT 0.42 84 0.0 BP

Note: AW = as welded. PWHT = post weld heat treated. BP = Boiling point.
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Table 11. Tests of welds performed with gas metal arc and submerged arc welding.

Weld %N Dilution (%) Second CPT Charpy V Charpy V
number phase (%) (P (J), -

(=), RT 90°C

M3 0.28 70 1.0 97.5 26') 23')

M1O 0.22 22-51 0.6-1.7 97.5 80 67

SX 0.13 22-53 0.9-1.5 82.5 81 78
SV15 0.183• 433) ) 90 106 88

SVIO 0.26') 573) 1.01) 87.5 1052) 672)

1) Subsize 1/4 specimen.
2) Subsize 3/4 specimen.
3) Cover pass.

Table 12. Tests of gas tungsten arc welds with different dilution from the parent material.

Dilutio Torch gas Rm Bend test"• (d=3xt) N-content Second
n (%) (MPa) Face bend Root bend (%) phases (%)

30 Ar 753 1800 n~c. 180° n.c. 0.15 1.2

30 Ar + 5%N 2  742 180° n.c. 180° n.c. 0.21 1.0

50 Ar 753 180* n.c. 180* n.c. 0.18 1.3

50 Ar + 5%N2  842 180° n.c. 180° n.c. 0.31 1.0

80 Ar 856 180° n.c. 180° n.c. 0.24 1.3

80 Ar + 5%N 2  791 180* n.c. 180° n.c. 0.30 1.0

100 Ar 738 70° cracks 70° cracks 0.29 3.8
750 cracks 758 cracks

100 Ar + 5%N 2  805 180° n.c. 180* n.c. 0.40 3.2
1150 cracks

1) Duplicate specimens
Note: n.c. - no cracks
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Figure 1. Influence of dilution from parent Figure 2. Influence of dilution from parent
material on CPT in ferric chloride (ASTM material on the content of second phases.
G48).
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Figure 3. Segregation index for molybdenum Figure 4. Influence of post weld cleaning on
as a function of dilution from parent material. CPT in ferric chloride (ASTM G48). GTAW

and SMAW in 3 mm sheet.
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Pitting Resistance of Autogenous Welds in UNS S31254
High Alloy Austenitic Stainless Steel

B J Ginn and T G Gooch
TWI
Abington Hall
Abington
Cambridge CBI 6AL, UK

Abstract
Normal welding practice for UNS S31254 steel is to use overalloyed, Ni-base consumables
to avoid weld metal corrosion, but the necessity for adequate filler addition complicates
welding, for example of pipe root runs. The present work sought to optimise pitting resistance
of autogenous welds in chloride media. Melt runs and butt welds were produced in plate and
tube using the gas tungsten arc process, the butt welds employing autogenous root runs with
subsequent passes incorporating ERNiCrMo-3 filler. Welding was carried out with arc energy
from 0.25 to 2.5kJ/mm, and with pure argon or argon/3% nitrogen shielding gas.

Tests were undertaken in 10%FeCI3.6HO to define a critical pitting temperature, and
potentio-dynamic scans were carried out in 3%NaCI at 70'C to derive pitting potential data.
The test welds were examine metallographically, with analysis of weld metal nitrogen
contents. X-ray diffraction (XRD) examination was used to identify subsidiary phases, with
energy dispersive X-ray (EDX) analysis of the solidification structure.

All autogenous welds produced were susceptible to preferential pitting corrosion, associated
with segregation of alloying elements. Interdendritic sigma phase was also observed. Relative
to base metal, pitting potentials were reduced by up to 500mV, and critical pitting
temperatures by up to 30'C. However, weld metal pitting resistance was influenced by arc
energy, high arc energy being detrimental. Using Ar shielding, the nitrogen content of the
fused zone was below that of the parent steel; loss was prevented with Ar/3%N, shielding
and, although nitrogen recovery was not entirely consistent, nitrogen levels above the base
metal were obtained, giving improved pitting characteristics by both test methods.

It was concluded that, in many applications, high alloy austenitic steels can be welded
autogenously without unacceptable loss of corrosion resistance. Further, by using low arc
energy and Ar/3%N, shielding gas, the pitting resistance of autogenous joints was equivalent
to that of weldmcnts produced with ERNiCrMo-3 filler.

Key terms: pitting corrosion, stainless steel, weld metal.

Introduction
High alloy austenitic stainless steels, typified by the UNS S31254 st,:cification, resist pitting,
crevice attack and stress corrosion cracking in chloride media and :.'ec used extensively for
sea water applications, eg piping and process systems in offshore oil and gas rigs, and
desalination units (1). In addition, such materials have found use in bleach plants, where
demands for energy conservation and pollution control have resulted in increased plant
operating temperatures and higher chloride concentrations.
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The corrosion resistance of weld metals in highly alloyed austenitic stainless steel produced
autogenously or with matching composition fillers is invariably inferior to that of the base
metal (2-6). As a consequence of the primary austenite solidification, Mo and Cr segregate
to the interdendritic legions in the weld metal. This leaves the dendrite cores lean in these
elements, and they become sites for preferential attack.

To overcome preferential we,d metal corrosion, current industrial practice is to adopt Ni-
based fillers with circa 20%Ci and 9%Mo (6). Although segregation still occurs, the Mo and
Cr levels in the dendrite cores remain above that of the parent material, and satisfactory
service over many years has been achieved by the use of such fillers. However, the necessity
to add sufficient filler complicates the welding operation, and for applications, such as root
runs in pipe welds, autogenous welding is of considerable practical advantage.

This paper summarises work undertaken at TWI to examine the effects of welding arc energy,
travel speed and shielding gas practice on the pitting resistance of autogenous gas tungsten
arc (GTA) welds. Pitting corrosion resistance studies were undertaken using potentiodynamic
scanning and the ferric chloride immersion test.

Experimental Programme
Materials and Welding

Two parent steel plates (1C380 and 1C757) and one tube sample (1C638), conforming to
UNS S31254, were investigated. The two plates were 5mm thick whilst the tube had a wall
thickness of 6mm and an outside diameter of 50mm (Table 1).

Mechanised autogenous GTA bead on plate (BOP) melt runs were produced on the plate
steels in the flat position at a range of arc energies. The runs were made at the same travel
speed, with one exception at a higher traverse rate. A "Y' joint preparation, with an included
angle of 1000, was used for multi-pass circumferential butt welds in the pipe, the root face
being varied according to arc energy. Again, arc energy and travel speed were varied,
although because of process instability at high currents, it proved impractical to make a
satisfactory root pass at arc energy conditions greater than 1.75kJ/mm. Pure Ar backing gas
was employed and 1.6mm ERNiCrMo-3 filler wire was used for the fill passes. Two series
of BOP melt runs and butt welds were produced, one with pure Ar shielding, the other with
Ar/3%N, shielding.

Examination

Transverse sections wcrc taken for metallographic examination from each weld. Two ctchants
were used, namcly 20%HSO 4 + ).lg/L NH 4SCN at approximately 2V, and an aqua rcgia
based solution (50ml HCI, 5ml HNO 3, 5mil HO + 0.5g SnCI, and 0.5g AsO, at 55°C). A
Magne-Gage was employed to check for the presence of any magnetic phases. In addition,
X-ray diffraction analysis was carried out on a longitudinal section of the root of a butt weld
and a parent material sample, with energy dispersive analysis ([DX) analysis of the
solidification structures dcvclopcd over the arc energy range used. Triplicate nitrogen
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determinations were made on the melt runs and root deposits, although samples from the low
arc energy weldments may have contained some parent material.

Corrosion Testing

Potentiodynamic studies. Potentiodynamic scans were undertaken on coupons extracted
longitudinally from the melt zones made with pure Ar shielding gas in material 1C380. The
coupons, of approximately 40xlOOmm, were ground back to remove any overfill (or undercut)
and prepared by grinding all faces to a 600 grit finish. Each coupon contained weld metal,
HAZ and parent steel, all of which were exposed to the test solution. The test solution of
3%NaCI at +70'C was purged with nitrogen for approximately 1 hour after the sample was
loaded. The scan rate was 0.1 mV/sec, and cell voltage was increased in the anodic direction
until the specimen current density reached approximately 1.OmA/cm2, at which point the
direction of scanning was reversed. To avoid crevice effects, the samples were not masked
off in any way, but a convenient length was dipped into the test solution. The surface area
of each coupon exposed to the solution was obtained after it had been loaded in the cell.

Ferric chloride tests Direct exposure tests in 10%FcCI3.6HO were conducted
following ASTM G-48 on all autogenous GTA runs from both parent steels and on the butt
weld root pass regions ie the inner tube surface. Longitudinal test coupons approximately
20mmx40mm were extracted from each melt run in the parent plates. The overfill and
undercut were again dressed off to produce a uniformly flat sample and all faces were
finished to 220 grit. Test coupons from the welded tube material were slightly smaller,
20x30mm, and were prepared by descaling using wire brushes and pickling in a
20%HNO,+10%HF solution at 40-50'C. In this case the weld overfill was not removed. As
for the potentiodynamic tests, the ferric chloride coupons contained fusion zone, HAZ and
parent steel, and all three regions were exposed to the test solution. Exposure to the ferric
chloride solution was for periods of 23 hours at set temperatures, the temperature increasing
by 2.5*C for each exposure period. Coupons were weighed at the start and finish of each
exposure and examined visually for the onset of pitting. Testing was continued until gross
pitting occurred or a substantial weight loss was recorded.

Results
Metallurgical examination

Chemical analyses of the base steels are given in Table 1, with a representative microstructure
in Fig L. The microstructure in all three steels was fine grained and fully austenitic.

Sections through weld metals are illustrated in Fig.2. All fused regions showed dendritic
solidification to austenite, with the arm spacing increasing from about 2 to 10vm as the heat
input was raised from 0.25 to 2.5kJ/mm (Fig.3). Little difference was observed between the
microstructures of the 1.25kJ/mm welds made at different travel speeds. The expected
segregation was evident from EDX analysis, but was not clearly related to welding conditions
(Table 4). Small amounts of a second phase were observed in sections from all arc energies.
The proportion of this interdendritic phase apparently increased with arc energy, particularly
when pure Ar shielding was used (Table 3). There was no magnetic attraction from the
samples using : Magne-Gage indicating that the phase was not ferrite. However, the XRD
scans indicated the presence of sigma phase in the weld metals, but not in base metal.
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Nitrogen analysis

In both the melt runs and butt welds, the introduction of nitrogen into the shielding gas
generally increased the weld metal nitrogen level relative both to the parent steels and to runs
made with pure argon shielding, as illustrated in Fig.4. There was no obvious systematic
effect of arc energy on deposit nitrogen level, although nitrogen seemed to be increased by
higher travel speed. Nitrogen recovery varied by up to 0.03% along a weld (Table 5), and to
some degree between the steels.

Corrosion Tests

Potentiodynamic Studies. Typical scans on melt runs made in material 1C380 with
pure Ar shielding are given in Fig 5. Noting that the current increase at above 1V stems
largely from oxygen evolution, Fig 5 shows a constant increase in current with increasing
potential. For base metal, once the scan was reversed, the passive film reformed and current
flow was reduced: with weld samples, significant film breakdown and pitting occurred, and
the current continued to increase after scan reversal, giving a hysteresis loop.

The samples tested incorporated melt zone, HAZ and base steel, while the area of melt zone
in the test sample varied depending upon the welding conditions. However, pitting appeared
to develop initially in weld metal, and from Fig 6, an increase in arc energy led to a reduction
in potential for both pit initiation (0.05mA/cm 2) and pit propagation (lmA/cm2).

Ferric chloride tests. In all cases, as the test temperature was raised there was good
agreement between visual identification of pitting and commencement of weight loss. Critical
pitting temperatures (CPTs) defined by first observation of a pit or, say, 10mg weight loss
were within 5°C, and generally 2.5'C. Results for a 10mg weight loss criterion are shown in
Fig 7 for the melt runs and in Fig 8 for the butt welds. Regardless of whether Ar/3%N 2
shielding gas was used, increasing the arc energy reduced the corrosion resistance of the melt
zone. Further, addition of 3% nitrogen to the shielding gas generally resulted in an increase
in the CPT, the effect being more consistent with the butt welds, although even with the
addition of nitrogen to the shielding gas, and given a low arc energy, the CPT of the melt
zones were 10-15'C lower than that for the parent material. Increasing the travel speed did
not have a consisten' effect on the CPT in either melt runs or butt welds for the shielding
gases investigated.

Pitting in some of the test coupons occurred in the root weld deposit. Higher magnification
examination suggested that the pitting attack occurred along the second phase boundaries
(Fig.9). Pitting in other coupons, especially those made with Ar/3%N, shielding, initiated
along the weld fusion boundary, with some growth into the heat affected zone (Fig.10).

Discussion
Control of Weld Metal Nitrogen Content

The beneficial effects of nitrogen on pitting corrosion resistance in highly alloyed stainless
steels, as illustrated by the high factor attributed to nitrogen in various pitting indices, have
been well documented (4-6). It is also well recognised that autogenous welding with inert gas
shielding (or in vacuum) leads to nitrogen loss. It is therefore important to control the weld
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metal nitrogen level. As found by other workers (7), the addition of nitrogen to the shield gas
does effectively increase deposit nitrogen content (Fig 4).

Nitrogen recovery was not entirely consistent, and could vary by up to some 0.03% along a
weld, although the variation was normally less than this value. Further, nitrogen pickup
differed somewhat between the steels, some melt runs in 1C380 made with Ar/3%N 2
shielding gas having nitrogen contents below the base metal level. The reasons for this
behaviour are not clear, although the process instability noted at above about 1.75kJ/mm may
have been contributory. More consistent nitrogen recovery was obtained in the butt welds, and
it may be possible to obtain even higher weld metal nitrogen contents by the addition of more
than 3%N, to the shielding gas. Caution is, however, necessary, since this approach is likely
to cause unacceptable degradation of the tungsten electrode.

Other work has shown (8) that nitrogen segregation may be less significant in weld metal than
suggested by its high factor in pitting indices derived for wrought base metal. Nonetheless,
Figs 7 and 8 indicate an overall beneficial effect of nitrogen on weld metal pitting resistance.
Considering the melt runs, welds made in I C757 with Ar/3%N-, shielding performed better
than either series of welds in 1 C380. This difference is attributed to different nitrogen levels
since other elements which determine corrosion resistance (namely Cr and Mo) are similar
for both steels, (Table 1).

Effect of Welding Conditions

The reduction in corrosion resistance with increase in arc energy was consistent for melt runs
in both parent steels welded using two shielding gases, and for the tube butt welds. For the
melt runs, this trend was found by both corrosion methods used. The polarisation data in Fig
6 indicate a drop in pitting potential of up to some 500mV from the parent steel value.
Similarly, for the FeCl , corrosion tests, an increase in arc energy from 0.25kJ/mm to
2.5kJ/mm is accompanied by a reduction in CPT of approximately 10-30'C, depending upon
alloy composition, weld configuration, shielding gas and pitting resistance criterion. These
shifts are significant, and there is clearly an advantage in welding high alloy steels at minimal
arc energy. It does not appear that travel speed has a major influence on pitting behaviour,
although the range emp'iyed was fairly small.

A similar effect of arc energy on weld metal behaviour has been reported previously (3) but
the mechanism has not been identified. While Garner considered it due to a change in the
orientation of the columnar dendrites at the surface of the weld metal, this is unlikely to be
the cause in the general case. Certainly, the microstructures in Fig 2 do not indicate any clear
change in solidification pattern with varying arc energy. Three reasons can be postulated for
degradation in corrosion resistance with increasing arc energy, namely loss of nitrogen, an
increase in second phase particles and more extensive residual segregation at higher arc
energy :-:vels.

On the basis of the current results, nitrogen level was shown to be effectively independent of
arc energy. Hence, an effect due to varying nitrogen can essentially be discounted.

The volume fraction of the second phase determined in the root pass of the butt welds
increased with arc energy (Table 3). The phase was non-magnetic, and, from the XRD
studies, is most probably sigma, or other intermetallic, phase. Its formation would be
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enhanced by the segregation of Cr and Mo to interdendritic regions, and it would increase in
volume fraction with cooling time, as experienced in higher arc energy runs. The effect of
such intermetallic particles on corrosion behaviour is likely to be adverse by denuding the
surrounding matrix of Cr and/or Mo. At the same time, the amount of sigma phase did not
clearly increase in the Ar/3%N, weld beads, even though these also displayed reduction in
pitting resistance at high arc energy, and further work is necessary to clarify the situation.

Autogenous GTA melt runs in this alloy class solidify as primary austenite, with rejection of
ferrite-stabilising elements at the advancing liquid/solid interface. The EDX data in Table 4
do not show an obvious effect of arc energy on segregation, but the spot analysis size of some
2Rtm is of the same order as the solidification structure. Hence, the extremes of segregation
are unlikely to be identified by EDX analysis. While diffusion will occur in both liquid and
solid states, the effects of varying arc energy and cooling cycle on resultant weld metal
segregation have not been defined. Segregation during solidification would be less marked
with more rapid solidification (9), but it is likely that solidification rate was in fact fairly
constant over the range of welding conditions used. The fine dendrite spacing at low arc
energy indicates a reduction in cooling time between liquidus and solidus (10), but given the
accompanying steeper temperature gradient, this does not necessarily mean a marked change
in solidification rate. Homogenisation by solid state diffusion would be limited by the low
diffusion coefficients particularly of substitutional elements in austenite, although it can be
remarked that homogenisation would be enhanced by the fine structure at low arc energy.

Practical Implications

It can be concluded that, to optimise autogenous GTA weld metal corrosion resistance, low
arc energies and nitrogen bearing shielding gases should be employed. Such practice could
be adopted in, for example, the root pass of a pipe weld, and a major point is that the CPTs
obtained in FeCI3 of about 50-55'C are directly comparable with reported data on welds
made using Ni-base fillers (4-8). The arc energies employed in this study were selected to
investigate the effect of corrosion behaviour and values as low as 0.25kJ/mm may not be
achieved in practice. Nevertheless, arc energy levels of say 0.50 to 0.75kJ/mm for autogenous
TIG root passes are practicable, and, given such small beads, some degree of elemental
diffusion and homogenisation by fill passes may also be of benefit. In this regard, it should
be feasible to use higher arc energy for second and subsequent fill passes, provided that the
root is not remelted.

Conclusions
1. The arc energy used affected melt zone corrosion resistance, with a high arc energy

being detrimental. Over the arc energy range studied of 0.25 to 2.5kJ/mm, critical
pitting temperatures in ferric chloride were reduced by up to 30'C, and pitting
potentials by 500mV. Varying travel speed from 100-150mm/min did not have a
major effect on pitting behaviour.

2. Weld metal nitrogen content was increased by employing Ar shielding gas containing
3%N,. Autogenous GTA runs with higher nitrogen contents possessed superior
corrosion resistance compared with lower nitrogen weld heads.
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3. In many applications, high alloy austenitic stainless steels can be welded autogenously
without unacceptable loss of pitting resistance. Optimum results are expected by
keeping arc energy low and by the use of nitrogen-bearing shielding gases.
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Table 1 Chemical compositions of parent steels

Element, wt % PIO

Steel
identity C S P Si Mn Ni Cr Mo Cu N2

1C380 0.016 0.011 0.029 0.62 0.50 18.0 19.8 6.2 0.71 0.184 43.3

1C757 0.016 <0,001 0.018 0.39 0.37 18.1 19.8 6.0 0.64 0.207 42.9

1C638 0.018 0.007 0.03 0.72 0.80 17.7 19.5 6.19 0.80 0.207 43.8

UNS31254 0.020 0.010 0.030 0.80 1.00 17.50- 19.50- 6.00- 0.50- 0.180-
max max max max max 18.50 20.50 6.50 1.00 0.220

"Pitting Index = PI = Cr + 3.3Mo + 16N

Table 2 Welding conditions, bead on plate (BOP) runs, root and fill passes

Weld Current, A Voltage, V Travel speed, mm/min Arc energy, kJ/mm

BOP/Root runs 56 8.0 100 0.25
83 10.0 100 0.5

120 10.4 100 0.75
180 11.5 100 1.25
260 12.0 150 1.25
220 13.0 100 1.75
240 14.0 100 2.00
260 16.0 100 2.50

Fill passes 110 10.0 340 0.20

Polarity = DC, electrode negative
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Table 3 Percentage of second phase in root weld metal

Arc energy, kJ/mm Ar shielding Ar/3%N2 shielding

0.25 0.5 3.5
0.50 2.5 2.0
0.75 2.5 3.0
1.25 5.0 3.5
1.25* 6.5 2.0
1.75 4.5 3.0
150mm/min

Table 4 Results of EDX analysis: GTA runs in 1C380 with Ar shielding

Region analysed Arc energy, kJ/mm Element*, wt % (Mean of 6 readings)

Mo Cr Ni

0.5 5.0 18.4 17.5
Dendrite cores 0.75 5.2 18.4 17.2

2.50 4.7 18.3 17.6

Interdendritic 0.5 7.0 20.0 17.4
regions 0.75 6.9 19.5 17.7

2.5 7.1 19.7 17.8

Table 5 Nitrogen contents of butt weld root passes

Nitrogen content, wt %

Arc energy, kJ/mm Ar shielding Ar/3% N2

0.25 0.171-0.190 0.199-0.218
0.180 0.212

0.5 0.211-0.242 0.263-0.291
0.228 0.274

0.75 0.174-0.184 0.248-0.249
0.179 0.248

1.25 0.204-0.207 0.256-0.262
0.206 0.259

1.25 (150mm/min) 0.205-0.207 0.265-0.279

0.206 0.272

1.75 0.204-0.207 0.249-0.256

0.205 0.254

Parent material 0.205-0.209 Three readings and expressed as awI-g
Thre02average
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Fig.?1 Microstructure of steel 1iC 757, X200. Fig.2 Representative melt run cross-sections: 1C380:
Ar, X5:

a) 075kJ/mm, b) 2OkJlmm.

jpe~

Fig.3 Melt run inicrostructures: 1C 380.' Ar, X500:
a)0 5kJlmm; b) 2.5 k.1/mm.
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Fig.8 Effect of arc anergy on FeCl. CPTs: butt weld roots.

