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Corrosion-Resistant Amorphous Chromium-Valve Metal Alloys

K. Hashimoto, J. H. Kim, E. Akiyama, H. Habazaki, A. Kawashima and K. Asami
Institute for Materials Research

Tohoku University

Sendai, 980 Japan

Abstract

New alloys, that is, Cr-Ta, Cr-Nb, Cr-Zr and Cr-Ti alloys with a single amorphous
phase were prepared by a sputter deposition method in wide composition ranges.
Their corrosion resistance in concentrated hydrochloric acids was significantly
high due to spontaneous passivation and higher than that of alloy constituents. In
particular, amorphous Cr-Ta alloys were immune to corrosion in 12 M HCI at
30°C. XPS analysis revealed that the formation of double oxyhydroxide passive
films consisting of chromic ions and valve metal cations seems responsible for the
high corrosion resistance.

Key terms: amorphous Cr-valve metal alloys, high corrosion resistance in 12 M
HCI, passivity in 12 M HC]

Introduction

Sputter deposition is a quite effective method to produce amorphous alloys. In
particular, sputtering does not require melting for alloy formation, and hence
sputtering enables us to produce alloys even when the melting point of an alloy
constituent far exceeds the boiling point of another alloy constituent. By utilizing
this advantage of sputtering some of the present authors succeeded to tailor corrosion-
resistant new amorphous alloys, such as Cu-Ta', Cu-Nb’, Al-Ta? AI-Nb*, Al-W?,
Al-Mo’, Al-Zr”, and AI-Ti*’. The amorphous copper valve metal alloys were
extremely corrosion-resistant even in 12 M HCI. The amorphous aluminum alloys
were also corrosion-resistant in 1 N HCl, due to formation of passive oxyhydroxide
films consisting of cation mixtures of aluminum and alloying elements.

On the other hand, chromium is the most effective alloying element in enhancing
the corrosion resistance of amorphous metal-metalloid alloys in strong acids but
suffers transpassive dissolution at high potentials. In contrast, as mentioned above,
the addition of valve metals such as titanium, zirconium, niobium and tantalum is
necessary in imparting the high corrosion resistance to amorphous metal-metal
alloys in strong acids, and their anodic oxide films are stable at high potentials,
being thickened by anodic polarization. Accordingly, when single phase solid
solution alloys composed of chromium and valve metals are formed, they would
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be ideally corrosion-resistant in strong acids.

We succeeded to prepare various amorphous chromium-valve metals alloys by a
sputter-deposition technique and examined their corrosion behavior. This paper
reports that their corrosion resistance is much higher than that of chromium and
alloy constituting valve metals.

Experimental Procedures

D. C. Magnetron sputtering was used for preparation of chromium-valve metal
alloys. The target was composed of 99.99% pure chromium disc of 100 mm in
diameter and 6 mm in thickness, on the sputter-erosion of which 99.95% pure
tantalum, niobium, zirconium, titanium or aluminum discs of 20 mm in diameter
were placed. The composition of sputter-deposits was controlled by changing
numbers of valve metal discs on the chromium disc. Cu-Ta alloys were also
prepared by using the target composed of tantalum-placed copper discs. Glass
plates were used as substrates which were rinsed by immersion in water containing
a commercial detergent for cleaning of aluminum metal at about 75°C. Sputtering
apparatus and conditions were the same as those described elsewhere?.

The composition of sputtered alloys was determined by the electron probe micro-
analysis. The structure of sputter-deposited alloys was identified by X-ray diffraction
with Cu K radiation at 6-260 mode.

Corrosion and electrochemical experiments were carried out in 6 M and 12M HCI
at 30°C open to air. The corrosion rates of alloys were estimated by the inductively
coupled plasma emission spectrometry for dissolved elements in the hydrochloric
acids after immersion tests. Potentiostatic polarization and open circuit immersion
for 1 h were carried out to analyze the specimen surface by X-ray photoelectron
spectroscopy. X-ray photoelectron spectra were measured by means of an SSI
SSX-100 photoelectron spectrometer with Al K_radiation. Binding energies were
calibrated by a method described elesewherea'd: binding energies of the Au 4f,,
and 4f,, electrons of gold metal and the Cu 2p,, and 2p,, electrons of copper
metal were taken as 84.07, 87.74, 932.53 and 952.35 eV, respectively and the

kinetic energy of the Cu L .M, M, ; Auger electrons of copper metal as 918.67 eV.