Fig.9

a) Corrosion pit in butt weld root bead: 0. 75 kJlmm: Ar shielding, X25;
b) Preferential corrosion at second phase in butt weld root run: 0. 75 kJ/mm: Ar shielding,

X200.

Fig. 10 Fusion boundary pitting in butt weld root:
1.25 kJ~mm: Arl3%N2 shielding, X25.
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Abstract
The existence of an unmixed zone at the fusion line of a weldment has been recognized for more than 20
years. The effect of that distinct region on the corrosion resistance of high alloy weldments has not,
however, been addressed in any detail. This paper examines the extent and the corrosion resistance of
the unmixed zone in a nickel-base solid solution strengthened material (UNS number N06985) welded
using both matching filler material (UNS N06985) and overalloyed welding filler material (UNS N06022).

Laboratory immersion corrosion testing was conducted in an oxidizing acid environment and an oxidizing
acid-chloride environment. These environments were used to characterize the uniform and pitting corrosion
resistance of the base material, as well as various weldment conditions. Weldment corrosion results were
then compared with the results of unwelded base material to assess total weldment corrosion resistance.
From this, it was concluded that unmixed zones have increased susceptibility in oxidizing acid-chloride
(pitting corrosion) environments. On the other hand, no preferential attack was noted at the unmixed zone
in the oxidizing acid (uniform corrosion) environment.

In aadition to immersion corrosion testing, Auger electron spectroscopy (AES) was conducted on several
weldments to characterize the solidification structure of both the unmixed zone and the fusion zone. AES
area scan microchemical analysis confirmed that a narrow cast microstructural region exists, between the
wrought base material and an overalloyed weld fusion zone, which has the composition of the wrought
base material. In addition, by using point count AES analysis techniques, it was confirmed that the
unmixed zones, as well as the fusion zones, have regions depleted in molybdenum. The molybdenum ratio
of the bulk material to these depleted regions was between 0.7 and 0.8.

Key terms: GMAW, GTAW, nickel-base alloys, overalloyed weldments, pitting corrosion, SMAW, uniform
corrosion, unmixed zone, welding

Introduction
The use of nickel-base welding filler materials to join lower alloy base materials has been suggested and
recommended for many years. It is generally believed that when overalloyed filler materials are used, the
fusion zone (the weld metal) will be immune to corrosion attack relative to the base material and thus the
base material will become the governing factor in the corrosion resistance of the weldment. From an
aqueous corrosion standpoint, alloy 625 (UNS N06625) is often considered for such overalloyed filler metal
applications.

As C-22TM alloy (UNS N06022) has improved corrosion resistance when compared to N06625, N06022 is
a natural upgrade over N06625 and is being increasingly considered for such overalloyed welding
situations. As noted in the Background Section, local corrosion attack has been noted at the fusion
boundary when various nickel-base filler metals have been used to join lower alloyed base material. One
example of such attack is shown in Figure 1. In this case, N06022 welding coated electrodes were used
to join HASTELLOY® alloy G-3 (UNS N06985) base material.
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Because welding was performed using the shielded metal arc welding (SMAW) process, the level of
nonmetallic inclusions in the fusion zone is expected to be high and uniformly distributed. On close
examination of the interface (see lower photomicrograph in Figure 1), however, there is a region of cast
microstructure that contains no inclusions. Such a cast region that appeared not to have mixed with the
welding filler material was identified as an example of an "unmixed zone" and as such could explain the
local fusion boundary attack. Other accounts of fusion boundary corrosion attack are discussed in the
literature review presented in the Background section of this paper.

The purpose of this work was to investigate the. effect of unmixed zones on the corrosion resistance of
overalloyed weldments. In this work, a 7% molybdenum containing nickel-base material (UNS N06985)
was welded using a matching filler material (N06985) and an overalloyed filler material (N06022). Two
immersion corrosion tests were used to simulate oxidizing acid environments (designed to promote uniform-
type corrosion attack) and oxidizing acid-chloride environments (designed to promote localized pitting-type
attack). In each case, the region at the fusion line was carefully examined for selective corrosion attack
that might have been caused by the presence of an unmixed zone. In addition to corrosion testing, optical
metallographv and Auger electron spectroscopy (AES) were performed to characterize the structure and
composition of the various weldment regions.

Background
The existence of an "unmixed" region at the fusion line in weldments was identified nearly 30 years ago.
Savage referred to this region as the "superheat-melt-back-region" in a paper in 1966.' In later work, this
region was redefined as the "unmixed zone."2'3 Matthews reports that such unmixed zones form "when the
melting range of the consumable electrode is equal to or greater than the melting range of the base
material."2 A proposed definition for the unmixed zone was presented in the Szekeres paper in 1976.3 The
current American Welding Society definition of the unmixed zone is: A thin boundary layer of weld metal,
adjacent to the weld interface, that solidifies without mixing with the remaining weld metal.4

Measurements of unmixed zone widths for several welding processes were investigated using 304 base
metal and 316 filler material. It was concluded that "the width of the unmixed zone increases with
increasing arc energy and dilution."'

Limited information is available on the effect of the unmixed zone on corrosion resistance of weldments.
One major welding study examined the effect of unmixed zones on the stress corrosion cracking of 304L
stainless steel welded with 310 and 312 stainless steel filler materials.6 The unmixed zones that were
investigated in that work solidified with a two-phase (austenite + ferrite) microstructure. The corrosion
attack noted in that work either showed environmentally assisted cracking resulting from dissolution of the
ferrite phase in the unmixed zone or base metal SCC unrelated to the unmixed zone.

Concerns over corrosion of unmixed zones in single-phase solid-solution strengthened corrosion-resistant
alloys are raised in two papers. First, Garner in a paper on pulp bleach plant corrosion made several
references to possible selective attack at the unmixed zone when nickel-base overalloyed filler metals
(N06625) were used on lower alloy base materials.' More recently, Norby reported preferential interface
corrosion attack of nickel-base a.loys in a nitric + hydrofluoric acid environment.8

Procedure
Immersion Corrosion Testing
Corrosion test samples were fabricated using the gas tungsten arc (GTAW) and the gas metal arc (GMAW
variable pulse mode) welding processes. Samples were prepared using both matching welding filler
material and overalloyed welding filler material. The welding parameters used in this work are detailed in
Table 1. Nominal chemical compositions of the various alloys are indicated in Table 2.

Corrosion testing was conducted on duplicate samples per standard labordtory procedures. Before testing,
coupons were grit blasted in a mild alumina abrasive slurry. Testing was conducted using the ASTM G-28A
(boiling ferric sulfate - 50% sulfuric acid) test, an oxidizing acid environment, and the NaCI-HCI test, i,'-
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oxidizing acid-chloride environment. The chemical compositions of the environments are detailed in Tables
3 and 4.

The ASTM G28A testing was conducted for 120 hours at boiling and was used to determine the resistance
to uniform (i.e., nonpitting) corrosion attack. Results from this test are reported as millimeters per year
(mmpy) of corrosion attack.

The NaCI-HCI test was conducted to determine resistance to localized corrosion (pitting) attack. NaCI-HCI
corrosion testing was conducted for 24 hours at various test temperatures to determine the transition
temperature, measured at 2.5'C increments, between a pitting and a nonpitting condition. This transition
temperature is called the critical pitting temperature (CPT). Pitting was determined by visual inspection
using a stereomicroscope at a magnification of IOX. To provide complete corrosion attack documentation,
weight loss data was determined and is reported as millimeters per year (mmpy) of corrosion attack at the
critical pitting temperature.

Comparative Chemical Analysis
Chemical analyses of the various weld fusion zoi:es were determined using a scanning electron microscope
(SEM) equipped with an energy dispersive X-ray spectrometer (EDS). Analysis of each weld pass for the
four weldment conditions was determined and then divided by the actual composition of the wrought base
material. Standard SEM laboratory procedures were used. The accelerating voltage was 30 KV.

Metallography
Metallographic samples were mounted, polished and etched using standard laboratory techniques. After
final alumina polishing, samples were electropolished in a solution of sulfuric acid + methanol and then
electrolytically etched in a solution of ', ydrochloric + oxalic acids.

Auger Electron Spectroscopy
Small cross-section gas tungsten crc welded (GTAW) samples were removed from matching and
overalloyed corrosion testing coupons. The samples were mounted and polished through the diamond
polishing stage. Samples were then removed from the mount and lightly electrolytically etched in a solution
of 10% hydrochloric acid + methanol. The polished and etched samples were thoroughly cleaned and
examined in the as-etched -ondition. Analysis was c ,nducted using a Perkin Elmer Phi 660 Scanning
Auger Microprobe. The surface was sputter cleaned for at least 5 minutes before analysis and was
sometimes sputter cleaned between analyses. Raw chemical analysis data was reported in atomic percent.
Raw (atomic percent) data was converted into weight percent for comparison to nominal chemical analysis
information.

Results
Immersion Corrosion Testing
Corrosion results for the oxidizing acid environment are documented in Table 3. Corrosion results for the
oxidizing acid-chloride environment are documented in Table 4. Graphical presentations of those results
are shown in Figure 2. Photomicrographs showing the key metallurgical features of the various weldment
conditions (both uniform and pitting environments) are shown in Figures 3 through 6.

The results of ASTM G28A corrosion testing (see Table 3 and Figure 2) are as expected for such a highly
oxidizing environment. Preferential fusion zone etching w3.3 noted for each welding condition. Such
selective attack of the fusion zone accounts for the generally higher corrosion rates in the as-welded
condition as compared to thce wrought unwelded base material. The higher corrosion rates noted for the
overalloyed fiier metal couprns result from the inherently higher corrosion rates noted for N06022 alloy
as compared to N06985 alloy in highly oxidizing environments For example, wrought unwelded N06022
base material corrosion rates in ASTM G2i-'A are 1 mmpy as compared to 0.3 mmpy for N06985 alloy Of
greatest importance to this work. however, is the fact that melallographic examination (see Figure 3) did
not reveal preferential fu!ý")n line attack tnder any weldment condition
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Results of the oxidizing acid-chloride corrosion testing are summarized in Table 4. The CPT for each
welding condition is plotted in Figure 2. The critical pitting temperature for unwelded wrought base material
was 67.5C (based upon the minor edge pits noted on both samples) The critical pitting temperature, if
edge pits were ignored, was 700C. These results compare well with previously published CPT data for
N06985. 9 In contrast, the matching filler metal weldments (N06985 filler metal) showed critical pitting
temperatures in the 40-42.5 C range. This represents a drop of about 25'C in critical pitting temperature
as compared to the wrought unwelded base material. This lowering in CPT, while larger than seen in other
environments (20-C is more typical) and alloy systems, is expected in oxidizing acid-chloride environments.
It is attributed to molybdenum segregation that occurs upon solidification.

Results of NaCI-HCI testing of the overalloyed weldment samples again show a lowering of critical pitting
temperatures when compared to the unwelded base material. However. the difference here is 100C rather
than 25ýC as noted above. This increase in CPT represents an improvement in weldment pitting
resistance. but clearly the overalloyed filler material weldments did not achieve corrosion resistance
equivalent to the wrought base material.

Results from NaCI-HCt weldment testing show nearly all reported pits were confined to the weld fusion
zone. For weldments made using matching filler materials, the pits were usually randomly distributed over
the fusion zone surface. On the other hand, results of overalloyed filler metal testing show pitting attack
to be more often confined to the boundary between the base material and the weld metal. This was
particularly true for the GMAW overalloyed weldment where all observed weld pits were identified as fusion
line pits. For the GTAW overalloyed weldments, some fusion zone pitting was observed in addition to
fusion line pitting. Examples of fusion line attack are shown in Figures 4 and 5. Notice that pitting initiates
at the fusion line. propagates along the fusion line, and then into the wrought base material (probably by
crevice corrosion).

These differences in pitting response are due to differences in the chemical compositions among the
various welding conditions. The SEM-EDS chemical analysis data shown in Table 5 provides relative
composition data as compared to the unwelded base material. The overalloyed weld passes show higher
molybdenum and lower iron than the N06985 alloy composition. Further, the GTAW (overalloyed)
weldment shows higher iron content and lower molybdenum when compared to the GMAW (overalloyed)
weldrnent. This suggests that the GTAW process produced higher base metal dilution when compared to
the GMAW process. The higher molybdenumn and lower iron content of the GMAW (overalloyed) weldment,
as compared to the GTAW (overalloyed) weldment, would be expected to improve the fusion zone pitting
resistance'and thus tend to force corrosion attack elsewhere.

Metallographic Examination
Differences in fusion line etching response are clearly visible among the various weldment conditions.
Samples that contain matching welding filler materials show an abrupt transition between the wrought base
metal and the cast weld metal (see upper photomicrograph in Figure 6). On the other hand, the
overalloyed samples show a narrow region at the fusion line that etches very differently (see Figures 1, 3,
4 and 6). Examination of the overalloyed weldment fusion lines at hiqh magnification (see Figure 6) shows
a narrow region to have a cast microstructure that is quite different from the bulk as-cast weld fusion zone
microstructure This region is identified as an unmixed zone. It represents base material that melted and
then solidifipd but did not mix with the overalloyed filler material.

It should be noted that unmixed zones are expected no matter what the base/filler metal combination. That
is. the matching filler metal weldments also contain unmixed zones However, because the nominal
compositions of the base material and the filler material have the same as-cast composition, the unmixed
zone is nominally the same as the fusion zone Such a condition would therefore not be expected to show
differences in etching effects or corrosion resistance The difference in chemical composition between the
thin as-cast t"O6985 base metal composition and the as-cast composition of the overalloyed filler material
accounts for tne difference in etching response.
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Auger Electron Spectroscopy
AES was used to characterize the chemical composition of the unmixed zone because composition analysis
can be obtained in a region 0-3 nanometers from the surface for all elements except hydrogen and
helium.'o The Auger electrons are emitted from a region very near the surface as opposed to the primary
x-ray excitation region that can be as large as 1 cubicmicrometer. This near surface capability allows
analysis of cast (dendritic) microstructure with a minimum of subsurface composition interaction.

Results of Auger electron spectroscopy chemical analysis (converted to weight percent) are presented in
Tables 6, 7, and 8. Table 6 contains data on area scans for both the matching and overalloyed weldment
configurations. Table 7 contains data on point analysis of the matching weldment configuration for both
the fusion zone and the unmixed zone regions. Table 8 contains data on point analysis for the overalloyed
GTAW weldment. Table 9 provides partitioning data for the various fusion and unmixed zones. Finally,
Figure 8 provides reproductions of original polaroid scanning photomicrographs of the GTAW weldments
used in this investigation. Differences in fusion line structure are evident in these scanning
photomicrographs.

It should be understood that the reported microchemical analysis data are not intended to represent
absolute composition levels. As the data was collected without benefit of calibrated standards, the data
is being used to compare one area or point against another within the microstructure.

The results of area scan analysis show that the chemical analysis of the unmixed zone (overalloyed filler
metal weldment) has the same chemical composition as the transition region (unmixed zone) of the
matching weldment (see Table 6 and Figure 7). As shown, the molybdenum content for the three regions
of the matching filler metal weldment, and two regions of the overalloyed weldment, is near 11%. On the
other hand, the molybdenum content of the fusion zone for the overalloyed weldment is reported to be
greater than 15%. Iron content as well is shown to decrease significantly in the fusion zone of the
overalloyed weldment when compared to either the base material or the unmixed zone. These differences
in molybdenum, as well as the differences in other alloying elements, are plotted in Figure 7.

It should be noted that during this area analysis work, care was taken to have the scanned regions
significantly larger than any individual microstructural feature such as wrought grains or dendritic structure
of the cast material. This should insure that these results represent a true average composition for each
region.

Besides the area scan information, individual point analysis information also confirms that the unmixed zone
has the composition of the wrought base material. For example, the molybdenum contents of the dendrites
of the matching weldment fusion zone and unmixed zone are 9.2% and the dendrite molybdenum content
of the overalloyed weldment unmixed zone is 7.4%. This compares with molybdenum content of 12.8%
for the fusion zone dendrites of the overalloyed weldment. The very low level of molybdenum in the
dendrites of the unmixed zone is a clear indication that no mixing occurred between the overalloyed filler
metal and the unmixed zone.

As data is available for both bulk composition (area scan) and composition of the dendrite and interdendritic
regions, it is possible to determine partitioning coefficients for the various cast weldment conditions. Such
information concerning the segregation of alloying elements is presented in Table 9. Clearly, the most
obvious element to show significant segregation is molybdenum. In both the matching and the overalloyed
filler metal situations, the ratio of molybdenum in the dendrites compared with the bulk analysis is between
0 7 and 0 8

Discussion
As molybdenurm is the most important alloying element in determining localized (pitting) corrosion resistance
in oxidizing acid-chloride environments , the differences in molybdenum content among the various regions
can help explain the reduced pitting corrosion resistance found during immersion corrosion testing. From
the matchrigl fillr metal standpoint, the random occurrences of pits over the various fusion zone surfaces
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can be explained by the fact that the matching filler metal samples have the same molybdenum content
in both the unmixed zone and the fusion zone.

On the other hand, the unmixed zone of the overalloyed weldment has molybdenum content at the dendrite
cores of 7.4% compared to 12.8% molybdenum content for the overalloyed fusion zone dendrite cores.
Such differences in as-cast minimum molybdenum content will have an effect on pitting corrosion resistance
of the various regions in the overalloyed weldments. Further, as the molybdenum content of the dendrites
of the overalloyed fusion zones is higher than that of the wrought base material, it is argued that the
overalloyed fusion zones possess superior pitting corrosion resistance when compared to the wrought base
material. This leaves the unmixed zones with lower molybdenum content than any other region of the
overalloyed weldment. Given this, there are three regions, from a corrosion susceptibility standpoint, in an
overalloyed weldment. Those regions are the wrought base material, the cast base material (unmixed
zone) and the cast welding filler material. Of those regions, the unmixed zone region is the most
susceptible to pitting corrosion attack.

Because the unmixed zone region of the overalloyed weldment has a cast microstructure of N06985 alloy
composition, that region would be expected to have the same critical pitting temperature as the fusion zone
of the matching filler material weldment. Therefore, this should lead to selective pitting attack in the
unmixed zone at or near the established critical pitting temperature (40-42.50C) of the matching composition
weldment.

Clearly, the critical pitting temperature of the overalloyed filler metal weldments is about 150C higher than
that of the matching composition filler material. This difference in CPT between the observed matching filler
material and the overalloyed filler materials cannot be explained based upon the work conducted.
However, it has been established that a susceptible region at the fusion boundary does exist. Because
this region has a composition that of the base material, the corrosion resistance of an overalloyed weldment
is still controlled by the base material. Further improvements in weldment corrosion resistance can
therefore only be obtained by increasing the alloy content of the base material.

Conclusions
1. Based upon immersion corrosion testing in an oxidizing acid-chloride environment, differences in

critical pitting temperatures were measured between the wrought unwelded base material and
samples welded with matching and overalloyed welding filler materials. The critical pitting
temperature was lowest when matching filler materials were used. When overalloyed welding filler
materials were used, the critical temperatures increased but did not equal the critical pitting
temperature of the unwelded wrought base material.

2. Auger electron spectroscopy (AES) area scan microchemical analysis and optical metallography
confirm that a narrow cast region exists between the wrought base material and an overalloyed filler
metal fusion zone, which has the composition of the wrought base material. By using point count
AES analysis techniques, it was shown that the unmixed zones, and the fusion zones, have regions
depleted in molybdenum content. The ratio of the bulk material to these depleted regions was
between 0.7 and 0.8.

3. The existence of molybdenum depleted regions in the unmixed zone of an overalloyed weldment
explains the preferential pitting corrosion attack that was noted at the weld fusion line.

4. Unmixed zones were observed using three different welding processes (GTAW, GMAW and SMAW).
The widest unmixed zone was noted with the gas metal arc welding process and the narrowest zone
was noted with the gas tungsten arc welding process.
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5. As the unmixed zone has a composition that of the base material, the corrosion resistance of an
overalloyed weldment is ultimately controlled by the base material. Therefore, improvements in
weldment corrosion resistance may have to be obtained by increasing the alloy content of the base
material.
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Table 1

Welding Parameter Information

F Welding Parameters GTAW GMAW SMAW

Base Metal UNS N06985 UNS N06985 UNS N06985
Thickness 3.2 mm 3.2 mm 3.2 mm

Matching Filler Metal UNS N06985 UNS N06985 n/a
Diameter 3.2 mm 3.2 mm

Overalloy Filler Metal UNS N06022 UNS N06022 UNS N06022
Diameter 3.2 mm 3.2 mm 3.2 mm

Preheat temperature RT RT RT

Interpass Temperature 1001C max. 100°C max. 1000C max.

Shielding gas 100% Argon Ar+He+C0 2 mix n/a
Flow rate 14 Lmin 16.5 L/min

Electrical parameters DOCEN DCEP DCEP
Amperage 250 amps 90 -110 amps 90 amps
Volts 9 - 12 volts 18 - 20 volts 22 - 24 volts
Travel speed 23 cm/min 25 - 38 cm/min 19 crr/min

Welding Techniques Airline system; Variable pulse manual welding
Copper backup synergic system

Table 2

Nominal Chemical Composition of Base and Filler Materials
(weight percent)

Elements [:UNS N06985 UNS N06022 I
Carbon 0.015 max 0.015 max

Chromium 22.0 22.0

Cobalt 5.0 max 2.5 max

Copper 2.0 -

Iron 19.5 3.0

Manganese 1.0 max 0.5 max

Molybdenum 7.0 13.0

Nickel 44.0 56.0

Niobium 0.5 max -

Phosphorous 0.04 max 0.02 max

Silicon 1.0 max 0.08 max

0.2 max *

Sulfur 0.03 max 0.02 max

Tungsten 1.5 max 3.0

* = Limit for Coated Electrodes (SMAW)
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Table 3

Corrosion Results in Oxidizing Acid Test Environment
(reported in mm/y)

Unwelded GTAW GMAW GTAW GMAW
Base Metal (matching) (matching) (overalloy) (overalloy)

Test 1 0.29 0.41 0.44 0.45 0.49

Test 2 0.32 0.43 0.41 0.44 0.54

Average 0.31 0.42 0.43 0.45 0.52

ASTM G-28A = 25 grams Fe 2(SO4 )3 + 236 mL H2SO 4 + 400 mL H20

Table 4

Corrosion Results in Oxidizing Acid-Chloride Test Environment
(reported in mm/y)

Corrosion rates I CPT (-C) [ Comments

Unwelded 0.01 67.5 Minor edge pitting
Base metal 0.01 Minor edge pitting

GTAW 0.08 40.0 Pit on weld face
(matching) 0.03 No pitting noted

GMAW 0.01 42.5 No pitting
(matching) 0.01 Fusion zone edge pitting

GTAW 0.03 57.5 No pitting
(overalloy) 0.03 Fusion zone pitting

GMAW 0.03 57.5 Fusion line pitting
(overalloy) 0.36 Fusion line edge pitting

NaCI-HCI solution = 40 grams NaCI + I gram Fe 2(S04 )3 + 1 mL HCI + 957 mL H20
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Table 5

Ratio of Weld Fusion Zone Chemical Analyses Compared to Wrought Base Material

Elements GTAW GMAW GTAW GMAW

(matching) (matching) (overalloy) (overalloy)

Ps Pass 1 Pass1 Pass 2 Pass 1 Pass 2 Pass 1 Pass 2

Chromium 1.01 1.00 1.02 1.00 0.98 0.93 0.94 0.96

Iron 1.00 1.01 0.97 1.01 0.70 0.58 0.47 0.40

Molybdenum 0.75 0.62 0.95 0.69 1.08 1.28 1.56 1.18

Nickel 0.95 0.95 0.91 0.93 1.02 1.07 1.01 0.95

Tungsten 1.04 0.96 0.96 0.88 1.12 1.04 1.44 1.28

Table 6

Auger Electron Spectroscopy Area Scan Chemical Analysis
(weight percent)

IElements Base Metal Unmixed Zone Fusion Zone

Matching Filler Metal Analysis

Chromium 25.6 26.0 25.4

Molybdenum 11.1 11.1 11.0

Iron 20.6 23.4 26.1

Nickel 41.7 38.6 37.2

Overalloyed Filler Metal Analysis

Chromium 25.0 26.01 23.4

Molybdenum 10.5 11.2 15.3

Iron 21.7 22.2 16.4

Nickel 40.9 39.1 43.2
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Table 7

GTAW Auger Spectroscopy Point Analysis of Matching Weldment Configuration
(weight percent)

Elements !. Weld Fusion Zone [ Unmixed Zone

Interdendritic Dendrite Interdendritic Dendrite

Chromium 25.7 24.5 27.5 26.2

Molybdenum 10.9 9.2 13.9 9.2

Iron 235 24.4 21.9 23.7

Nickel 38.8 40.7 35.8 39.7

(Average of 2 analysis points per region)

Table 8

GTAW Auger Spectroscopy Point Analysis of Overalloyed Weldment Configuration
(weight percent)

Element Weld Fusion Zone Unmixed Zone

I nterdendritic J Dendrite , Interdendritic J Dendrite

Chromium 26.7 26.4 26.3 24.4

Molybdenum 16.4 12.8 13.1 7.4

Iron 15.6 16.2 20.0 23.4

Nickel 39.0 41.7 38.2 42.0

(Average of 2 analysis points per region)
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Table 9

Partitioning of Elements for the Various Fusion and Unmixed Zones
(weight percent)

Elements Bulk Area Dendrite Dendrite Interdendritic Interdendritica]

II __ N06022 Fusion Zone Partitioning Ratios

Molybdenum 15.3 12.8 0.8 16.4 1.1

Chromium 23.4 26.4 1.1 26.7 1.1

Iron 16.4 16.2 1.0 15.6 1.0

Nickel 43.2 41.7 1.0 39.0 0.9

___ N06985 Fusion Zone Partitioning Ratios

Molybdenum 11.0 9.2 0.8 10.9 1.0

Chromium 25.4 24.5 1.0 25.7 1.0

Iron 26.1 24.4 0.9 23.5 0.9

Nickel 37.2 40.7 1.1 38.8 1.0

II Matching Filler Metal Unmixed Zone Partitioning Ratios

Molybdenum 11.1 9.2 0.8 13.9 1.3

Chromium 26.0 26.2 1.0 27.5 1.1

Iron 23.4 23.7 1.0 21.9 0.9

Nickel 38.6 39.7 1.0 35.8 0.9

[I Overalloyed Filler Metal Unmixed Zone Partitioning Ratios

Molybdenum 11.2 7.4 0.7 13.1 1.2

Chromium 26.0 24.4 0.9 26.3 1.0

Iron 22.2 23.4 1.1 20.0 0.9

Nickel 39.1 42.0 1.1 38.2 1.0
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SMAW weld coupon showing fusion line
corrosion attack

SMAW weld cross-section showing fusion line pitting attack

High magnification photomicrograph showing narrow zone at
fusion line that does not contain nonmetallic particles

Figure 1: Example of Local Corrosion Attack Noted Adjacent to Fusion Zone
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Figure 2. Corrosion Results for Uniform and Pitting Environments
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Figure 3: Oxidizing Acid Environment Results for GTAW (overalloy) Specimen

Figure 4: Example of Fusion Line Pitting in GMAW Overalloy Weldment
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Matching Filler Metal

Overalloyed Filler Metal

Figure 8 Scanning Electron Micrographs of GTAW Fusion Line and Unmixed Zones
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Corrosion and Behavior of SAW Stainless Steel

Filler Metals with N2 and Mn*

AL Gil-Negrete

* Paper not available at time of publication.
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BENEFICIAL EFFECTS OF NITROGEN ADDITIONS
ON THE MICROSTRUCTURE STABILITY AND CORROSION PROPERTIES

OF WELDED UR 52 N + SUPER DUPLEX STAINLESS STEELS

Jacques CHARLES, Michel VERNEAU, Bernard BONNEFOIS
CREUSOT-LOIRE INDUSTRIE
PO Box 56
F - 71202 LE CREUSOT

Abstract

The paper outlines the effects of nitrogen additions on the microstructure stability of the duplex
stainless steels alloys.
The case of welded joints is particularly investigated. It is shown that both base metal and HAZ

are less sensitive to t/y ratio evolutions.
Nitrogen additions contribute also to the improvement of the corrosion resistance properties of
both base metal and welded joint.
The paper presents practical data about the ways to increase the nitrogen content in the weld
metal. Welding parameters including heat input, shelding gas and backing gas compositions are
discussed. Corrosion and microstructure investigation are presented.

General Considerations : more nitrogen in duplex alloys ?

The duplex stainless steels are characterized by a two phase structure comprised of a mixture of
f.c.c. austenite and b.c.c. ferrite grains. A rolling texture is usually exhibited for wrought
products (figure 1).

Although the list of duplex alloys presented TABLE I is long, It is far from exhaustive ! This table
also gives the corresponding values of the pitting resistance equivalent PREN = Cr + 3.3 Mo +
16 N. It should be recalled that the superduplex grades are characterized by a value of PREN >
40. The large number of grades illustrated wrought products is due in part to the gradual
optimization of the chemical composition to meet new property requirements and to take
advantage of new technological developments.

However, in the case of wrought products, there are, to-day, essentially only three principal
grades :

a) The composition 22% Cr - 5% Ni - 3% Mo - 0.17% N (UR 45N, SAF 2205, etc...) which can
be considered as the standard duplex stainless steel, and whose nitrogen content has
recently been increased to further improve its corrosion resistance in oxydizing chloride-rich
acid media (essentially an increase in pitting resistance). Its corrosion resistance lies between
those of the austenitic grade AISI 316 and the 5-6 % Mo super austenitic alloys.

b) The super duplex grade with a pitting index PREN > 40, containing 25% Cr, 6.8% Ni, 3.7%
Mo and 0.27% N, with or without copper and/or tungsten additions (UR 52N +, SAF 2507).
They are especially designed for marine, chemical, and oil engineering applications, requiring
both high mechanical strength and resistance to corrosion in extremely aggressive
environments (chloride-containing acids, etc.).
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The corrosion resistance is equivalent to that of the super austenitic steels containing
5-6 % Mo.

c) The 23% Cr - 4% Ni - 0.10% N, molybdenum-free grade (UR 35 N), an economical material,
which, for the majority of applications, can be used to replace the austenitic grades AISI 304
and/or 316

It is noteworthy in TABLE I that several commercial grades with different analytical balances can
be covered by the same specification (e.g. by UNS S32550 for the grades UR 52 N,
FERRALIUM 255 and UR 52 N +). Figure 2 illustrates the large compositional ranges permetted
for a given specification. The corresponding maximum and minimum values of the pitting index
PREN = Cr + 3.3. Mo + 16 N are also indicades. This example clearly shows that standards
such as the UNS specifications are insufficient to define a material with a precise range of
properties. It is recommended to apply additional restrictions on chemical composition, and/or
complementary acceptance tests, particularly as regards corrosion resistance. This point is of
great importance for industrial applications.

Effects of nitrogen on the microstructure of duplex alloys

The alloys used up to now have roughly equivalent volume fractions of ferrite and austenite.
This is obtained by work-hardening, followed by solution annealing and quenching, and involves
the simultaneous control of the chemical composition and annealing temperature. Figure 3
shows a schematic isoplethal section of the Fe-Cr-Ni diagram, for an iron content of 68%. The
proportions of each of the phases and their respective compositions are indicated for a given
alloy analysis and annealing temperature (at temperature To, Ao is the composition of the ferrite
and Bo that of the austenite) (1-21.

The difficulty in predicting the microstructure is due essentially to the effects of the other
alloying elements, which modify the phase diagram. Alloy producers use empirical formulae, in
which proportionality coefficients are attributed to each elemer- -id the latter are grouped
together, depending on their tendency to stabilize either the ferrite a Mo, Si, etc.) or the
austenite y (Ni, N, C, Cu, etc...)

TABLE II gives the partition coefficient between the ferrite and austenite phases determined by
micro-analysis. Some data issued from the litterature are also reported. Examination of this table
reveals severals points :

a) The ferrite is enriched in a - stabilizing elements, in the following order: P > W > Cr = Si

b) The austenite is enriched in y stabilizing elements in the following order: N > > Ni > Cu > Mn

c) The partition coefficients for a given element vary very little from an alloy to another except
for nitrogen. This latest point is explaiied by the fact that the solubility limit of nitrogen in the
ferrite is very low and that almost all of the nitrogen goes into solution in the austenite.

It can thus be concluded that the PREN (Cr + 3.3 Mo + 16 N) values of ferritie and austenite
grains are different and that the nitrogen containing duplex alloys have PREN values for both
phases more close from each other, due to the fact that the PREN value of the austenite is
increased by the over alloying in nitrogen while the PREN value of the ferrite grains remains
almost unaffected by an increase of the nitrogen level.
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Figure 4 shows the variation with temperature of the ferrite content (determined by optical
microscopy, using the grid method), for the different ci/Iy steels studied, including in particular a
range of nitrogen contents.

As regards the high temperature stability of the duplex structure, it is important to note the
marked effect of nitrogen compared to those of chromium and molybdenum. The gamma
stabilising action of nitrogen is clearly revealed, since, in spite of larger additions of ferrite-
stabilising molybdenum, for about 0.25% N, the volume fraction of ferrite at 10501C is close to
50% , compared to nearly 60% in the 25 % Cr heat containing only 0.18 %N.
Furthemore, the reversion to ferrite increases more slowly with rise in temperature. This
stabilisation of the duplex structure at high temperatures by the addition of nitrogen is of
particular interest in the heat affected zone (HAZ) of welds.

Figure 5 shows TTT diagrams for the grades UR 35N, UR 45N, and UR 52N +. In the
temperature range 600-1050 0 C, the diagrams are based on optical microscope observations of
the time necessary for the appearence of intergranular precipitation, while in the range 300-
6000C, they are determined from hardness measurements. The diagrams are conservative in
nature and do not imply that the mechanical properties or corrosion resistance are modified as
soon as the boundaries indicated are reached. This is particularly true for the low temperature
ferrite hardening field. The TTT curves are mainly affected by molybdenum and chromium
additions. Nitrogen addition on the opposite have only slight influence on those diagram since
the phases transformations occur mainly in the ferrite which is few concerned by nitrogen
content fluctuations as described previously (main effect on austenite grains) - figure 6. On the
opposite, in cost structure, nitrogen additions are very beneficial since they lower the
microsegregation, and so reduce the Cr and Mo contents of the ferrite.

Effects of nitrogen additions on the mechanical properties of duDlex alloy

Mechanical properties

Figure 7 shows typical tensile properties obtained on hot-rolled duplex steel plate. They should
not be extrapolated to thin section products, such as cold-rolled sheet, or to forgings or
castings. Like all other metals and alloys, their mechanical properties depend on factors such as
the grain size, texture and degree of segregation.

The major characteristic of the duplex stainlesss steels for equivalent corrosion resistance
properties is their extremely high yield strength, twice that of austenitic grades of equivalent
PREN (figure 7). The ultimate tensile strength is also high, while the elongation is greater than
25%. These property levels allow the use of thinner sections, leading to considerable savings in
weight and capital investment.

The high mechanical strength is the result of several simultaneous mechanisms

- interstitial solid solution hardening (C, N) ;
- substitutional solid solution hardening (Cr, Mo, Ni, etc...)
- strengthening by grain refinement, the presence of two phases preventing their mutual
growth during heat treatment ;
- Possible hardening due to the formation of Y 2 phase,
- strengthening due to the presence of ferrite, since, for a similar composition, this phase
is harder than the austenitic structure.

The interstitial solid solution hardening of nitrogen additions in duplex alloys occurs mainly
between 0 and 0,14% Nitrogen additions. For higher nitrogen additions (> 0.14%) no
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complementary hardening effects are observed since in that case the weaker phase is the ferrite
and undergo the first plastic deformation as observed figure 8.

Figure 9 shows the variation of impact strength with temperature for the different families or
stainless steels. The behaviour of the duplex alloys is seen to fall between those of the
austenitic and ferritic grades. It is important to note that the toughness of the duplex materials
remains satisfactory down to temperatures as low as -50 0 C. However, the superduplex steels
appear to have a slightly lower toughness than the other two-phase grades. Also, a certain
scatter in the toughness values is observed at room temperature. This can probably be explained
by texture variations, but could also be due to differences in residual elements. Indeed, the
impact strength can be improved by reducting the oxygen content.

Too high nitrogen levels, may also affect the toughness at low temperature of the duplex alloys
by an over-saturation of the phases in nitrogen, which is known to affect the low temperature
toughness of properties of both phases.

Relation between the chemical composition of the plate,
welding conditions of the microstructure of the HAZ

Experimental procedure

Single pass manual welds were made with different heat inputs on each test plate, without
preheating. The cooling rates, at 700 0 C, were either monitored using thermocouples stuck into
the weld pool, or calculated according to Adam's formulas [3]. The width of the HAZ and the
max. ferrite contents were checked micrographically, with a high magnification (x 800 minimum)
by the grid method.

Parameters influencing the width of the HAZ

In the case of duplex stainless steels, we have defined a "micrographic HAZ" as the base metal
area where, because of the welding thermal cycle, a more or less complet aLy transformation of
the high temperature ferrite has occurred. Its witdth is easily measured but varies with the
welding conditions and the chemical composition of the plate.

Figure 10 shows the effect of the welding heat input on the maximum width of the HAZ for two
different plate thicknesses (UNS 31803). It is obvious from the curves that the welding heat
input cannot be considered alone.

Figure 11 shows that the cooling rate at 7001C can provide an accurate prediction of the
maximum width of the HAZ.

The composition of the plate, and particularly the nitrogen content, which increases the stability
of austenite at very high temperatures has an important effect on the HAZ width. This effect
appears in figure 12. The higher nitrogen grade has a thinner HAZ, for similar welding
conditions.

Accurate measurement of the max, ferrite content of the HAZ

The high nitrogen duplex steels can exhibit very thin HAZs (about 0.1 mm). For this reason, the
magnification used for the metallographic check must be high enough to ensure that the grid
used to measure the ferrite contents always falls in the 8 * y transformed area of the HAZ.
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The micrographs of figure 13 show that, at 400 x magnification, a part of the unaffected base
metal is taken into account for the ferrite determination, which is not the case at 1000 x
magnification.

To determine accurately the maximum ferrite content of the HAZ of a duplex stainless steel
containing more than 0.20% nitrogen, it is necessary to use magnifications over 800 x. This
was not necessarily the case for lower nitrogen contents, because their HAZ is normally wider
(see TABLE l).

In the case of multipass welds, the maximum ferrite content is normally found in the unreheated
HAZ, near the last pass, which does not normally show secondary austenite precipitates. In all
cases, the number of fields should be high enough (> = 30) to obtain a sufficiently accurate
ferrite content (± 4 % normally).

Weldina parameters and maxirmum ferrite content in HAZ

The max ferrite content in the HAZ is plotted in figure 14 against the cooling rate at 700 0 C (for
25% Cr duplex steels). These curves become linear when the logarithm of the cooling rate is
used as the variable. The formulas determined in our laboratory are the core of the "Premic"
software which gives the max. ferrite content in HAZ using the welding parameters (thickness of
plates, welding heat input, or welding conditions and efficiency of each process). We have
tested other criteria to introduce the cooling rate effect, Vr 11001C (0 C/s) or AT 500-800 0 C (s)
but the accuracy of the predictions is not improved.

"Premic" can also be used to calculate the minimum heat input (or the maximum cooling rate)
which guarantees a given maximum ferrite content in the HAZ of a duplex weld, in the as
welded condition. This version of "Premic" applies only to CLI grades, with the same "air
analysis".

Different methods to introduce nitrogen in the duplex weld metal

Nitrogen can be overalloyed in the filler material itself (in addition or in susbstitution to the nickel
increase) to obtain an acceptable ferrite content in the as welded condition. This addition of
nitrogen is not difficult through the metallic powder in the case of cored wire or for electrode
coatings. In the case of solid welding wire, it can be limited by the hot workability of the wire at
the hot rolling stage. For this reason and for welding processes without filler materials (electron
beam for instance) and also in the case of very thin plates, it was essential to develop other
methods of nitrogen addition in the weld pool.

The differents methods that have been studied in greater depth are summarized in TABLE IV.

Some of these methods are still experimental (use of very high nitrogen duplex steel plates, use
of nitride wire). But the others are now used as industrial applications such as the nitrogen
addition in the welding gas in GTAW or PAW.

The studied weld metal compositions are based on the standard 22% Cr duplex (used to weld
UNS 31803 plates) or the 25% Cr superduplex family (such as UNS 32550). In each case,
several nitrogen levels have been tested in order to quantify its effect on the parameters under
study.
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Effect of nitrogen addition on thet technological welding properties

Depending on the welding process, nitrogen alloying can have some measurable effects on
differents aspects of the technological weldability. For instance, for GMAW, the curve of figure
15 shows that the nitrogen addition in the welding gas increases the arc instability, particularly
at high nitrogen levels, corresponding to the cases where nitrogen pick up is very effective. This
undesirable effect of nitrogen in gas exists for GTAW and does not affect the GTAW or PAW of
duplex steels.

On the other hand, an effect of nitrogen additions on the bead geometry has been observed
more frequently in welding without filler and with filler. For instance, in GTAW with nitrided
wire, the ratio D1W, which determines the bead shape, increases when the nitrogen content of
the wire increases as shown in figure 16.

The two curves of this figure 16 show that the relations between the nitrogen content of the
wire and the bead geometry are also depending on the other welding parameters (the welding
speed in this case). These results mean that in the case of welding automation when a constant
bead geometry is required, the selection of the welding parameters should include the effect of
the desired nitrogen content in the wire or in the welding gas.

An other property of the weld, which can be affected by nitrogen additions, is the compactness.
In figure 17, the compactness has been measured by counting the number of porosities detected
by X Ray examination of a 100 mm length weld. The results obtained here (GTAW weld)
indicate that the number of porosities increases with the nitrogen content of the wire. However,
here again, the welding parameters have also an important effect and for instance, the number
of porosities detected by X Ray examination decreases when the weld speed increases.

With a welding speed of 15 cm/mm, the nitrided wire 0.4% nitrogen can be used to obtain an
ASME IX acceptable weld, in terms of X Ray compactness.

Study of nitrogen transfer for different methods of introduction

For welds without filler under inert gas or vacuum, a more or less important part or the plate
nitrogen is transferred into the molten metal.

In EBW, the results given in TABLE V show that for duplex plates with similar thicknesses, the
ratio of transferred nitrogen remains constant (about 80%) even for the very high nitrogen
experimental plate.

In laser welding, a study carried out by the INSTITUT DE SOUDURE (PARIS) [4] shows that the
nitrogen losses cannot be compensated by nitrogen additions in the shielding gas.

For GTAW or PAW, nitrogen additions in the gas are industrially uesd. The amount of nitrogen
added to argon can vary from 3 % (welding with filler) to 20 % (welding without filler with high
cooling rates, in the case of thin plates).

The c' ',os of figures 18 and 19 show that, for GMAW, the transfer of nitrogen strongly
depenu. upon the welding conditions. For instance, nitrogen is easily introduced when the
carrying gas is a Ar +.5% 02 mixture (figure 18) and when the metal transfert is the short
circuiting type (figure 19)
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N'aroaen introduction and weld metal microstructure

Whatever the selected method, the main effect of the nitrogen introduction in the weld metal is
to decrease the ferrite content of its microstructure in the as welded condition.

In finct, the two parameters which determine the weld metal ferrite content are the actual
L.rntent of nitrogen in the weld metal and the cooling rate of the weld.

As shown, in figure 20, for GTAW, the required nitrogen content in the shielding gas will be
higher for a welding at low heat input (high cooling rate) than for a high heat input (low cooling
rate). A similar effect exists also in PAW where a higher cooling rate implies a higher nitrogen
addition in the plasma gas. For GMAW (figure 21), the lowest weld metal ferite content is
obtained for the most efficient nitrogen transfer (figures 18 and 19) which corresponds to an Ar
+ 1.5% 02

Another effect of the nitrogen introduction in the weld metal is the higher stability of the
microstructure (in terms of transformation of the ferrite into intermetallic phases). The results
given in TABLE VI show that in the case of high alloy duplex multipass welds (25% Cr, Mo)
involving several thermal cycles, high nitrogen additions are necessary to avoid a transformation
of the ferrite non magnetic intermetallic phases.

Nitrogen introduction and corrosion resistance of the duplex base and weld metal

In addition to its stabilizing effect on the weld metal microstructure, nitrogen increases the
pitting corrosion resistance. Consequently, nitrogen losses during welding can decrease the
corrosion resistance. This could occur during GTA welding, particularly, if the nitrogen content
of the wire is too low.

The pitting potential values of Table VII, for UNS 31803 weld metals with two different nitrogen
contents confirm this decrease in corrosion resistance if nitrogen losses during welding are not
taken into account.

The addition of nitrogen in the gas for welds improves very significantly the critical pitting
temperature (ASTM G48), of UR 52N + welds (using the same wire composition as that for the
base material) both in the as welded and heat treated conditions (figure 22)

Regarding the rather standard off-sore industry requirement of 351C minimum CPT-ASTM G48-
A) the 3% nitrogen addition in the welding gas gives a sufficient safety margin in both
conditions (as welded and solution annealed + water cooled).

Conclusion

A new family of duplex stainless steels containing increased nitrogen additions has been
developped. Those alloys present a significant step in safer use of duplex alloys since the
structural differences between the as welded and annealed conditions have been reduced.
Furthermore, the high nitrogen additions increase the corrosion resistance of the alloys and
contribute to the microstructure stability i.e intermetallic phase precipitations are delayed. All
those advantages explain why duplex alloys are undergoing now for developments for most of
the applications requiring corrosion resistant alloys. Nevertheless, the cost saving aspects of
those materials will be successfully achieved when properly used. Technical background is thus
recommended.
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TABLE I - Typical chemical composition of some wrought duplex stainless steels

Typical chemical compositionStandard Trade mark PREN
Cr Ni Mo N Others

UNS S 32304 SAF 2304 23 4 .2 .1 - 25
WNr 1.4362
Z3CN 2304 AZ UR 35 N

UNS S 32404 UR50 21 7 2.5 .07 1.5Cu 31
Z3CNDU 2107 J

UNS S 31500 3 RE 60
W Nr 1 4417 VEW A903 18.5 5 2.7 .07 1.5 Si 23

UR45N

UNS S 31803 SAF2205
WNr 1 4462 2230FAL 22 3 .16 - 35
NFA 36209 AF22
Z3CND 2205 AZ AF22VS22

UNS S 32900 10 RE 51 25 4.5 1.5 - - 30

UNS S 31200 44LN 25 6.2 1.7 .17 - 33
WNr 1. 4460

UNS S 31260 N.A.R. DP-3 25 6.5 3 .16 .5CU.3W 38

UNS S 32550 1[ UR52N
Z3CNDU2507 AZI IFRRALIUM 255 25 6.5 3 .18 1.6 Cu 38

UNS (S 32200) UR47N 25 6.5 3 .18 - 38
Z3CND 2507 AZ

VEW A 905 26 3.7 2.3 .34 6 Mn 39

UNS S32760 ZERON 100 25 7 3.6 .25 .7Cu.7W 41

UNS S32550 UR52N 25 6 3.8 .26 1.5Cu 42
Z3CNDU 2506 J
UNS S32750 SAF 2507 25 7 3.8 .27 42
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TABLE 11 - Partition coefficient oL/I between ferrite and austenite phases
for several elements in duplex stainless steels

Grade TO Cr Ni Mo N Si Cu Mn W P
AF 22 1000 1.20 .54 1.65 - - - -

"* UR 35 N 960 1.19 .61 1.65 - 1.16 .68 .89 2.38
" UR 35 N3Cu 975 1.2 .60 1.7 - 1.19 .66 .87 -

" UR45 N 980 1.1 .61 1.66 - 1.16 .67 .86 2.31
SAF 2205 980 1.2 .58 1.72 .20 - -

DP3 (SEM) 1020 1.1 .74 1.49 - 1.19 - 1.01 2 _

" UR52N 1040 1.15 .65 1.6 - 1.19 0.69 .87 - 2.9
"* UR52N + 1060 1.11 .66 1.49 - 1.15 .71

SAF2507 1060 1.13 .70 1.3 .12500 - -

"* SAF 2507 1060 1.12 .60 1.58 - 1.19 - .95
" ZERON 100 1080 1.16 .65 1.57 - 1.10 .73 .941

0 (NJ = .05 in a and [N] = 0.25 in y
00 [NJ = .06 in cc and IN] = 0.48 in y
* CLI-CRMC Results

TABLE III - Effect of the magnification on the HAZ ferrite content
measured by a metallographic method

Grade Cooling rate Magnification HAZ Ferrite %
Vr 700 (*C/s)

UNS 32 550 13 400 80
(N = 0.16%) 1000 79

UR 52 N-+ 12 400 56
(N=0.25 %) 1000 67

TABLE IV - Different methods to introduce nitrogen in duplex welds

NITROGEN WELD WELDING DIFFERENT CONTEN1 S
INTRODUCTION METAL PROCESSES OF NITROGEN

METHODS TYPE

% NITROGEN UNS EBW

IN PLATE 31803 GTAW 0,13 0,18 0,40
(Without Filler)

% NITROGEN
IN NITRIDED UNS GTAW 0,225 1.04

WELDING WIRE 32550

% NITROGEN UNS GTAW
IN ARGON UN5 (WITIIOUT OR 3 9 14 20

SHIELDING GAS WITH FII.LER)

% NITROGEN
IN ARGON + 1.5% 02 3NS GMAW 0 2,8 5.5 8.3

SIIIELDING(; GAS 32550
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TABLE V - Effect of nitrogen losses in EBW of duplex plates

Plate Grade Thickness Nitrogen % in Nitrogen % in F.M. N% Ferrite % in
r(mm) base metal fused metal B.M. N% fused metal

LUNS 31803 7 0.137 0.111 0.810 91
UNS 32550 7 0.166 0.135 0.813 95

Experimental 675 8 0.400 0.328 0.820 42

Table VI - Effect of nitrogen on ferrite transformation in carbides
and sigma phases in duplex weld metals

Weld Ref. eq.Cr % Ni % N % Predicted Magntic ferrite Transformed
Espy ferrite of reheated ferrite %

% pass
P1 29.4 13.0 0.069 23 0.4 98
P2 29.9 7.3 0.279 33 34 0

Table VII - Effect of nitrogen content on the pitting corrosion resistance
of the weld metal

Weld type Cr % Mo % N % PRE Pitting Potential
E (mV/sce)

UNS 31803 22.35 2.99 0.159 33.9 900 to 1000
UNS 31803 22.31 2.93 0.086 32.4 300 to 400

PRE : % Cr + 3.3 % Mo + 16 % N NaCI 30 g/l desaerated 40 0 C
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Figure 1 - Typical microstructure of hot-rolled duplex
stainless steels plates

Typical duplex grades

PREN min max. A 31100 3_ 00

S 32304 21.8 28.7 6.9 315 -9_3120

S 31803 30.5 37.8 7.3 , Duplex

S 32550 35.2 43.9 8.7 327_0

S 32750 37.7 47.6 9.9 3------- "'"

S 32760 37.1 44 6.9 1
I I I I I i I

20 30 40 50

Figure 2 - UNS numbers and PREN equivalent values
of duplex alloys
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Figure 3 - Schematic effect of nitrogen Figure 4 - Variation of ferrite content with
additions on the pseudo binary Cr - Ni -68 Fe increase of temperature for 25 Cr Duplex
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Abstract

Corrosion resistance and mechanical properties was studied for duplex (22%Cr 9%Ni 3%Mo 0.15%N) and super
duplex (25 %Cr 10 %Ni 4 %Mo 0.25 %N) SMAW weld metals in as welded condition and after isothermal aging
between 700 and 1000'C. R-phase precipitated rapidly below 800°C in the duplex weld metal. a-phase successively
replaced R-phase at 800'C and was the only phase forming at higher temperatures. The impact strength decreased
most rapidly around 900'C and deteroriation of corrosion resistance took place most quickly at 700 and 900TC.
Corrosion resistance and toughness was affected simultaneously above 800'C whereas loss of corrosion resistance
preceded embrittlement at lower temperatures. Ferrite content or hardness can be used as an indication of loss of
corrosion resistance and embrittlement but not to guarantee unaffected properties. The solidification mode is
important for super duplex weld metals. A fully ferritic solidification gives a "normal duplex" microstructure
whereas ferritic-austenitic solidification gives a microstructure that is very susceptible to formation of a-phase.
Loss of corrosion resistance or embrittlement of duplex and super duplex weld metals will not occur if suitable
consumables are used and recommended welding procedures are followed.

Key terms: weld metals, shielded metal arc welding, duplex, super duplex ,heat treatment, precipitation,
intermetallic phases, corrosion, hardness, impact toughness, solidification mode, ferrite morphology,

Introduction

Duplex (ferritic-austenitic) and super duplex(l) stainless steels are today used in a wide variety of applications. In
particular their combination of good corrosion resistance and high mechanical strength is attracting interest. The
strength and corrosion resistance of duplex stainless steels generally increase with increasing alloying content.
However, also the susceptibility to formation of intermetallic phases, which will impair properties, is higher for
higher alloying contents. Formation of intermetallic phases is a cause of concern during production and use of
duplex and super duplex stainless steels and can be caused by either heat treatments or improper welding.

Precipitation in duplex and super duplex stainless steels has been investigated rather thoroughlyl -3. In the
temperature range 600-1000°C embrittlement is mainly due to formation of ar-phase but also other intermetallic
phases, as well as carbides and nitrides, have been observedl-3. However, duplex and super duplex stainless weld
metals, intended for use without post weld heat treatments, are overalloyed in Ni to ensure formation of a sufficient
amount of austenite during cooling. The weld metals also have a different ferrite morphology and are less
homogeneous than the steels. Therefore, the precipitation kinetics of duplex and super duplex stainless steels cannot
directly be used to predict the behaviour of the corresponding weld metals.

(1) Super duplex steels are defined as duplex steels with PRE > 40 (PRE = %Cr + 3.3.%Mo + 164%N).
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Only limited information about the aging response of duplex and super duplex weld metals is available 4-6. In
particular detailed information about precipitation in the temperature range 600-1000°C, where most rapid
precipitation can be expected during welding, is lacking. Most studies have been concerned mainly with the effects
on mechanical properties', 5-7. However, it is well known that the effect on corrosion resistance of small amounts
of precipitates is more pronounced than the effect on mechanical properties8 .

In the present investigation the formation of intermetallic phases in the temperature interval 700-1000°C was
studied for 22%Cr 9%Ni 3%Mo 0.15%N type duplex and 25%Cr 10%Ni 4%Mo 0.25%N type super duplex weld
metals. These weld metals are used mainly for welding of the 22%Cr duplex UNS S31803 and the super duplex
25%Cr UNS S32750 steel grades, respectively. The aim of the first part of the investigation was to study the
kinetics of intermetallic phase formation and its dependence on weld metal composition, ferrite morphology and
elemental distributions-10 . In the second part the main object was to clarify the effects of precipitation on
mechanical properties and corrosion resistance 9-1 1 . The possibilities to monitor deteroriation of impact strength and
corrosion resistance by measuring ferrite content and hardness is also considered. The results are compared to the
behaviour of duplex and super duplex steels and are discussed in terms of practical implications on welding.

Experimental

Weld Metals

Duplex and super duplex weld metals deposited by covered electrodes for shielded metal arc welding (S MAW) have
been examined. The two groups of weld metals had nominal compositions of 22.5% Cr 9.5%Ni 3%Mo 0. 16%N
and 25.5%Cr 9.5%Ni 4%Mo 0.26%N (Table 1). Standard and experimental types of duplex and super duplex weld
metals were produced using o 3.25 mm electrodes( 2).

Most of the studies were performed on all weld metal specimens from weld pads (Table 2). Impact test specimens
from the standard type duplex weld metal, used for isothermal aging studies, were produced by welding according to
AWS standard procedure. Thin weld beads were deposited using a low heat input and a low interpass temperature
(Table 2). The intention was to make the weld susceptible to further heat treatments by producing a "worst case"
starting condition with a large fraction of microstructure already subjected to one or more reheating thermal cycles.

A range of heat inputs in combination with different interpass temperatures were used for welding of the standard
type super duplex weld metal. Specimens for isothermal aging were prepared from a weld pad welded with medium
heat input (0.9 kJ/mm) and low interpass temperature (<I00°C).

Further details about the consumables and the welding procedures are given in Table 2. Heat treatments were
performed according to Table 3. The I and 5 minutes heat treatments were made in a weld simulator using rapid
resistance heating (=- 5 s heating up time) whereas longer heat treatments were performed in a laboratory furnace.
All heat treatments were followed by rapid quenching in water.

Metallography and Mechanical Testing

The ferrite content of the weld metals was determined in Ferrite Numbers (FN) using a Magne-Gage instrument.
Overviews of the microstructures were obtained by light optical microscopy. Etching in Murakamis etchant and
colour etching were used to produce contrast between the ferrite and the austenite and to reveal the presence of
precipitates12. More detailed studies of the microstructure were performed by scanning electron microscopy (SEM)
combined with microanalysis (EDX) and by transmission electron microscopy (TEM). Precipitates were identified
by electron diffraction and analytical transmission electron microscopy (ATEM).

(2) The electrodes are all from experimental batches. The corresponding rutile duplex and basic-rufile super
duplex production electrodes are Esab OK 67.50 and Esab OK 68.53, respectively.
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The impact toughness was determined for standard Charpy-V impact specimens (lOx 10x55 mm) with the notch
located at the center of the weld metal. Three specimens were tested at room temperature for each heat treatment.
Hardness testing was performed using the Vickers method with a 10 kg load.

Corrosion Testing

All weld metal specimens in the as welded condition, prepared from large weld pads, were used for testing the
resistance to pitting corrosion and to intergranular corrosion. The Critical Pitting Temperature (CPT) in 10%
FeCI3 -6H20 (ASTM G48) was determined for the super duplex weld metals. Specimens were tested for 24 hours at
each temperature, starting at 40°C and increasing the test temperature stepwise by 5°C. Visible pitting attack or
> 5 mg weight loss was used as cvaluation criteria. Two or three specimens were tested for each weld metal and for
each combination of heat input and interpass temperature.

The resistance to intergranular corrosion of the experimental duplex and the standard super duplex weld metals was
evaluated using the Streicher test (ASTM A262 practice B) and the Huey test (ASTM A262 practice C). Two
specimens were tested for each weld metal and for each welding condition. All surfaces were wet ground using 120
grit SiC-paper before testing.

Fractured impact test specimen.% from the heat treated standard duplex weld metal were corrosion tested by
electrochemical etching in oxalic acid. The specimens were embedded in epoxy exposing only the fracture surface.
The fracture surface were ground flat removing enough material to avoid any effect of deformation during impact
testing. Etching was performed in 10% oxalic acid at room temperature, with a current of 1 A/cm 2 and an etching
time of 30 seconds. The resulting etch structures were then evaluated by light optical microscopy.

Results

Microstructure

Ferrite Morvhology. The weld metals could be divided into two groups according to their microstructure;
a) those having a "typical duplex" microstructure throughout (Fig. I) and h) those in which also "austcnitic"
regions where the ferrite had a lacy or vermicular appearance (Fig. 2) occurred. The "normal duplex" microstructure
consisted of primary ferrite grains with austenite mainly precipitated in a Widmannstittcn manner. Some finely
dispersed intragranular austenite was also found. The second type of microstructure was termed "austenitic" since
this ferrite morphology is identical to that seen in weld metals used for welding of austenitic stainless steels.

All three duplex weld metals and the standard super duplex weld metal had a "typical duplex" microstructure
throughout. However, the experimental super duplex weld metal had a predominantly "austenitic" structure.
The orientation relationship between ferrite and austenite was studied by electron diffraction for both types of
microstructure. The Kurdjumov-Sachs orientation relationship was always obeyed by the ferrite and austenite in the
"duplex" regions (Fig. 3). However, this orientation relationship was usually not found in the "austenitic" regions
where the ferrite had a vermicular appearance.

Precipitation in Duplex Weld Metals. No precipitates were found in any of the duplex weld metals in the as
welded condition except for the inevitable microslag inclusions introduced by welding. However, precipitates were
found in the ferrite and at ferrite/austenite boundaries after aging. Basically two morphologies of precipitates
appeared (F-g. 4). Small precipitates dominated after aging at 7(X)0 C and were common up to 30 minutes aging at
8(0°C. Larger precipitates, that had almost completely replaced the femte after long aging times, were in majority
after 3 hours at 800°C and the only type seen after aging above 800°C . Some large precipitates were also found
after 3 hours heat treatment at 700'C.

Three different intermctallic phases were identified in the heat treated standard duplex weld metal; tetragonal a-phase,
rhombohedral R-phase and cubic X-phasel, 3. The larger particles seen in light optical micrographs were mainly
o'-phase that formed rather large, elongated particles in the ferrite and gave an even contrast in TEM (Fig. 5).
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R-phase was found after heat treatments at 700 or 800'C. These particles had a characteristic irregular shape and
uneven contrast in TEM (Fig. 6). Most of the R-phase appeared as small particles (=O.01-0.1 lim), mainly at
ferrite/austenite phase boundaries, but also to some extent inside the ferrite grains. Small amounts of precipitates
with a rounded, rectangular shape and a typical size of around 0.5 pam were found in the specimen heat treated at
800'C for 5 minutes. These precipitates were identified as X-phase. However, R- and a-phase were the only two
phases present in sufficient quantities to be of significance for mechanical properties and corrosion resistancet 0 , I.

Precipitation in Suoer Duplex Weld Metals. a-phase was found in the experimental super duplex weld metal in
the as welded condition and in the heat treated standard super duplex weld metal, a-phase had precipitated almost
only in "austenitic" regions in the experimental weld metal (Figs. 5 and 7). Optical microscopy indicated that also
other intermetallic phases might be present after aging below 800°C. However, this was not verified by TEM.

Volume Fractions of Precipitates. The volume fractions of precipitates in the standard duplex weld metal were
estimated from a combination of image analysis of SEM images, the decrease in ferrite content and information
from optical and TEM micrographs. The phase present in largest volume fractions is clearly a-phase. The only
exception to this is below 800'C when R-phase is present in relatively large amounts. The results are summarized
in a 1Tl-diagram for R- and a-phase together with results from oxalic acid testing in Figure 8.

No estimation of the volume fractions of precipitates was made for the super duplex weld metals. However, it has
been shown that a clear increase in hardness can be measured when approximately 2 vol.% of a-phase has formed.
Therefore, the more rapid hardness increase in the super duplex weld metal during aging suggests that a-phase forms
more rapidly than in the duplex types at 600, 700 and 800°C and most probably also at 900 and 1000°C.

Chemical Composition of Precipitates. A summary of the results of EDX analysis of precipitates in the heat
treated standard duplex weld metal and the as welded experimental super duplex weld metal is given in Table 4 (see
also ref. 10). a-phase was rich in Cr but only slightly enriched in Mo, whereas R-phase had a high Mo content and
a Cr content similar to that of the ferrite. X-phase had an intermediate composition compared to R- and a-phase.
The composition of a-phase was similar in both weld metals.

Corrosion

Oxalic Acid Etching Test. The dissolution rate of precipitates during oxalic acid etching was very high
compared to that of austenite and ferrite (Fig. 9). Ferrite was etched somewhat more strongly than austenite. The
rapid etching of precipitates produced a very distinct contrast in light optical micrographs. Two types of etch
structures could be seen. Small, spotlike localized attacks taken as indications of the presence of individual small
precipitates and larger continuous regions (Fig. 9) suggesting the presence of larger precipitates.

According to the ASTM A262-practice A standard for oxalic acid etching test the etch structure should be classified
as step, dual or ditch structure. A ditch structure shows that the material has become sensitized to intergranular
corrosion. This method of classifying the etch structures could not be used for the weld metals since the etch
structure was of the step type also when precipitates were present. Grain boundary etching giving the ditch type
etch structure was not observed in any of the specimens,

Oxalic acid etch structures of the standard duplex weld metal is shown in Fig. 9. Small precipitates in the ferrite and
at ferrite/austenite phase boundaries appear in some regions already after 1 minute aging at 700 or 800°C. The
number of precipitates is very small after 1 minute aging at 800TC but is significant after the 1 minute heat
treatment at 700°C. Larger precipitates are the only type after heat treatment at 900'C and are frequent after longer
aging times at lower temperatures. The ferrite is almost completely replaced by rapidly etching precipitates after 3
hours aging at 800 or 900'C.

Streicher and Huey Tests. The cý rr-osion rate in the Streicher and Huey tests was higher for the rutile than for
the basic experimental duplex weld etal (Table 5). The difference in corrosion rate was 13 % for the Streicher test
and 50 % for the Huey test.
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A lower corrosion rate was measured in Streicher testing for the standard super duplex weld metal than for the
duplex weld metals (Table 5). However, there was clearly a relation between heat input and corrosion rate. An
increase in heat input from 0.62 to 1.44 Id/mm caused the corrosion rate to increase from 0.09 to 0.22 mm/year.
No corresponding dependence of corrosion rate on interpass temperature was found.

Pitting Corrosion. The CPT-value (the lowest temperature were pitting and/or significant weight loss occurred)
was 55±5'C for the standard super duplex weld metal. No difference in CPT could be seen between the different
combinations of heat inputs and interpass temperatures used. However, a significantly lower CPT-value of 40'C
was found for the experimental super duplex weld metal.

Ferrite Content, Hardness and Impact Toughness

Duplex Weld Metals. The ferrite content decreased and the hardness increased with increasing aging times for the
standard duplex weld metal (Table 6). At 900'C there was a significant change in ferrite content already after I
minute whereas a clear decrease could not be seen until after 3 hours at 700'C. The hardness increased with longer
aging times and the highest hardness values were measured after 3 hours at 800'C and 900'C. Also at 700'C a clear
increase in hardness was found but the hardness did not increase with aging time.

The changes in impact strength were most pronounced for long aging times when all specimens were clearly brittle
(Table 6). However, the decrease was much more rapid at higher temperatures. At 700 embrittlement could not be
seen until after 3 hours whereas a clear decrease was seen already after 5 minutes at 8(X' and 900'C.

Super Duplex Weld Metals. A higher ferrite content and hardness, in as welded condition, was measured for the
standard super duplex weld metal compared to the duplex types (Table 6). The hardness increased further during
aging and the highest hardness levels were found after aging at 900°C. The hardness increase was more rapid than
for the duplex weld metal. The experimental super duplex weld metal, with a predominantly "austenitic" microstruc-
ture, had a significantly lower ferrite content as welded compared to the standard type (33 and 44 FN, respectively).

Discussion

Microstructure

Solidification Modes. The microstructure of the experimental super duplex weld metal was mainly "austenitic"
with lacy or vermicular ferrite (Fig. 6) whereas the duplex and the standard duplex weld metals all had a typical
duplex microstructure. According to eg Suutala13 and Elmer et a114 the solidification mode has been ferritic-
austenitic in "austenitic" regions and fully ferritic in the "normal duplex" regions. When plotting the ferrite content
(FN) against the Creq/Nieq ratio (Creq= %Cr + 1.37.%Mo + 1.5.%Si, Niq= %Ni + 0.31-%Mn + 22-%C +
14.2.%N)15 for different super duplex weld metals (Fig. 10) it is found that the change from fully ferritic
solidification to a combination of ferritic-austenitic and fully ferritic solidification occurs at approximately
Creq/Nieq = 2.25. The Creq/Nieq ratios were 2.12 and 2.29 for the experimental and the standard super duplex weld
metals, respectively, which is in agreement with the observed ferrite morphologies.

Precipitation in Super Duplex Weld Metals. Hardness measurements indicate that formation of significant
amounts of precipitates during heat treatment occurred more rapidly in the standard super duplex weld metal than in
the standard duplex weld metal. This is in agreement with the more rapid precipitation in super duplex stainless
steels than in duplex stainless steels 3, 6, 7. Although, it was not possible to study the start of precipitation by
following the hardness it was clear from corrosion testing and microscopy, that no precipitation occurred during
welding of the standard super duplex weld metal.

The a-phase in the experimental super duplex weld metal almost only appeared in the "austenitic" regions where the
weld metal had solidified as a mixture of ferrite and austenite. This can be understood in terms of differences in
austenite/ferrite phase. boundary energy and differences in ferrite composition for the two ferrite morphologies.
The Widmannsthtten type austenite forming after a fully ferritic solidification grows across the solidification
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structure. Therefore, there is no clear correlation between the location of the ferrite dendrites formed during
solidificaticn and the location of the room temperature ferrite (Fig. 11). However, the ferrite in regions solidified as
a mixture of ferrite and austenite is located at the centres of the as solidified ferrite dendrites. These regions are richer
in Cr and Mo due to segregation during solidification1 6 .

The ferrite and austenite in "normal duplex" regions obeyed the Kurdjumov-Sachs orientation relationship whereas
this was usually not the case where the ferrite had a vermicular appearance. This orientation relationship leads to
low energy ferrite/austenite boundaries, in particular for planar interfaces, whereas phase boundaries with orientation
relationships that deviates from this relative orientation have a higher interfacial energy. Studies on 304L austenitic
stainless steel weld metals have shown that a-phase forms most rapidly in regions with high energy interfaces not
obeying the Kurdjumov-Sachs orientation relationship 17 . Therefore, the more rapid a-phase formation in regions
with vermicular ferrite is due to the combined effect of a more highly alloyed ferrite and higher energy interfaces.

Precipitation in Duplex Weld MetalWs, R-phase nucleated and grew quickly but was replaced by a-phase after
longer aging times. Obviously a-phase is the more stable phase after long aging times3. The measured
compositions of precipitates (Table 4) are in good agreement with those reported in literature6. 7. Other intermetallic
phases, carbides and nitrides have earlier been identified in duplex stainless steels and weld metals'. 3 but none of
these were detected. R- and a-phase were clearly the only two phases present in sufficient quantities to be of
practical importance for mechanical properties and those most influencing the corrosion resistance.

Corrosion Resistance

Oxalic acid test. Two temperature regimes can be distinguished when plotting the approximate time for
significant etching attack in the oxalic acid test on a TI-T-diagram for R- and a-phase precipitation (Fig. 8). Above
800'C the oxalic acid attack curve closely follows the curve for a-phase precipitation. However, at 700'C
significant etching attack was found already after 1 minute whereas 1% R-phase was estimated to have formed after
approximately 1 hour.

In 22%Cr duplex stainless steels etching attack in the lower temperature regime is considered to be an effect of
nitride and carbide precipitation 18. However, no carbide or nitride precipitation could be detected in the weld metal
suggesting that it is either insignificant or occur simultaneously as precipitation of intermetallic phases. Anyhow,
the effect on corrosion resistance must be small compared to the effect of intermetallic precipitates. Consequently,
the 'FIT-diagram for R-phase precipitation (Fig. 8) describes the time to formation of larger volume fractions of R-
phase (>1%) whereas the curve showing the time to significant attack in oxalic acid more accurately describes the
time to start of of R-phase formation.

Streicher and Huey test. The presence of a-phase or other Mo-rich intermetallic phases, like Laves and X-phase,
is known to cause high corrosion rates in Huey and Streicher tests] 1,19. However, precipitation cannot explain the
observed differences in corrosion rate (Table 5) since no precipatates were found in any of the weld metals subjected
to Huey and Streicher testing.

A, higher corrosion rate was found for the rutile than for the basic duplex experimental weld metal (Table 5).
Previous studies have shown that the ferrite was more highly alloyed in this weld metal than in the basic weld
metal due to greater partitioning of alloying elements during solidification and cooling9 . There was a correlation
between the alloying content and the corrosion rate also for the standard super duplex weld metal. Higher heat
inputs gave higher corrosion rates. A higher heat input is well known to give a lower cooling rate and a more
pronounced partitioning of elements betweeen the ferrite and the austenite 20 . Therefore, differences in corrosion rates
were due to differences in ferrite and austenite composition rather than precipitation in the as welded condition.

Pitting corrosion, The content of Cr, Mo and N largely determines the pitting corrosion resistance of stainless
steels. However, also other factors than those included in the index are important. No effect of heat input and
interpass temperature on CPT could be seen for the standard super duplex weld metal whereas a significantly lower
CPT-value was found for the experimental weld metal. It is known for duplex weld metals that the ferrite
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morphology does not directly influence the pitting resistance 2 1. However, precipitation of intermetallic phases
lowers the pitting resistance markedly. Therefore, the large difference in pitting corrosion resistance of the two
super duplex weld metals was clearly caused by extensive precipitation of c-phase in the experimental weld metal.
In this case the ferrite morphology was of great importance via its effect on the nucleation and growth of a-phase.

Ferrite Content. Hardness and Corrosion Resistance. Corrosion resistance and toughness deteroriated almost
simultaneously during aging above 800'C whereas corrosion resistance was affected more quickly than toughness at
lower temperatures in the standard duplex weld metal. The reason was the relatively strong effect on corrosion
resistance of small amounts of precipitates. Therefore, a significant decrease in ferrite content or an increase in
hardness, compared to the as welded condition, should be taken as an indication of a seriously lowered corrosion
resistance (Table 6). However, the same approach cannot be used to guarantee an unaffected corrosion resistance.

Mechanical Properties

Embrittlement. The impact toughness of the standard duplex weld metal dropped drastically when 3-5 vol.% of
intermetallic phases had formed (Table 6 and Fig. 8). A similar effect on impact strength has been reported for the
duplex and super duplex steels where the presence of approximately 4 vol.% a-phase decreased the toughness to
unacceptable levels 7. 10. The impact toughness had decreased to below 27 J after approximately 3-4 minutes at 850-
950'C (Table 6) whereas the corresponding duplex steel (UNS S31803) will be embrittled after 10-40 minutes7 .
However, the time to embrittlement leaves a broad margin for the cooling rates normally obtained with
recommended welding procedures. It should also be pointed out that the critical times determined here are
conservative since "a worst case" weld metal with a large fraction of multiply reheated regions was studied.

Embrittlement will occur more quickly in super duplex steel grades than in duplex grades due to the more rapid
precipitation in the more highly alloyed material3 . The deteroriation of toughness can be expected to proceed more
rapidly in the weld metal than in the steel. However, embrittlement of super duplex weld metals should normally
not occur during welding.

Ferrite Content. Hardness and Impact Toughness. A significant decrease in ferrite content or an increase in
hardness in the standard duplex weld metal clearly indicated serious embrittlement by precipitation of intermetallic
phases (Table 6). However, ferrite content and hardness cannot be used as tools to guarantee the absence of
embrittlement since impact toughness is affected before any increase in hardness can be seen. This is in line with
the finding that precipitation of approximately 2 vol. % a-phase is needed to give a clearly noticeable effect on
hardness whereas effects on toughness can be seen for smaller amounts of precipitates 3.

Practical Welding

Practical experience shows that lowered corrosion resistance or embrittlement, of 22%Cr duplex steels and weld
metals, due to slow cooling after welding is very uncommon. Quite contrary, any corrosion problems in connection
with welding are most often due to nitride precipitation caused by overly rapid cooling or caused by poor gas
protection of the root in one sided welding 5. Therefore, embrittlement or loss of corrostoli resistance will not occur
in duplex weld metals when recommended welding procedures are followed.

The higher alloying content of super duplex weld metals, compared to duplex types, gives a higher strength and a
better corrosion resistance. However, super duplex stainless steels are inherently more sensitive to precipitation and
it is, therefore, even more important than for duplex grades that proper welding procedures are used. An important
point is that the tendency to precipitation in super duplex weld metals is very dependent on the weld metal compo-
sition via its effect on the solidification mode. This effect is much stronger than the effect of heat input. A weld
metal with a composition that with certainty gives a fully ferritic solidification should always be used for welding
of super duplex steels to minimize the risk of precipitation and to optimize the weld metal properties.
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Conclusions

Precipitation of intermetallic phases in the temperature interval 700- 1000°C and its effects on corrosion resistance
and impact toughness was studied for 22%Cr 9%Ni 3%Mo O.15%N duplex and 25%Cr 10%Ni 4%Mo 0.25%N
super duplex SMAW weld metals.

" R-phase formed rapidly at 700'C in the duplex weld metal whereas a-phase replaced R-phase after longer aging
times at 800'C and was the only phase found after aging at higher temperatures. Some X-phase formed at 800'C.
No carbides or nitrides were detected.

"* R-phase was Cr- and Mo-rich, a-phase was Cr-rich and X-phase had an intermediate composition.

"* Significant etching attack in the oxalic acid test occurred after shortest aging times (I min.) at 700 and 900'C.

"* Corrosion resistance and toughness deteroriates almost simultaneously during aging of duplex weld metals
above 800°C whereas corrosion resistance is affected before toughness at lower temperatures.

"• Ferrite content or hardness can be used as an indication of loss of corrosion resistance and embrittlement but not
to guarantee unaffected properties.

"* Corrosion rates in Streicher and Huey testing increased with increasing partitioning of elements between ferrite
and austenite.

" The effect of solidification mode on corrosion resistance is much stronger than the effect of variations in heat
input and interpass temperature for super duplex weld metals. A fully ferritic solidification gives a "normal
duplex" microstructure with good resistance to a-phase formation whereas ferritic-austenitic solidification results
in a microstructure that is more susceptible to formation of detrimental phases.

Precipitation occurs somewhat more rapidly in duplex and super duplex weld metals than in the corresponding
steels. However, embrittlement or loss of corrosion resistance will not occur in the weld metal if properly designed
consumables are used and if recommended welding procedures are followed.
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Table I Chemical composition (wt.%) of weld metals(a).

Element: C Si Mn P S Cr Ni Mo N 0

Duplex Weld Metals:

D-standard: 0.022 0.86 0.86 0.017 0.006 22.32 9.68 2.91 0.17 0.07
D-exp. R.: 0.018 1.00 0.80 0.021 0.012 23.24 10.30 3.10 0.15 0.09
D-exp. B.: 0.043 0.72 1.61 0.013 0.011 22.49 9.41 2.84 0.14 0.05

Super Duplex Weld Metals:

SD-standard(b): 0.03 0.6 0.7 0.02 0.007 25.6 9.5 4.1 0.26 0.07
SD-exp. B.-R.: 0.023 0.53 0.62 0.015 0.008 25.09 10.23 3.90 0.27 0.08

(a) The chemical analysis of the weld metals were determined using an Optical Emission Spectrometer,
except for C, 0 and N, where combustion furnaces were used.

(b) Typical composition.

Table 2. Welding conditions

Weld metal Coating Heat input Max. interpass "Joint" type
type (kJ/mm) temp. (°C)

Duplex weld metals:

D-standard Rutile 0.6 100 Weld pad/ AWS-joint
D-exp. R. Rutile 0.8 150 Weld pad
D-exp. B. Basic

Super duplex weld metals:

SD-standard Basic-rutile 0.62, 1.16 or 1.44 100 Weld pad
"0.9 100
"1.08 150

SD-exp. B.-R. 0.8 125
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Table 3 Heat treatments.

Temperature: 6000C 7000C 8000C 9000C 9500C 10000C

Duplex: Time
D-standard I minute X X X

"5 minutes X X
"30 minutes X X X X X
"3 hours X X X

Su~L upl Time

SD-standard 30 minutes X X X X X
"I hour X X X X X
"2 hours X X X X X
"4 hours X X X X X

Table 4 Typical chemical composition (wL%) of precipitates.

Fe Cr Ni Mo Si

a-phase: 55 34 4 6 1
Small R-phase: 36 19 3 38 4
Large R-phase: 43 25 4 25 2
X-phase: 49 28 3 18 1

a-phase: 54 32 6 7 1

Table 5. Corrosion rates in Huey and Streicher tests.

Weld metal Heat input Max. interpass Corrosion rate (mm/year)
(ki/mm) temp. (°C) Huey test Streicher test

Duplex weld metals:

D-exp. R. 0.8 150 0.45 0.30
D-exp. B. 0.27 0.24

Super duplex weld metal:

SD-standard 0.62 100 0.09
"1.16 0.15
"1.44 0.21
"1.08 150 0.10
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Table 6 Ferrite content, room temperature impact strength and hardness.

Duplex: D-standard Super duplex: SD-standard

Heat Ferrite Impact Hardness Ferrite Hardness
treatment content (FN)(a) strength (J)(a) (HVIO)(a) content (FN)(a) (HVIO)(a)

As welded 30 50 256 44 293

600'C/ 30 min 295
" 1h 294
"2 h 293
"4 h 309

700'C/ 1 min 28 63 272
"30 min 29 59 278 294

" 1h 296
"2 h 342
"3 h 16 8 272
"4 h 356

800°C/ 1 min 26 66 272
"5 min 24 25 274

"30 min 17 11 292 332
" 1h 400
"2 h 397
"3 h 1 2 322
"4 h 385

900°C/ 1 min 24 51 258
"30 min 11 4 295 345

"1 h 398
"2h 411
"3" 1 3 311
"4 h 433

950'C/ 30 min 7 3 294

1000°C/ 30 min 20 12 261 320
"1 h 360
"2 h 360
"4 h 366

(a) The spread for a given heat treatment is typically ±2 J, ±2 FN and ± 10 HVIo.
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Figure I Typical microstructure of duplex w,%eld metal Figure 2 Super dluplex wecld metld with a micro-
with Widrnanstkitten type austenite in ferrite structure consisting of regions with a
(dark phase). 'normal duplex" m ic ro~tuctlure (left) and

"austenitic" regions in which the ferrite (dark
phase) had a lacy or vermicular appearance.

Kurdiumov-Sachs o-rientat-i-onregLatiLons hip

Figure 3 E~lectron (lifi action pattern showing F~iguire 4 Light opt~cal micrograph showing
Kurdjumov-Sachs orientation relationship extensive precipitation of smiall (dark spots)
in the "normal" duplex mnicrostructure. and larger (dark grey) precipitates in ferrite

(l ight grey) of dluplex weld metal aged for
30 minutes at 8(XOT'.
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Figure 5 TEM-micrograph of (;-phase precipite in an Figure 6 TEM images of R-phase particles at fernte/
"austenitic" region of a super duplex weld austenite boundaries formed in a duplex weld
metal. metal during isothermal heat treatment.
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Figure 7 O ptical nII icrograph sho" img the preferential Fi ~ire 8 Time or s~iznilicant attack in ovalic acid
precipitation of'cs-phase (dark) in "austenitic" supcnrnpoxsed on FIT7-diagrarn for R - and
regions inr a super duiplex %eld inetal. (-pha.Se prtkipiL'itio) InI a (iJplL'NC Weld Metal.
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Abstract

During recent years, claddings for protecting against corrosion have gained increased importance as far as
the development of new materials is concerned. For producing cnmpositoe mat.Aa!c of t'LK;ind, weld
surfacing has steadily gained importance as an economical cladding technique. In comparison with
conventional methods, plasma hot wire weld surfacing (PHS) is characterized by the application of thin
claddings with very low dilution and high deposition efficiency, [ 1-5]. Within the scope of the present
investigations, corrosion-resistant claddings of duplex steels have been applied by the PHS welding
method with a thickness of I to 2 mm and a dilution of less than 10 percent.

Key terms: surface protection, plasma hot wire weld, corrosion resistance, electrochemical noise

!. Introduction

Duplex materials possess a structure with austenitic and ferritic components and exhibit considerably
higher strength as well as improved corrosion resistance in comparison with austenitic steels. Because of
their corrosion resistance, the duplex materials of types X 2 CrNiMo 22 5 3 and X 2 CrNiMoN 25 7 4 are
employed to an increasing extent in chemical apparatus and plant construction as well as for flue gas
desulfurization chambers and in offshore engineering. This stability is due to a pore-free passive layer,
which results from the high chromium content; this passivating layer impedes the passage of metal ions
from the metal into the electrolyte and thus strongly decreases the corrosion rate. With the addition of
molybdenum as alloying partner, the resistance of the passive layer to attack by chloride ions is enhanced,
and the breakdown potential is thus shifted to higher values. Because of the low carbon content of 0.03
percent at the most, this material group likewise exhibits high resistance to intercrystalline corrosion (IC).
Further alloying elements enhance the effect of chromium.

2959



The protective duplex claddings applied by the PHS technique have been examined with respect to
structure, variation of the austenite-ferrite ratio, and corrosion resistance. The corrosion tests comprise the
determination of resistance to intercrystalline corrosion and pitting.

The results thus achieved are presented and discussed in this article.

!1. Experimental procedure

A. Materials
Table I shows the chemical composition of the steels in the hot rolled (wrought) and the PHS (clad) state.
The two claddings of type X 2 CrNiMoN 22 5 3 (called duplex in the following) differ only slightly in
carbon content. The nickel content is somewhat higher than usual for this type. The thermal history of the
wrought duplex and type X 2 CrNiMoN 25 7 4 (called super duplex) is not known.
The welding ferrite content determined by magnetoinductive measurement of the permeability with the
Ferritoscope MP3 (Fischer Company, Germany) is likewise low; this may be caused to some extent by
the procedure applied. Some specimens have been aged and subsequently water-quenched (WQ). Some
claddings were mildly annealed (MA) at 1050'C / 30 min / WQ. Thermal treatments and ferrite contents
are summarized in table 3.
The microstructure was investigated with the use of the optical and scanning microscope (REM-
EDX/WDX type DSM 960/Zeiss, Germany). Some results are given in table 4.

I. Corrosion testing procedures: Specimens were taken as sheets. From claddings the upper
(second) layer (2.L) was used (2 to 3 mm) after mechanical separation. For electrochemical measuiements
specimens were electrically contacted with a wire of the same material by spot welding and embedded in
resin; hence, the working area of about I cm2 consisted of the welded surface only.

2. Iron III chloride test: The critical pitting temperature (CPT) and the critical crevice
temperature (CCT) were evaluated from the iron III chloride test in accordance with ASTM G48 method
A or B, but applied in a slightly modified manner [6]. Wrought sheets are wet ground (600 grit abrasive
paper). Claddings (2L) were exposed in the as-welded, ground or pickled (acid) state. The mechanically
separated (bottom) surface was always ground. In both tests the temperature of the 10 percent FeCl•6
H2 0 solution was varied by 2.5 K after each immersion period of 24 hours.
For the investigation of crevice corrosion (modified method B), specimens of about 38 x 58 x 2 mm with
a central borehole (average: 9 mm) were used. Two Teflon® blocks with six perpendicular grooves [6]
were fastened on each side by a Teflon® screw M8.
The specimens were examined under 20 x magnification. At the first appearance of pits or fine crevices,
the pit depth and density were examined.

3. Electrochemical (EC) pitting tests: Single-cycle potentiodynamic pitting scan (PPS) test,
as described in [71 were conducted in the usual trielectrode cell with a platinum counterelectrode and a
saturated calomel reference electrode (SCE). A microprocessor-controlled potentiostat IMP 83 PC
(Jaissle, Germany) was operated at a scan rate of 0.5 mV/s in argon-purged solutions of NaCi (0.01 to I
M) at 25, 40, and 700C. After measuring the stable free corrosion potential (about -650 mV), the potential
was scanned from -700 mi in the noble direction and reversed once a preset threshold current density of
50 A/m2 had been reached. The potential associated with I A/m2 in the noble scan is taken as pitting
potential. The repassivation potential is characterized by the closure of the anodic hysteresis loop which
occurs during the reverse scan.
In a second step, potentiostatic potential versus time curves were taken at potentials in the neighborhood
of the pitting potential Up derived from PPS. The potential at which the passive current begins to increase
slowly within 2 hours and results in visible pits is regarded as the pitting potential.

4. Modified Strauss test and Hue\y testAs specified in SEP 1877/DIN 50914, a copper -
copper sulfate - 35 percent sulfuric acid solution was used during a boiling period of 15 h. The conditions
correspond to ASTM 262A-E or -F with a medium aggressivity of the test solution. After boiling, the
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specimens were bent through 90' over a diameter equal to one-fourth of the specimen thickness.
Longitudinal and transverse sections were examined (100 to 250 x magnification) in order to determine
the existence and depth of intergranular attack (IGA).
The Huey test was used in accordance with ASTM A 262-86 C.

5. Electrochemical potentiodynamic repassivation (EPR) test: With the use of the equipment
described above, an attempt was made to demonstrate the tendency toward IGA by a double-loop EPR-
test [8,91 under the following conditions:
0.5 M H2SO 4 + 0.01 M KSCN, Ar-deaerated, 70 °C, scan rate: 2 mV/s.
The specimens were wet-ground (600 grit). After reaching a stable corrosion potential, the scan proceeds
from -500 mV to +300 mV (anodic loop) and reverses immediately. The IGA is indicated by the charge
relation (double loop EPR quotient),

C = Qr/Qa,

from the repassivation current peak of the reverse scan and the higher current peak of anodic passivation
in connection with metallographic examination of the tested surfaces.

Iil. Results and discussion

A. Microstructure
The duplex SS with a ferrite content of about 38 percent exhibits elongated ferritic grains arranged in
layers between the austenite in longitudinal wrought specimens (figure 2). The (Cr/Ni)eq values of 2,30
(wrought) and 1,93 (cladding), respectively, as given by De Long [10] implies primary ferritic
solidification. The claddings show Widmanstetten structure with lath of austenite (figure 3). In contrast to
the superduplex with its high N content and (Cr/Ni)eq of 1,36 (wrought) and 1,18 (cladding), respectively,
primary austenitic solidification is to be expected.

B. Resistance to pitting and crevice corrosion
I. Results of the iron IlI chloride immersion test: The results are summarized in table 2; the

better resistance of the X2CrNiMoN 25 8 5 as compared with the X2CrNiMoN 25 5 3 SS (PRE: 45 and.
45 ) is evident. This finding agrees with its higher pitting resistance equivalent [11 ].

PRE ='oCr + 3,3x %Mo + 16x %N (1)

The PHS claddings do not reach the same high values of CPT and CCT. It is interesting to note that CPT
is strongly influenced by surface treatment. Ground and pickled surfaces are more resistant than those in
the welded state (see the next section). On the other hand, the upper thin coat or "skin" resulting from the
welding process leads to a higher pit density but markedly lowered average pit depth; this seems to be a
decisive advantage over the ground wrought reference material.

C. Electrochemical behavior in sodium chloride solutions
L1Influence of the surface state of claddings: In agreement with the immersion tests, PPS-

curves also show the better resistance of ground and pickled surfaces as compared with the as-welded
state (figure 4). The latter shows a pitting potential more negative by some hundred mV than for the
wrought material, whereas in the ground state no marked difference is observed between PHS and
wrought duplex SS. Because the potentiodynamic measured Up are higher than the breakdown potential in
sulfuric acid (-900 mV with respect to SCE), the precise value may be masked by anodic currents
corresponding to oxygen evolution [7]. The superior pitting resistance of wrought duplex SS as compared
with cast SS, which may be partially compared with claddings, has also been demonstrated in [7]. The
pronounced hysteresis found in the as-welded state, which results in a very negative repassivation
potential, is caused by pits which behave as crevices. Authors suppose that pitting begins at small failure
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sites or thermal cracks or fissures in the upper "skin", which consists of high temperature oxides.
Therefore, the pits grow preferentially in the underlying metal and are stimulated by lowering of the pH
value as a result of hydrolysis of corrosion products inside the pit and the hindrance of anion exchange
with the bulk solution. In practice, the necessity of removing oxide films after welding is the subject of
controversy. In most cases, as in [121, pickling followed by repassivation is recommended.
The lower resistance of the as-welded st-xe may be caused by thermal chromium depletion in the oxide
and in the underlying alloy substrate, as is known for SS [12]. Moreover, the pitting resistance of duplex
SS is influenced by the ferrite-austenite ratio [131. The ferrite content is decreased from 39 to 33 percent
by grinding; in accordance with [13], this results in the better pitting resistance measured. The higher
ferrite content of the upper film may be caused by the higher cooling rate after welding.

2. Influence of the test temperature: It is generally known that the pitting resistance of SS
decreases with increasing temperature, but that the kind of characteristic depends of the chemical
composition and type of SS [6,14,15]. Molybdenum- bearing SS with high pitting potentials at room
temperature usually exhibits pronounced decay at about 40 to 60 'C. For duplex SS, this is expected at
lower temperatures [15]. As indicated in figure 5, Up decreases mainly between 25 and 40 'C in a manner
not yet characterized precisely from the transpassivation range to about 400 mV (wrought materials) and
about 100 mV (claddings). From our measurements we can give the following ranking order for the
pitting resistance at 40 'C:
superduplex (wr.) > duplex (wr.) > claddings (both types)
At 70 'C there are no decisive differences at all.
Wallis [16] has pointed out that Mo as an alloying constituent exerts no influence in the range of
transpassive breakdown potential, but that it promotes the formation of Cr-rich resistant passive layers
because of the oxidizing properties of the MoO4

2
- anions known as anodic inhibitors. This takes place

only in the transpassive range for Mo at potentials above 600 mV/SHE (about 350 mV/SCE). Below this
range, molybdenium exerts little influence on the pitting potential. The results in figure 5 coincide well
with these characteristic features. For the claddings, one must take into account the segregation properties
of molybdenum and the possibility of precipitation of Mo-rich phases which may lower the pitting
resistance [16]. In order to find the exact reason for the lower resistance of the claddings at 40 'C, further
investigations are required. The general differences in pitting behavior of the two steels show the PPS in
figure 6a for the wrought and figure 6b for the cladding specimen.

3. Influence of chloride concentration: As indicated in figure 7, the potentiodynamically
measured pitting potentials of the duplex SS decrease with rising concentration of chlorides (0.01 M to I
M NaCI, 70 'C) and obeys essentially the well known expression,

Up"=a-b" lgccl. (2)

Deviations of the cladding pitting potential in dilute solution may be caused by the potentiodynamic
measurement and perhaps by the kind of definition of Up which is more suitable for more concentrated
solutions. Long-term potentiostatic measurements are in preparation.
The better resistance of the wrought material is particularly evident in dilute solution; in I M NaCI, the
difference from the as welded state is decreased to about 75 mV.

4. Location of pits: Pitting behavior and topography of duplex SS may differ from that of
single phase alloys because of solute partitioning effects between austenite (y) and ferrite (a) phases and
the presence of a / y-interfaces. As can be seen from table 4, the ferrite is enriched mainly in chromium
and molybdenum and therefore ought to be more resistant to pitting than the austenite. Phase
transformations and segregations such as chi- and a-phase precipitations may result in regions depleted
with respect to chromium and molybdenum. As expressed in the PRE number, nitrogen strongly increases
the pitting resistance. In detail, the higher solubility of N in the y-phase increases mainly the resistance of
austenite. Furthermore, the situation is influenced by thermal treatment and environment.
As shown by PPS experiments, large pits extend over a and y regions. Stopping the anodic loop
immediatly after increasing of current density or after suitable potentiostatic experiments indicates that
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pitting can also be associated with the ferritic regions (figures 8a, 8b). Therefore, the stabilizing effect of
nitrogen on austenite seems to overcome the effect of the higher Cr and Mo content of ferrite. Equal
resistance in NaCI/HS solution requires about 0.18 percent N 1171.

5. Influence of aging : Increasing the aging temperature shifts the pitting potential in the
cathodic direction (figure 9). At 850 'C this is caused by a-phase precipitation (see table 4). Potgieter [1 8]
has found that in NaCl a small a-phase content is sufficient to severely impair the pitting corrosion
resistance of duplex SS, to displace the pitting potential to less noble values, and to cause pitting in both
phases. The poor resistance at 750 °C may be due to the Mo- and Cr-rich chi-phase which is surrounded
by a matrix depleted with respect to molybdenum and chromium [19]. It is supposed that the a-phase acts
in the same way in inducing pit nucleation at the phase boundary of the depleted matrix / intermetallic
phase because of lattice irregularities in the passive layer [16].

D. Intergranular corrosion
1. Modified Strauss test: This test may be applied to evaluate the susceptibility of as-

received material to IGA as a result of chromium carbide precipitation, M2,C6, and the resistance of extra-
low-carbon grades to sensitization caused by welding and heat treatments. As indicated in the T"P
diagram [201 for duplex SS (figure 10) in the range from 550 to 1000 'C, chromium nitrides, chi-phase,
M23C6 carbides, and, after a longer time, a-phase are to be expected. However, as indicated by the Strauss
test (figure 11), there are no fissures after bending, and this implies the absence of IGA caused by
chromium depletion following M23C6 precipitation. The brittle fracture of the bent specimen after aging at
800 TC and higher is caused by a-phase precipitation, followed by an increase in hardness (see table 3).
Though not usual, the measured rate of general attack increases considerably at 750 and 850 TC. The
former may be caused by chi-phase, the latter by a-phase precipitation. Probably the highest attack is also
caused by unstable austenite as a result of transformation of ferrite to sigma and austenite.

2. Results of the Huey Test: The test shows the good resistance of duplex SS in the as-
received state with a corrosion rate less than 0,5 mm/a. It is interesting to note that the cladding exhibits a
somewhat lower rate (0.28 mm/a, in comparison with 0.41, figure 12). The maximal depth of attack on
the upper side in the as-welded state is 8 gm; on the mechanically treated lower side the value is 28 pm
(as compared with 12 pm for wrought duplex). From this observation, it can be concluded that under
practical conditions the claddings are more resistant than in this test. Figure 13a shows that the lines of
attack are controlled preferentially by the welding direction, whereas on the underside of second layers,
the attack occurs preferentially at primary ferritic grain boundaries. Short-term aging at 750 'C is caused
by the preferential attack on ferrite with finely dispersed chi-phase precipitations. The corrosion rate
decreases with the beginning of a-phase precipitation, although chi-phase exists, too. Therefore, the better
resistance may be caused by a transformation from ferrite to austenite (residual ferrite content: 3 percent)
and thus by the high resistance of austenite in the potential range of the Huey test.

3.Results of the double loop EPR test: Proper test procedures for determinig the IGA
susceptibility of duplex SS have been studied to a far lesser extent than those for austenitic SS. In spite of
its higher resistance, the test has to be intensified, for instance, by increasing the concentration of acid or
activator [211.
The EPR curves (figures 14a to c) [22] show a first anodic peak at about -320 mV, which is attributed to
preferential ferrite dissolution, and a second, higher peak at about -230 mV, which is attributed to the
austenitic matrix. Both peaks exhibit a tendential increase with aging temperature and aging time, but the
ferrite peak degenerates to a shoulder or vanishes, if the ferrite content decreases to less than 10 percent as
a result of the transformation. During the reverse scan, the shift to more cathodic potentials for the ferritic
repassivation peak is clearly expressed in the aging state (figures 14a and b). Mill annealing (MA) of the
claddings before aging suppresses the anodic ferritic peak as well as the repassivation peak and results in
full IGA-resistance (see table 3). In accordance with the EPR-quotient (table 3) and metallographic
investigations, sensibilization of wrought duplex occurs after aging (750 'C / 5 h and 850 TC / 3 h) and
causes IGA in austenite, besides preferential attack in the former ferritic regions (figure 15) This agrees
with the a- and chi-precipitation at the y / y-grain boundaries and the dispersed morphology of the a-
phase which results from the ferrite transformation (figure 16). The dispersed a-phase causes the most
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severe decrease in corrosion resistance [231. The claddings are susceptible only at 750 TC. In the
microstructure, parts of coherent grooves exist in the neighborhood of austenitic lathes; this marks the
primary ferrite grain boundaries (figure 17). As as result of aging at higher temperatures and longer
times, the known healing effect is realized sooner with claddings than with wrought material.
It can be concluded that in the as-received state neither the wrought duplex nor the PHS claddings are
susceptible to IGA, and that the results of the EPR test under the conditions considered are in accordance
with the chemical tests.
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Table 1 Chemical co position ( oI mass, in %) and PRE number

Material C Si Mn P S Cr Mo Ni N Cu Fe PRE
I %

X 2CrNiMoN 22 5 3

wrought 0,023 0,32 1,70 0,01 0,005 22,35 3,06 5.35 0.15 0,30 66.35 34.8

cladding I 0,017 0,52 1.55 0,01 0,005 22,34 3,20 7,81 0,15 0,69 64,49 35,3

cladding 2 0,029 0,51 1,65 0,02 0.005 22,51 2,85 7,61 0,13 0.34 64,35 34.3

X 2CrNiMoN 25 7 4

wrought 0.026 0,39 0,65 0,03 0.002 25,44 3.95 6,95 0.50 0.51 61,56 46,5

cladding 0.028 0,27 0,51 0,02 0,003 24,78 3,91 8,58 0.50 0,07 61.33 45.7

Table 2 Modified Ferric Cloride Test ASTM G48, A and B

Material state CCT CPT pit density 0 pit depth

°C 0C z . 10-3mM- mm
X 2CrNiMoN 22 5 3 as welded 20,0 11.0 0,34

cladding pickled - 27.5 1,4 1.40
ground 15,0 27,5 1,6 1,30

"X 2CrNiMoN 22 5 3 ground 27,5 42,5 0,5 0,51
wrought

"X 2CrNiMoN 25 7 4
cladding as welded

"X 2CrNiMoN 25 7 4
wrought ground 32,5

Table 3 Thermal treatment, ferrite content, hardness and data of EPR test
ageing I% E[V 10 C Ir /la

Material (Qr / Qa) Remarks
T/°C t/h

- - 36 249 0,02 0,06
X 2 CrNiMoN 22 5 3 750 0.5 29 231 0.06 0.19
wrought 750 5 18 0,22 0,37

850 3 9 312 0.14 0,29 IGA in y
I__ _select A in a

- - 34 250 0,06 0,17
X 2 CrNiMoN 22 5 3 750 0,5 31 240 0,19 0,38
cladding 750 5 25 0.28 0,55 IGA at GB

850 3 3 308 0,04 0,07 of prim.struct.
800 100 0 4 0,002 0

X 2 CrNiMoN 22 5 3 35 0 0
cladding + MA 750 0.5 30 0,002 0.01
( 1050°C / 0,5h) 850 3 7 0,04 0,05
X 2 CrNiMoN 25 7 4
wrought 49

X 2 CrNiMoN 25 7 4
cladding 33
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Table 4 REM / EDX characterization of different phases in X 2CrNiMoN 22 5 3

state ageing phase chemical composition - Ioy mass, in %

T/OC. t/h Cr Fe Ni Mo Mn Si %,x
wrought a 24.65 64.40 4,28 4.29 1.95 0.42 35

7 21.40 66,60 7,26 2.41 1,99 0.35
cladding U 24,54 64.76 4.17 3,24 1,62 0,83 34

_Y 21.33 66.28 7.75 2,06 1,86 0,55
850 3 aX 25,89 66,81 2,88 2,53 1,66 0,24 9

Y 21,06 66,76 7,42 2,63 2,05 0.36
wrought 5 19.87 58.08 3.19 6.60 1.90 0.51

Z 24.05 57,68 3,86 11,51 1,68 1.04
850 3 O 3

cladding y 20,61 65.43 9.21 2,43 1,73 0,54
C 30.48 57.28 3,28 6.81 1.39 0,77
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Corrosion rate ( mm / a) X 2('rNlMoN 22 5 3

1,2 0 wrought1,2 
L, as welded1,1 / 3

1.1 * L,860"C 1 3h
I N L, 7-OC OSh41,9

0,8

0,7

0,6
0,5

0,4

0,3
0.2

0,1
0

1 2 3 4 5 average

Fig. 12 Corrosion Rate in Huey- Test ASTM A262- C
for five individual 48 hour periods ( L = second layer)

mr

a) b)

Fig. 13 Attack after Huey-Test (5 periods)
a) Cladding. as Welded state,
b) Under Side of second Layer,
c) Aged at 750 TC / 0.5 h

c)
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X 2CrNiMoN 22 53 a)
Og. DqAhx wrought
700C

'I -. -7UOC/~5O

-6.5 -6.4 -6.3 -e.2 -6'M1, I UnV(C

X1 X2CrNiMoN 22 53 -b)

Oup dadd kV~~
- 7M~/

1 -7509C/YI

4M _S ' -UC/3h

-6.5 -64 4 6 -62pG n-i' i

X 2CrNiMoN 22 53 C
S ilx cldding. MA(VWSOC/3O') '

MA

I / \ -- hA+750OC/30

21 /% -MA4450*C/3h

4.5 -6.4 -9.3 -4.2 a.
tnatp -In V(LL-

Fig. 14 EPR- Curves of Duplex SS
a ) Wrought specimen , b ) CLaddings , c) Claddings , MA
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Fig. 15 IGA of Wrought Duplex (850 *C A h after EPR- Test

Fig. 16 Precipitations of X-pbase (*6 ) and a;-phase in
wrought Duplex SS after Ageing (850 *C I3h)

Fig. 17 Aged (750 *C A h Cladding after EPR-Test
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Alloy 625 Weld Overlays for Offshore and Onshore Projects

Dan Capitanescu, Welding Specialist
Capitan Welding Technologies Inc.
9304 Horton Road S.W.
Calgary, Alberta, T2V 2X4 , Canada

Abstract

This technical report presents an in-depth design, research and fabrication
information for Alloy 625 weld overlayed carbon steel pipe and fittings such
as: 90 degree and 45 degree LR Elbows, Tees, Dished Heads, Reducers, Weld
Neck Flanges, Valves, Spools, Manifolds, Nozzles, and Blinds. Major
developments for Offshore Projects took place in Calgary, Canada during 1989,
1990 and continued through 1991 such as:

- Development of an entire range of Alloy 625 weld overlay and butt welding
procedures to cover a majority of the welding processes: SAW, Pulsed GMAW,
SMAW, GTAW, FCAW and base materials such as: P1 and 4130 with thicknesses
from .250 in. (6.3mm) to no limit to be weld overlayed or butt welded.

- Development of a wide range of welding procedures to join dissimilar and
similar materials such as: P1 to Pl, P43 to P43, P1 to P45, P43 to P45,
4130 to 4130, 4130 to P43 etc. All using the same filler metal: Alloy
625.

- Development of special welding consumables with special formulation to be
used on Offshore Projects.

- Development of a unique welding technology and welding technique to
provide a low iron content Alloy 625 weld deposit on carbon steel base
material.

- Development of a specialized welding equipment to perform weld overlay on
45 degree and 90 degree LR Elbows with any exotic welding filler metal
including Alloy 625, employing a high productivity SAW System with near
zero defect rate.

- Corrosion tests performed on Alloy 625 weld overlay deposits and
corrosion tests performed on self contained Alloy 625 weld
overlayed Autoclaves.

- Complete study of Alloy 625 flux cored wire: weldability, corrosion
testing and weld defect occurrence while weld deposits performed
using FCAW fillers available today.
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I. Introduction

As the Earth's Oil and Gas Reserves diminish and the search for additional
and deeper resources increases, there is a growing tendency towards Offshore
Developments as the answer to self-sufficiency or to at least reducing Oil
and Gas dependability on other oil producing countries. The search for and
findings of Oil and Gas at such great depths are marked with high pressures,
high H2S and C02 contents and very often elevated temperatures. Complicating
the situation and making the project engineer's life even more challenging is
the issue of materials. Those proven acceptable for such projects just a
few years ago are now not good enough because of the Increased pressures, H2S
and C02 concentrations and temperatures.

Just a few years ago an "Exotic Material" was a material used for a multitude
of corrosion resistant applications. Today for the majority of the Onshore
and Offshore Oil and Gas Developments "Exotic Material" has to be "Super
Alloy".

Such major developments combining the drastic changes in the environment
awareness and the ever increasing cost of maintenance and equipment repair
has put the Super Alloys in the spotlight and the Alloy 625 on the top of the
list as one of the most flexible alloys to be used as a "Corrosion Barrier"
for most applications. From an economical point of view Alloy 625 looks very
unattractive to many potential users because of its very high price tag. As
a direct result of the high price of Alloy 625 solid fittings, Alloy 625 weld
overlayed pipe and fittings is an obvious alternative with excellent
technical results and remarkable cost reductions.

II. Alloy 625 Weld Overlays: Welding Processes And Welding Technologies

Choosing the right combination of welding process and welding technique for
the proper application is the secret of Alloy 625 weld overlays.

As shown in Table I, Alloy 625 displays properties that will make welding
anything but an easy task.

The bottom line is that Alloy 625 weld deposits will allow a good appearance
and sound weld deposit only if the welding process used falls into the
category of "Hot" processes such as: SAW, GTAW, PLASMA TRANSFER ARC, etc. On
the other hand, with any "Hot" process high dilution comes as a normal
attachment.

A smart compromise has to be found and an ideal balance of sound weld deposit
- low dilution occurrence has to be found. One of the most successful
candidates in achieving most of the advantages in weld overlaying with Alloy
625 is Submerged, Arc Welding System. With a proper welding technique that
is tailored differently to various base metal thicknesses and shapes the SAW
process will definitely show the following positive aspects:

- High deposition rates.
- Near zero weld deposit defects.
- Almost perfect "Smooth" weld deposit appearance.
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- Controllable dilution rates.
- Minimum filler metal waste.
- Very good consistency in weld overlay deposit chemistry.
- Equipment flexibility to produce weld overlays in a very

small bore(l in. dia.) pipe and fittings.
- Low cost of labour (machine operator versus skilled welder).

Very successful attempts were made to qualify Alloy 625 weld overlays on !1
and 4130 base materials. Table II is a summary of various overlay and butt
welding procedures all having one thing in common: Alloy 625 filler metal.

Very valuable data have been compiled, some reinforcing former developments
on Alloy 625 welding but most of the findings are new. An integral part of
the welding technology developed are four factors that were found to be most
influential in achievinq the best end results: filler metal diameter, welding
position, welding speed and flux type (for SAW).

III. Filler Metal Diameter

It has been many years since researchers have established the direct
relationship between Alloy 625 cracking during welding and the weld puddle
size and shape. Mathematical formulas will eventually help to establish the
stress forces that occur at the surface line of an Alloy 625 weld puddle.
What these formulas will not provide Is the practical means to avoid such
occurrences. What is an ideal puddle shape that will allow a crack free
weld? The size and shape of a weld puddle will be decided mainly by the wire
diameter, welding speed and weld position.

With the SAW process used to perform about 90% of the Alloy 625 weld overlays
on this development and an approximate 20,000 lbs of Alloy 625 (ERNiCrMo-3)
filler metal being melted, the one diameter that emerged as being the most
suitable for SAW process was 1/16" (1.6mm). A smaller diameter filler metal
was used (approximately 400 lbs of Alloy 625, .045" (1.2mm)) and displayed
poorer results then 1/16" diameter as far as weld deposit appearance and
deposit defects are concerned. With the Pulsed GNAW the only diameter with
excellent results was .045" (12mm).

With the SNAW process after an approximate quantity of 2000 lbs of Alloy 625
welding rods were used, the most successfully used diameters in achieving
weld deposits free of defects were 1/8" 3.2mn) and 5/32" (4.0mm). On GTAW
even though the quantities used were significantly lower than the ones used
with SAW and SMAV we can conclude that one diameter provided defect free weld
deposits : 1/8" (3.2mm).

In conclusion we can say the following:

- Smaller diameter Alloy 625 filler metals allow zero crack weld
deposits.

- Small weld puddles are preferred to large ones in order to reduce
stress cracking and bring the two expansion coefficients of the
carbon steel base metal and Alloy 625 weld deposit to a common
ground.
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- In the case of SAW process feeding small filler metal diameters
definitely help to maintain a continuous flow that directly helps
in maintaining welding parameters (current and voltage) to a
constant level which translate into a sound weld deposit.

- Pulsed GMAW has emerged as the process that will replace completely the
slower, low productivity SMAW process.

IV. Welding Position, Welding Speeds And Flux Type

Welding positions and welding speeds are very important factors in producing
a sound Alloy 625 weld deposit. For SAW process Alloy 625 combined with a
proper welding flux has the characteristic of "Fast Freeze" weld puddle which
makes it a very good candidate for "Out of Position" welds with very good
results for SAW welding near the " 3 o'clock" position.

The negative side is that in order to perform a SAW weld in a near "3
o'clock" position the welding speed has to be somewhere near 18-25 IPM and
this situation will lead to "Higher" than normal dilution rates. Very good
quality SAW Alloy 625 weld overlays were achieved in near "3 o'clock"
position especially in performing the weld overlays on 90 degree elbows.
Figure 1 shows a schematic of such near "3 o'clock" SAW weld overlay on 90
degree elbows with several production chemistries performed on 10% of the
elbows showing excellent results.

From a practical point of view SAW Alloy 625 weld overlays can be
successfully achieved in "Out of Position" situations only on the condition
that while the welding puddle solidifies it has the kind of support that will
not let it "RUN AWAY" and be disturbed to any extent. A "RUN AWAY" puddle
will create weld cracks throughout the entire weld.

V. Flux Type Used For SAW Overlays With Alloy 625

The most valuable finding during this development was the influence of the
flux used for SAW overlay in regards to the occurrence of cracking in the
weld deposit. As a normal practice the liquid penetrant test is the test
that will decide if a corrosion resistant weld overlay will perform,
depending on the overlay's surface condition. "Defect free" weld overlay
deposits will "read" in a similar manner as a 100% radiography test of a
butt weld with no defects.

During the development, after a sizable number of fittings were finalized and
ready to be butt welded to the corresponding clad pipe, multiple cracks were
detected in the weld overlay deposit during a radiographic
test. The findings were surprising due to the surface quality following
liquid penetrant test. There were approximately 150 fittings (elbows, tees,
flanges, blinds, reducers, caps, etc.) varying in sizes from 6" to 18" that
after radiographic testing showed cracks varying in number from 4 to 20 on
the same fitting and from 1/4" to 2" in length.
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A large amount of filler metal and flux were wasted. After a thorough
technical investigation one element stood out in our findings: high amounts
of silicon were found in the weld deposits. The cracks were consistent from
one point of view - all "embedded" in the weld deposit. There was no finding
to show a crack propagated either into the base material or to the weld
overlay surface. A typical crack found in Alloy 625 weld deposit is shown in
Figure 2.

As has been previously established in the welding community, solidification
cracking occurs when the solidifying weld pool is subjected to transverse
shrinkage. Very often, in the center of the weld which solidifies last,
there is an important amount of low melting point impurities. Due to this
occurrence, the weld loses a good portion of its ductility. High strain in
conjunction with low ductility leads to cracking in the weld. The occurrence
of such cracks very often takes place in alloys rich in low melting points or
low ductile elements such as silicon combinations. As mentioned above during
a very thorough lab test investigation significant amounts of silicon were
found around the crack, as can be seen in Figure 3.

It is known that SAW weld overlay deposits with Alloy 625 are anything but an
easy job due to the very high nickel content of the filler. An easy way of
producing SAW weld overlay deposits with smooth appearances is to use a
silicon rich flux which will automatically ensure a very "fluid" slag in
combination with "silent" arc and no occurrence of heavy slag or slag
"bubbling" effect. This was the case of Flux 1805, which produced very good
appearance weld deposits but with "under surface* cracks. Immediate steps
were taken and new welding procedures were developed using a silicon free
flux. The new flux, Flux #7, is very difficult to weld with due to very poor
flow characteristics in molten state; but there followed an approximate
10,000 lbs of Alloy 625 weld deposits with ERNiCrMo-3 filler and Flux #7 with
not one single occurrence of cracks.

VI. Low Iron Alloy 625

The idea of producing a low iron Alloy 625 weld deposit occurred at the very
first stage of development. Extensive corrosion tests were conducted by
various parties interested in Mobile Bay Development and for that environment
solid Alloy 825 was found appropriate to successfully withstand the corrosion
produced by known H2S - C02 concentrations. Table III shows the typical
chemistries of Alloy 825 and Alloy 625.

During the course of this development, great difficulty was experienced in
procuring Alloy 825 fittings in time and at an acceptable price tag. As a
result a decision was made that all fittings larger than 4" dia. would be
weld overlayed with Alloy 625 in order to ensure a weld deposit with an
acceptable iron level. Due to the quantity of fittings to be weld overlayed
a total review of the project specifications took place in order to
accommodate an "achievable" production weld overlay chemistry throughout the
entire range of fittings of various diameters and shapes.

To ensure that the weld deposit chemistry limits were going to be achieved
for production weld overlays a further step was taken in producing "Special
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chemistry Low Iron" Alloy 625 filler metals. Table IV shows the special
chemistries of the three types of filler metals used on the project.

During the course of the development, many welding procedures were developed
and an important number of chemical tests on Alloy 625 weld overlays were
performed. The conclusion was that regardless of the welding process used a
great chemistry consistency was achieved throughout the entire project and
all the results were well within the project specifications - Table V.

In conclusion, achieving the levels set through the projects specifications,
and producing and using a low iron filler metal was most helpful and also
proved economically feasible. This was due to weld overlaying that was
performed in normal "Shop Production Conditions" on various items with a
multitude of diameters, shapes and configurations as shown in Figure 4
a,b,c,d,e & f. This was done without making use of any sophisticated welding
technology or technique more appropriate for Research and Development or
laboratory conditions.

VII. Corrosion Tests Of Alloy 625 Weld Overlayed Deposits

Even though corrosion tests on Alloy 825 proved it suitable for use on the
environment occurring from Mobile Bay conditions, extensive corrosion tests
were conducted on Alloy 625 weld overlay deposits performed on various items
such as: P1 base material plates, 4130 base material plates, P1 base material
fittings (tees, etc.) or whole self contained autoclaves with a multitude of
weld overlayed items as can be seen in Table VI.

The tests were very elaborate and under more severe conditions then the
production ones. Excellent results were somewhat expected. It was very
reassuring to demonstrate that Alloy 625 weld overlay deposits on carbon
steel base materials are at least as corrosion resistant as solid Alloy 825.

VIII. Specialized Equipment To Perform Alloy 625 Weld Overlays Of Small Bore
Pipe And Fittings

The application of Alloy 625 weld overlaying to fittings with a large variety
of shapes and diameters can be achieved only with highly specialized welding
equipment. "Shape Welding" and "Shape Weld Overlaying" are ideas many people
were dealing with for quite some time, but bringing it from theory to
practice has been demonstrated during this project.

Besides the normal range of welding equipment to weld overlay pipes, flanges,
tees, and reducers, a major development took place during the course of this
project: a unique SAW Welding System to weld overlay 90 degree Long Radius
Elbows with diameters starting as low as 6". As can bee seen in Table VII an
entire range of fittings were weld overlayed as part of the Mobile Bay
Development.
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IX. Economical Aspects Of Alloy 625 Weld Overlay

The significant savings of using Alloy 625 weld overlayed pipe fittings
versus solid Alloy 625 or 825 fittings made this project possible from the
very beginning. Choosing Alloy 625 weld overlayed fittings over solid
centrifugally clad, hip clad etc. proved to be a very big economic success,
besides having a technical advantages from the safety and corrosion resistant
point of view. Figure 5 shows a clear picture of the above statement.

X. Conclusions

With the completion of the Mobil Bay Development, a solid precedant is
created: Alloy 625 weld overlayed fittings for an entire project with no
exception. There are very certain conclusions that can be drawn at the time
of closing this project.

1. "Shape Weld Overlay" is a reality and can be achieved with specialized
equipment, personnel and research and development.

2. A 100% sound weld overlay deposit can be obtained with a controllable
chemistry.

3. Silicon content in the flux must be kept under strict control when
Submerged Arc weld overlays with Alloy 625 filler is being considered.
A maximum of .5% Silicon in the weld deposit will ensure a "crack free"
overlay.

4. Economical Alloy 625 weld overlayed fittings, small pipes and spools
fabrication is the obvious choice for substantial savings regardless of
the size of the project.

5. For both, Onshore and Offshore Projects with highly corrosive
environment Alloy 625 weld overlay is a proven choice that is feasible
from technical and economical point of view.

6. Specialized weld overlaying equipment and weldingtechnology already
tested makes it easier to continue the search for answers on similar
future projects.
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"Tae r - Physil:W Constamis and Themni Properties
Physical Constants and Thermal Properties
Density, lb/cu in..---........... ................ 0.305 Melting Range,. F . 2350-2460
Modulus of Elasticity, psi Specific Heal, Blu/Ib/*F

Tension..... ............. ............ 30.000,000 70*F .. ... . 0.098
Torsion..... ................. .......... 11,000,000 Curie Temperature, *F . .... <-320

Poisson's Ratio .... .....- 0.31 Permeability (70*F, H = 200 oersted) .... ... 1.0006

70*F 200"F 500'F 1000-F 1500-F 2000-F

Thermal Expansion,' in.Iin./PF x 10-6 ..... 5.5 7.1 7.4 7.8 8.7 -
Thermal Conductivity. Btu/sq tt/hr/ln./*F ............ 68 - 93 121 151 -

Electrical Resistivity. ohm/circ mIl/ft ............... 776 - 809 830 821 806

Trable r - Summa-y of Al Mobie Bay QaLkfilcatimi
WELDIN5 N( THICKNESS SAB .One 19 er Two layer
Process 1 P 143 Qualifted er F u x 7Gs- E/E RNCr~o-3

>8.256 -o ma.5062 5 12 Ar WTIOFHC2

87se .501 No mm.5 625 12 Ar FI&ausdM4

w-J GAW . 5 do Nomax 2980



"T"e r - Typical chenitrie of Aloy 825 and Aloy 625
alloy 825 alloy 625 -

N ickel ..........................................................- 38.0-46.0 .................. Balance

C arbon ........................................................... 0.05 m ax .......... 0.10
M anganese .................................................... 1.0 m ax ............. 0.50
Iron ............................ ............... ........ B alance . .......... 5.0
Sulfur ................. 0.03 max............. 0.015

Silicon .............................. 0.5 max. 0.50

Copper ............... 1.5-3.0
Chromium ..................................................... 19.5-23.5 ....... 20.0-23.0
Alum inum ..................................................... 0.2 max, 0.40

Titanium ....................................................... 0.6-1.2 0.40

Molybdenum .......................... ............... 2.5-3.5 ..... 8.0-10.0

Cb + Ta ..... . ......... ............................... 3.15-4.15

"Table IV" - 'Speciial Gheistry Low Iron" Akoy 625 Fier Metals

WELDING FILLER FILLER TRADE C H E M I C A L A N A L Y S I S%
PROCESS CLASS NAME n. C Cr Ni Mn Si Mo Fe TI Cu NbTI S A
SAW ERNIOMo.3 NICROFER 6020 .013 222 64.0 .02 .05 9.1 .6 .18 1l 3.5 .002 0.12
SMAW ENiCrMo-3 INCONEL112 .004 21.0 63.1 .01 .38 8.9 1.0 .20 .04 3.4 .003 .13
GTAW ERNICrMo] NICROFER 6020' .012 22.2 63.0 .05 .06 9.2 -7 .20 .03 3.5 .003 0.12

ERNICrMo-3 NICROFER6O20 .015 22.0 64.0 .02 .04 9.2 .69 .20 .01 34 .003 0.14

"Table V" - Cth iCd Anaysis ResuIts for Project

Welding Number of Depth of Number of PRODUCTION vsSPEC CHEMI'Ii
process layers chemi try chemistries P s pls P s I PI S IP s Ps

sam pe % %C o I % Fe Nb.tra
A ONE .125- 34 2.118,14153 8 6 2013 3.7 2 .3 5SAWA 

JITWO .156" 70 .2 .1201555 - .56 12 53,8 2 .2
SMAW TWO .125' 20 051.1 2015 5745 8 6 11 12 25 2 .3 ,
GTAW TWO .125" 15 .5 .1 21 15 60 66 12 27 2 .1 _

Pulsed ONE .12" 20 01 .1]2215 61 8.5 7 2510141 5.2,5
GMAW TWO .156" 17 1 .1 22176155_,7,2 8403 .25

2981



'Table VIN - Weickent Corrosion Test

LL'. Weidment corrosion test
W 2L-aye; E/ERNiCrMo-3 OVERLAY on P1 BASE MAT.
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"Trable VF - Frttkis Weld Overlayed with E/ERNIrMo-3 (AlIW 625)

ElEM r -1Al,65 eld ymka S

R1 PulsediGSAW 100%PT
8j a P4 usdGA RF& RTJ

FArFSMAW 100%RT
4130 GTAW

P1 SAW
Pi Pulsed GMAW 100% PT

-- iJEES- P4 GTAW STRAIGHT &
4130 100%RT REDUCING

X2. ELBOWS P1 10oPT
P4 SAW W08450

413 100%RT o47min.

P1 SAW 100%PT
-R EDUCEBS P)4 Pulsed GMAW CONC.&ECC.

4130 SMAW 1100%RT

CA SP4 SAw 100 %PT 4 in

Pulsed GMAW 100%RT
N~j~j7 4130

P1 SAW
410 Pulsed GMAW

4- 4130 100%PT CHECK&BALL
GTAW

SAW 100% PT

Pulsed GMAW

P1 GTAW 10%T RFARTJ

Part UT
~MAME=LS-
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1. Introduction

The continuing development of technical processes in the chemical industry and in the field of
apparatus and machine construction often imposes demands which exceed the load limits of
conventional materials. For this purpose, the application of corrosion- and oxidation-resistant
protective claddings by weld surfacing is steadily paining importance. Components clad by surface
welding are thereby characterized by a subdivision of functions: the surface requirements are
satisfied by an appropriate protective cladding, whereas the substrate supports the mechanical
stresses encountered during operation. Consequently, the corrosion properties of claddings applied
by plasma weld surfacing with titanium- and nickel-based alloys had to be investigated.

Titanium and titanium alloys exhibit high corrosion resistance with respect to many aggressive
media, even at high pressure and temperature; this feature is not achieved by any conventional
protective materials under similar conditions. In the case of titanium, this property is due to its
stability under oxidizing conditions. Cladding with special-purpose metals occupies a particular
position in cladding technology. The engineering problems involved in weld surfacing are
associated with the relatively high melting point of titanium in comparison with that of the
substrate, such as structural steel, and the very high reactivity with noninert gases and other
metals. Weld surfacing with special metals on a heterogeneous substrate has hitherto not been
regarded as feasible because of brittle reaction products which form in the bonding zone.

High-content nickel-based alloys have increasingly proved their worth in chemical apparatus and
plant construction as well as environmental and power engineering. These alloys are employed
wherever comparatively aggressive conditions, such as highly concentrated alkaline or acidic
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media in combination with additional contaminants, such as chlorides or fluorides, as well as high
temperature and pressure, are encountered. These materials are successfully employed in the
construction of chemical apparatus because of their high corrosion resistance in strongly oxidizing
acids. By virtue of their composite structure with the application of thin claddings, they present an
economical solution by saving raw materials.

The results achieved in the course of these investigations on the corrosion behavior of claddings
applied by plasma weld surfacing with gas-sensitive titanium- and nickel-based alloys susceptible
to dilution are presented and discussed [1 to 7].

II. Investigation of corrosion on titanium and nickel claddings

A. Titanium claddings
The single-layer titanium claddings have been investigated in detail by metallographic and zone
analysis as well as by corrosion chemical methods [4: 6]. The results indicate the possibility of
applying corrosion-resistant claddings of titanium by the plasma method, provided that the welding
process is shielded against contamination by atmospheric gases, and that the formation of
undesirable reaction products in the bonding zone between the substrate and filler material is
minimized with the application of an intermediate layer, figure 1.

The corrosion behavior of the applied claddings has been investigated by means of chemical and
electrochemical analyses; the corrosion properties of standard commercial rolled materials were
thereby taken as reference. Unless otherwise mentioned, the original surface was examined. The
surfaces were prepared only by degreasing (acetone, ultrasonic bath). For the chemical analyses,
the rear surface of the samples were worked until dilution effects were essentially eliminated.

1. Chemical investigations - autoclave tests: The titanium samples (surface area:
22 cm2 ) were exposed to a weakly acidized sodium chloride solution (150 g/l NaCI, pH value: 4)
in an autoclave for 7, 14, and 21 days. The results are presented infigure 2. No appreciable mass
loss was thereby detected on the surface welded titanium claddings with an intermediate nickel
layer, as well as on the reference material (not indicated in the figure). A measurable mass loss of
dbout 1 g/m'- (1.5 .2, 0.7 g/m2) was observed only on 10 percent of the surface welded samples.
The microscopic examination of the surface did not indicate any signs of corrosion. Small
scratches and grooves already present before the test were not enlarged by the corrosive exposure.
In the case of the titanium claddings applied over an intermediate copper layer, in contrast, large
mass losses occurred, especially during the first week. These losses are due especially to
inhomogeneities in the copper distribution. Moreover, x-ray examinations revealed high residual
stresses in the applied claddings, in part, these stresses resulted in disintegration of the samples
during the test. However, an optimistic feature is the fact that several samples suffered only a very
slight mass loss By means of further improvements in welding technology, with low and uniform
copper dilution as primary objective, useful results can certainly be achieved in the case of
cladding over intermediate copper layers, too.

2. Electrochemical analyses: For better appraising the corrosion resistance of the
surface welded claddings, curves have also been recorded for the quasisteady-state current density
versus the potential. A 15 percent sodium chloride solution with a pH value of 3 (adjusted with
HCI) was employed as corrosive medium. The tests were performed in the aerated electrolyte at a
temprrature of 70 'C. From the respective rest potential, the measuring electrode (surface area:
I cml) was polarized by 25 mV in the anodic direction every 10 min, and the corrosion current
established after 10 min was recorded. On the basis of these investigations, the surface welded
claddings with an intermediate nickel layer can be regarded as equivalent to , .erence material
with respect to their corrosion behavior in the selected medium. The pitting corrosion potentil
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determined for the reference material is about 1750 mV, that measured for the claddings on an
intermediate nickel layer is about 1650 mV. (All indicated potentials are referred to the standard
hydrogen electrode.) In contrast, the surface welded claddings on an intermediate copper layer
already exhibit a decided increase in the corrosion current above 500 mV (figure 3). The brief
increase in current at about 250 mV is due to selective copper dissolution. After the tests, the
surfaces of these samples were coated with a gray deposit, which was interrupted by small
metallically lustrous areas at a few sites. The considerably inferior corrosion behavior of the
surface welded cladding over intermediate copper layers is due to pronounced dilution of the
copper and its nonuniform distribution in the surface welded cladding, as already mentioned in
conjunction with the chemical tests.

On the basis of these current density versus potential curves, electrochemical noise measurements
were performed at selected potential values [7]. Battery-operated potentiostats and amplifiers with
extremely low noise from the Forsctnigsinstilut "Kurt Schwabe", Meinsberg, and the Jaissle
Company, Waiblingen, were employed for the purpose. The measured data were recorded with the
use of an analog-digital converter circuit board (resolution: 14 bit) integrated in a battery-operated
laptop. A thermostatted, doubly jacketed vessel was employed as measuring cell.

Even at room temperature, a holding experiment at 350 mV revealed decided differences in noise
characteristics between the claddings on an intermediate copper layer and the other two materials
tested (figure 4). At frequencies around 1 Hz, the titanium cladding on an intermediate cupper
layer exhibits a noise power level which is higher by almost three powers of ten than that for the
reference material or the titanium claddings on nickel. The cumulative current indicated at the
same time by the ammeter of the potentiostat was around 400 nA/cm 2 for all three materials and
thus provides no evidence of differences in corrosion behavior.

The electrochemical noise measurements thus confirm the conclusion that the surface welded
claddings on an intermediate copper layer do not satisfy the requirements imposed under this
condition, whereas the titanium claddings on an intermediate nickel layer are qualitatively
equivalent to the reference material.

B. Nickel-based alloys
1. Chemical investigations - immersion tests on nickel-based alloys:.The examination

for intergranular corrosion was performed by means of the modified Streicher test in analogy with
SEP 1877/II. For this purpose, the mass loss rate and the formation of furrows (cracks) was
determined after exposure of the samples to boiling sulfuric acid with added iron sulfate for 24 h.
A crack depth of 50 gm was taken as criterion for susceptibility to intergranular corrosion.

Upon visual inspection, all investigated samples exhibited a general mass loss, which was highest
in the case of C 276, as shown infigure 5. This trend is due especially to the effect of the alloying
elements and can be predicted in correspondence with the percentage ratio of Cr to (Mo + W), as
indicated by U. Heubner and M. Kohler [8], as well as F. G. Hodge and R. W. Kirchner [9]. At a
low ratio, the mass loss due to corrosion is very high and corresponds to the following sequence:

C276 > C4 > C22
The surface welded claddings exhibit a mass loss rate which is lower by one-half than that for the
reference material; this observation is associated primarily with the fine-grained structure of the
weld.

As far as the crack depth is concerned, a comparison between the reference and weld materials
reveals inverse behavior (table 1). No crack depth greater than 50 pm was measured in any case,
hence, all materials can be classified as resistant toward intergranular corrosion. After annealing in
the sensitizing range, however, susceptibility to intergranular corrosion was observed with all
alloys, that is, with the reference material as well as the surface welded claddings.
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The pitting corrosion test was conducted in conformance with ASTM G 48-76 [101. The critical
pitting temperature is thereby determined in FeCI 3 solution. (The procedure begins at 50 'C with
an increase by 5 OC every 24 h.)

No pitting was observed on any uf the surface welded claddings in this solution up to 90 'C. As in
the case of the rolled goods, the critical temperature is above the temperature range attainable in
this medium, in correspondence with the effective sum (1 x % Cr + 3.3 x % Mo, after [II]).
Nevertheless, the investigations revealed a dependence of the general corrosion mass loss on the
surface condition. Unetched surface welded claddings exhibit higher corrosion rates than etched or
polished samples. The rolled material behaves somewhat better in comparison with the weld.

2. Electrochemical investigations: The electrochemical experiments were performed on
alloys C 4, C 22, and C 276 in the welded condition and on rolled material under the same
conditions as on titanium. The current density versus potential curves thereby indicate
approximately identical behavior for all materials investigated. The pitting potential was about
1000 mV (with respect to NHE) for all samples. For investigating the surface welded claddings
more closely, the electrochemical noise was measured at selected potential values in this case, too.
The conclusion concerning the approximately identical corrosion behavior of alloys C 4 and C 22
in the selected medium was confirmed. The surface welded cladding of C 276 exhibits increased
noise during holding experiments (900 mV). This finding is in agreement with the immersion tests,
which also yielded decidedly inferior results with C 276 in the welded state than with the other
two alloys. As expected, noise tests on rolled goods at 900 mV yielded decidedly higher noise
levels; this observation indicates higher surface activity. In figure 6, examples of power density
spectra are pre, ented for the surface welded claddings of C 4 and C 276, as well as the C 276
rolled material. The power spectra for surface welded claddings of C 22 concur with those for C 4
and have therefore not been included in the figure. In contrast, the noise level for the rolled goods
is decidedly higher, as confirmed by the power spectrum of the C 276 reference. In the case of the
nickel-based alloys, too, the results of the electrochemical noise measurements correlate with the
data obtained by chemical test methods. These results indicate superior corrosion behavior for the
surface welded claddings in comparison with the rolled material, as was also the case with the
chemical corrosion tests.

I1l. Conclusions

In t' present article, the corrosion behavior of claddings applied by plasma weld surfacing with
ti ....- m- and nickel-based alloys is discussed. From the standpoint of corrosion resistance, the
surface welded claddings are equivalent to the rolled materials, with the exception of the titanium
claddings on an intermediate copper layer. If dilution of the substrate or intermediate layer
material in the welded top cladding layer is kept low, the problems with the titanium claddings on
intermediate copper layers can certainly be be solved, too. As demonstrated by the claddings with
nickel-based alloys, surface welded claddings can even exhibit corrosion properties superior to
those of the rolled material because of their fine-grained structure.

The results of electrochemical noise measurements on claddings of titanium and nickel-based
alloys demonstrate that noise diagnostics provides valuable assistance in optimizing the welding
parameters. By means of noise diagnostics, the ,orrosion susceptibility of surface welded
claddings can be determined with very high sensiti\.;;y in a considerably shorter time than with
conventional methods of investigation. The effect of appropriate variations of the welding
parameters on the corrosion behavior of the cladding, as well as possible differences in quality due
to random fluctuations of parameters, can thus be ascertained.
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In summary, the results confirm the possibility of applying homogeneous, highly corrosion
resistant claddings by plasma weld surfacing if the process is optimized in combination with
electric arc control by accurately adjustable and reproducible heat transfer.
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Nickel-alloys As welded Reference material

C 276 40 pm 25 gm

C4 25 ptm lOjim

C 22 no cracks detected no cracks detected

Table 1: Crack depths measured on nickel-based alloys

Figure 1: Ni-Ti transition zonc of a cladding applied by plasma weld surfacing with Ti code 12

2992



30

25

~20

0)~j

" 15
0

~10 ;

5

0 5 10 15 20 25
time, days
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Figure 3: Quasisteady-state current density versus potential curves on surface welded titanium claddings
and reference material in 150 g/l NaCI. pH value: 3. T: 70 'C. AU. +25 mV. holding time: 10
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Abstract

The fabrication of stainless steels plates must be controlled, in order that the products have the
required corrosion resistance properties. Moreover, in service, periodical quality control
inspection is mandatory for many chemical process apparatus. The quality of the surface of
stainless steels is primordial for their corrosion resistance and therefore, it must be maintained
during all their service life.

The aim of these inspections is to control that no damage has occured, which could weaken the
corrosion and mechanical properties of the materials. This paper presents recent advances in the
use of an electrochemical technique to determine the degree of sensitization of stainless steels
and alloys. The results are very promising, since the method looks rapid, sensitive and reliable.
The development of on-site measurements will be discussed.

Key terms : intergranular corrosion, stainless steels, sensitization, on-site technique,
electrochemical test, non-destructive test.

Introduction

The corrosion resistance of stainless steels depends on their ability to build a uniform protective
passive film against the corrosive medium. However, many phenomena may weaken this
passivity : The presence of impurities or precipitations in the materials, which may occur
during all the process of fabrication of the products, or while assembling apparatus, can favour
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selective attack, since the surface and the passive film will be modified. Stainless steels need to
be solution annealed and quenched in order to put in solution all the different precipitates and
to homogenize their structure. If stainless steels are associated with carbon steel, the post-
welding heat treatment of carbon steel must be carefully determined. If badly chosen, this latter
treatment can favour precipitations in the material. This partial or full sensitization will
increase the risk of intergranular corrosion (figure 1). The same phenomenon can be
encountered in service, when an exceptional increase of the temperature occurs, due to a drift in
the chemical process. When it happens, an inspection of the apparatus is necessary to determine
the influence of this technical hitch on the security of the insta!'ation.

Welding operations induce a thermal effect near the weld metal. Therefore, the heat affected
zone can present a lower corrosion resistance than the base metal, due to carbide or phase
precipitations and chromium depleted areas around the precipitates (figure 2). Today, it is very
difficult to control the welding effect on the sensitization of the materials, since the method
must be non-destructive, and most of the equipments are often built according to the "know-
how" of the constructor, The problem is the same when repairs are made on an in-service
apparatus : The possibility of control of the sensitization that is induced would be appreciated.

Pickling is necessary after heat treatments or welding operations on stainless steels, in order to
remove the oxides and underlying chromium depleted layer, and to clean their surface. Indeed,
chromium bearing oxides that have been formed on the surface of the steel during the thermal
cycle need to be removed, in order to decrease the risks of corrosion that they could induce.
The chromium depleted areas, generated by superficial oxides, may be the source of localized
or intergranular corrosion (figure 3). For this reason, they also need to be removed.

I. Intergranular Corrosion Tests

The most usual intergranular corrosion tests are the ASTM Standard Practices for Detecting
Susceptibility to Intergranular Attack in Austenitic Stainless Steels (A262, practices A to F).
However, these techniques present many deficiencies, particularly when one wants to use them
on assembled apparatus :

- All of them are destructive methods : they require to cut a sample off the material, before
carrying the test out.
- Except practice A, the duration of the tests is between 4 hours and 240 hours of immersion.
Moreover, the time of preparation of the samples (i.e. machining and polishing) must be added
to this time of immersion.
- Lastly, these methods do not precisely quantify the degree of sensitization of the steels. Some
of them are even purely qualitative.

Thcc dif•A•mift lacks expiain why another method has been required to qualify the
susceptibility of stainless steels to intergranular corrosion, and the surface condition of these
materials. Today, users cannot easily measure the real state of their apparatus, either when they
receive it, or when they have repaired it. Most of the time, the only information that they have
is the performance of the materials before assembling, which cannot be checked later. The
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welding operations particularly require to be very cautious, and a non-destructive method
would be appreciable to verify the result of that work. Systematic controls after assembling on
representative areas of the welded joints would probably avoid many corrosion problems in
service.
In conclusion, the main qualities that would be required for a better method of testing the
susceptibility of stainless steels to intergranular corrosion would be:

1. non-destructive
2. test rapidity
3. reproducibility
4. accuracy
5. quantitative measurement.

IH. Electrochemical Potentio-kinetic Reactivation Test

Electrochemical methods have known a wide expansion during the recent past, and some
techniques have been promoted to study the surface condition of stainless steels. This is

particularly the case of the Electrochemical Potentiokinetic Reactivation (EPR) technique (l)(2)

A. The EPR test

Originally, the EPR method has been developed for the quantification of the susceptibility to
interp'ranular corrosion of common austenitic stainless steels (AISI 304 or 304 L grades) (3)(4)
The principle of the test is based on the reactivation curve of the material in an appropriate
chemical solution.

For AISI 304 and 304L grades, the chemical solution that is generally used(2) is a mixture of
sulfuric acid (H2SO4) and potassium thiocyanate (KSCN) : 0.5 M H2 SO 4 + 0.01 M KSCN.

KSCN acts as a depassivating chemical species which enhances the reactivation of the material.
The temperature of the solution is maintained at 300 C. At the beginning of the test, the sample
is maintained about 2 min at the free-corroding potential. Then, the potential is set in the
passive area (+ 200 mV/SCE) for 2 min. The time of passivation must be controlled, in order
that the method keeps reproducible. After that, the potential back scan begins, using a sweep
rate of 6V/h. In the single-loop test, the potentiodynamic reactivation curve is drawn, from the
passive potential, towards the rest potential of the steel (figure 4).

Precipitations in the material or localized chromium depletions generally induce a weakening
of the passive film. This will appear on the reactivation curve as a high peak that means that the
material has been sensitized. Conversely, no peak will appear for materials which are not
sensitized, since the passive film is not attacked.

The total weight loss of the material is directly proportional to the intensity of the dissolution
reaction, itself proportional to the quantity of Coulombs exchanged during the reaction
(Faraday's law):
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m/M = Q/nF (1)

where m - weight loss (g)
M = atomic weight (g)
Q = reactivation charge (C)
n = valency of the metal
F = Faraday's number (C)

Since this weight loss directly depends on the total surface of the chromium depleted areas, the
area under the reactivation peak, which is proportional to the reactivation charge, is also
proportional to the chromium depleted area. This means that the measurement of the total
surface under the reactivation peak can quantify the sensitization of the stainless steel.

Softwares have been developed to calculate the integral of the peak, and the result is expressed
in mC/cm2 . Waterquenched stainless steels, which do not have any phase or carbide
precipitation, usually present a reactivation curve without any peak or with only a small loop.
Conversely, sensitized materials will show high and wide reactivation peaks, that will depend
on their degree of sensitization.

B. Discussion on the EPR method

The EPR method can be applied to a wide range of stainless steels or alloys (5X6). However, the
parameters of the test must be calibrated for each material. Indeed, they directly depend on the
corrosion resistance of the steels. This induces difficulties for the standardization of the
parameters of the test.

For each grade of stainless steel, the following parameters have to be calibrated:

1. The comtnosition of the solution in H2 SO and KSCN : H2SO4 concentration increases
both the aggressivity and the sensitivity of the test. KSCN has basically a similar effect.
Nevertheless, pits may be initiated on the steel when a high KSCN concentration is used.
Therefore, the KSCN concentration will be limited to low values. Figure 5 presents the
influence of H2SO4 concentration on the reactivation peak of a 23% Cr - 4% Ni sensitized

stainless steel.
2. The temperature of the solution : it activates the electrochemical reactions and weakens

the corrosion resistance (figure 6). The use of high temperatures may induce pits on the
materials, though the sensivity would be better. So, it is often necessary to limit the temperature
of the test. Similar results have been previously obtained on 304 stainless steelsl 41.

3. The surface condition of the steel : the effect of surface finish has been clearly observed
on 304 stainless steels[41. The reproductibility of the chemical and electrochemical reactions
requires to know perfectly the conditions of surface at the beginning of the test. It is
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recommended to use freshly polished specimens.
4. The passivation potential and the duration of the passivation : an optimum value for the

passivation potential is near the pitting potential. In these conditions, the sensitivity of the test
is almost the best, although it is sometimes difficult to avoid pits formation. Usually, the
passive potential is maintained about 10 to 15 minutes. This time is sufficient for the
construction of the passive film.

5. The potential scan rate : the sensitivity of the test decreases when the potential scan rate
increases (figure 7). This explains why low scan rates are often used for the realization of the
EPR test141.

Two specimens are always necessary for the calibration of the test : one is sensitized, the other
is free of any precipitation. The optimum parameters of the test are determined in order that the
sensitized specimen presents the highest peak, while no peak is observed on the other one.
Then, each lightly or highly sensitized sample will present a reactivation peak.
Finally, as soon as the test has been calibrated for a special steel, it becomes very easy to use
and presents many advantages :

- Non destructive test : this is one of the major advantages of this electrochemical test that does
not require to cut a sample off the material. Neither weight loss measurement, nor bending test
is done. All the reactions are only surperficial. The test can be easily carried out on the
material, in laboratory or directly on-site, with the use of a specific cell.
- Rapidity : for most of the steels, the duration of the test does not exceed two hours. This is a
real advantage in comparison with the usual chemical tests which last from 4 to 240 hours.
- Reproductibility : the EPR test shows a very good reproductibility on stainless steels,
provided that their structure is homogeneous, and that all the parameters of the test are carefully
controlled[41. This property has been verified on different steels, with different conditions of
testing.
- Sensitivity : the sensitivity of the EPR test is very good, and after a fine calibration, one can
observe the very beginning of sensitization on most of the steels. A quantitative measurement
of the degree of sensitization of the materials can be obtained with a good precision. However,
some authors have observed a saturation of the EPR test, that becomes insensitive when the

measurements are greater than 10 C/cm2 [41

11. Some Applications of the EPR Test

A. Characterization of Pickling Operations :

The EPR method has been applied to 317 LN stainless steel plates, to determine the influence
of the duration of pickling on their corrosion behaviour. The chemical analysis of such plates is
given in Table 1. The test has been performed on hot rolled plates after a solution annealing
heat treatment.

Table 2 presents the results obtained for different conditions of pickling in a solution
containing hydrofluoric acid (HF) and nitric acid (HNO 3 ). The parameters of the EPR test have
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been calibrated as follows:

H2 SO 4 concentration : 0.5 M

KSCN concentration : 0.01 M
Temperature: 30 °C
Scan rate : 6 V/h
Passivation potential : + 200 mV/SCE
Passivation time: 2 min.

For each temperature of pickling, the results indicate that the reactivation charge decreases
when the duration of pickling is increased. An increase of the temperature of the pickling
solution also results in decreasing the reactivation peak obtained with the EPR test (figure 8).
These observations mean that the quality of pickling is improved both with a raise of
temperature or a longer time of immersion. The surface condition of the specimens appears to
be directly linked with the result of the EPR test which is in total agreement with micrographic
examinations. High reactivation peaks indicate that pickling of the samples has not been
sufficient to remove surface encrusted oxides. In such conditions, these chromium bearing
oxides create chromium depleted zones around them, which are local preferential sites of attack
in service. During the EPR test, they are severely corroded and the reactivation peak grows. In
contrast, well pickled surfaces do not reactivate during the test.

Finally, the EPR test appears to be an easy and reliable method to characterize the quality of
pickling operations.

B. Measurement of the Degree of Sensitization on Inconel 600 Plates.

Recent work has been done on two Inconel 600 plates with different carbon levels, to determine
the degree of sensitization after heat treatment. Two tests have been conducted : ASTM G28 A
intergranular corrosion test, and EPR test. The results are presented on table 3. They clearly
indicate a detrimental effect of high carbon content on the intergranuIar corrosion resistance of
Inconel 600 : A sharp increase of the corrosion rate, the maximum penetration depth, and the
reactivation peak is observed for the 0.066 %C containing alloy, compared with the 0.019 %C
containing one.

The evolution of the EPR result looks directly correlated with that of the ASTM G28 test. In
fact, an important advantage of the EPR test in this case is that the results only concern the real
surface of the plate. Therefore, the reliability must be better. Conversely, ASTM G28 test takes
into account the reverse face and the ends of the samples, which will never be immersed in-
service.

The conclusion of this study is that EPR tests can easily supply the classical intergranular
corrosion tests for some nickel-base alloys. The main advantages of this method could be the
determination of the sensitization of the real surface of the material, since immersion tests are
not always representative of the conditions of use.

3001



IV. On-Site Measurements Technique

The electrochemical potentiokinetic reactivation method does not require to remove a sample
from the material. A specific electrochemical cell can be directly put on the surface of the steel
to be tested, regardless of size. This constitutes an important advantage of the EPR test,
compared with other intergranular corrosion practices.

Once calibrated, users can easily apply the test to evaluate the susceptibility of stainless steels
plates or pipes to intergranular corrosion, or to detect eventual phase precipitation in their
apparatus. The EPR method could advantageously supplant the classical corrosion tests
(Strauss, Streicher,etc) in many cases, all the more so as they are almost ineffective for non-
destructive quality control inspection. The rapidity of the test and its high sensitivity enhance
the advantages of applying the method for such applications.

For example, the method could be used for periodical control of the quality of assembled
vessels or apparatus, like :

1. Control of the sensitization after heat treatment or welding
2. Surface investigations with qualification of the pickling operations
3. Checking of the structural state after repairs.

Different equipments exist in this field of investigations. In practice, we have just conceived a
portable equipment. Easy to use on site, this prototype consists of an electrochemical cell, with
its three electrodes (working, reference and auxiliary), coupled with a portable computerized
potentiostat. The cell is fixed on the steel that constitutes the working electrode. Many different
positions are possible, due to some articulations. This will make easier the development of the
cell to work either on plates or pipes, elbows, welds, etc. All shapes of metallic surfaces can be
tested, provided that they are easily accessible with the cell. The computerized potentiostat
drives the experiment, and records the data instantaneously. At the end of the experiment, all
the data are stored, and the computer calculates the integral of the reactivation peak. The degree
of sensitization of the steel investigated is thus known in a few minutes only, without any
damage on the material.

V. Conclusion

The paper has presented the development and some potential applications of an electrochemical
method used to evaluate the degree of sensitization by phase or carbide precipitation of
stainless steels and alloys. The main characteristics of the EPR test are its rapidity, its high
sensitivity, its reliability and the possibility of use as a non-destructive test.

These different qualities are very important, as far as on-site quality control inspection is
expected. Recently, a specific portable prototype has been conceived, to realize on-site
measurements. A good correlation has been observed between the results of the test and the real
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surface state of the materials. The development of the method should interest both fabricators
and final users, since it will solve many problems and questions concerning the reliability of
their materials, which could not be easily verified until now.
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C S P Si Mn Ni Cr Mo N

0.016 0.001 0.024 ,.',362 1.756 13.75 18.24 3.41 0.13I
Table 1 : Chemical composition of a 317 LN plate (w/o)

Reactivation charge (mC/cm 2 )

Duration of pickling (min) 20 0C 40 °C 60 OC

0 1840 ......

5 1763 800 26

10 --- 52 0

15 575 10 0

20 93 3 0

25 0 0

Table 2 Influence of the conditions of pickling
on the reactivation peak

Carbon Corrosion rate Integral of the
content ASTM G28 A reactivation peak

(mm/yr) (mC/cm 2 )

0.066% 5.58 16.1

0.019 % 3.69 9.9

Table 3 Results of G28 A and EPR tests
on Inconel 600 plaies
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Temperature (°C)

Water quench weld metal base metal

7 + Cr23C6

I Iremperaturý
' '+ Cr23C6

time (s)

Sensitized ara Sensitiz area

S\Carbides Figure 2: Effect of welding on the

Solution annealed Sensitized sensitization of stainless steels

Figure 1 : Effect of heat treatment on the
sensitization of stainless steels

%Cr
Potential
(mV/SCE)

Passive i- -- -----

18% Cr potential Passive area

S- --------- 2%Cr

Cr23C6 4 > Reactivation Active
i C236 •] I peak area/

Chromium depleted areas peak e
__________________________-Corrosion&

Figure 3 lntergranular corrosion potential
on Cr-depleted areas I (mA/cm2

Figure 4 Reactivation curve on stainless steels
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Integral of the peak (mC/cm 2) Integral of the peak (mC/cm 2)
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Figure 5 Influence of the sulfuric acid Figure 6 Influence of the temperature on
concentration on the integral of the the integral of the reactivation peak of a
reactivation peak of a 23 %Cr-4 %Ni 23 %Cr-4 %Ni sensitized stainless steel
sensitized stainless steel
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Figure 7 : Influence of the scan rate on Duration of pickling (min)
the integral of the reactivation peak of a
23 %Cr-4 %Ni sensitized stainless steel Figure 8 : Influence of the temperature and

the duration of pickling on the integral of the
reactivation peak of a 317LN stainless steel
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