The composition and thickness of the surface film and the composition of the alloy
surface immediately under the surface film were quantitatively determined by a
previously proposed method using integrated intensities of photo-electrons, under
the assumption of a three-layer model of the outermost contaminated hydrocarbon
layer of uniform thickness, the surface film with uniform thickness and the underlying
alloy with X-ray photoelectron spectroscopically infinite thickness'. It was also
assumed that constituents of the layers distribute homogeneously in each layer.
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The photoionization cross-sections of Cr 2p. ., Ti 2p, Zr 3d, Nb 3d, Ta 4f and Cl
2p electrons relative to the photoionization cross-section of the O 1s electrons used
were 1.71°%,1.277",2.561'%,2.982",2.617", and 1.017", respectively. The sensitivity
factor of the Cu L .M, M, Auger electrons relative to the photoionization cross-
section of the O 1s electrons used was 1.638".

Results and Discussion

Figure 1 shows structures identified by X-ray diffraction for sputter-deposited
binary alloys. They were composed of an amorphous single phase in wide
composition ranges. It has been generally known for the amorphizable conditions
of binary alloys by rapid quenching from the liquid state that the atomic radius
ratio of alloy constituents is smaller than 0.85 and that groups of two elements in
the periodic table are well separated. The atomic radius of chromium Is not
largely different from atomic radii of niobium and tantalum and hence the atomic
radius ratios of Cr/Nb and Cr/Ta are larger than ().85. Furthermore, they belong to
the neighbor groups in the periodic table. Nevertheless, these alloys form an
amorphous single phase structure by sputter deposition. Accordingly, the sputter
deposition technique is a quite effective method in preparing new amorphous
alloys.

Figure 2 shows change in corrosion rates of Cr-Ti and Cr-Zr alloys measured in 6
M HCI at 30°C with increasing valve metal contents. Chromium metal dissolves
actively in this aggressive solution, exhibiting the corrosion rate of 48 mm/y. The
corrosion rates of titanium and zirconium metals were 1.7 x 10" and 2.9 x 10"
mm/y, respectively. The corrosion rates of amorphous single phase Cr-Ti alloys
are fower than those of chromium and titanium metals. Similarly the corrosion
rates of amorphous single phase Cr-Zr alloys are lower than those of chromium
and zirconium metals, and tend to decrease with increasing alloy chromium content.

Figure 3 shows corrosion rates of Cr-Nb, Cu-Ta and Cr-Ta alloys in 12 M HCI at
30°C as a function of the valve metal content of the alloy. Corrosion rates of
chromium, niobium and tantalum metals were 360, 3.1 x 10%and 9.8 x 10" mm/y,
respectively. When Cu-Ta alloys are amorphized, their corrosion resistance cannot
exceed that of tantalum metal, because their corrosion resistance is due to the
addition of passivating tantalum to less corrosion resistant copper'®. In contrast,
similarly to amorphous Cr-Ti and Cr-Zr alloys, the corrosion rates of amorphous
Cr-Nb and Cr-Ta alloys are lower than those of metals which constitute the
amorphous alloys. The corrosion resistance of amorphous Cr-Nb alloys increases
with increasing the alloy chromium content. In particular, the amorphous Cr-Ta
alloys are extremely corrosion-resistant, being immune to corrosion even in the
quite aggressive 12 M HCI.

11.4




As an example, potentiostatic polarization curves of amorphous Cr-Nb alloys and
sputter-deposited niobium metal measured in 12 M HCI are shown in Figure 4.
The number written in front of the symbol of the element denotes the concentration
of the alloying element in atomic percent. Amorphous Cr-Ti and Cr-Zr alloys in 6
M HCI and amorphous Cr-Nb and Cr-Ta alloys in 12 M HCI were all spontaneously
passive and the alloys with higher chromium contents exhibited a higher cathodic
current density and a lower anodic current density with a consequent higher open
circuit potential. Consequently, the chromium-containing film seems more active
for oxygen reduction and more protective in comparison with the films formed on
the valve metals. The cathodic polarization of high valve metal alloys led to
monotonous increase in the cathodic current density, whereas the cathodic
polarization of high chromium alloys resulted in passivity breakdown showing a
high anodic dissolution current due to active dissolution of chromium. Accordingly,
unless cathodic polarization was carried out, the passivity is maintained for high
chromium alloys, and the high corrosion resistance of these alloys can be attributed
to the fact that the air-formed oxide films on these alloys are quite stable and
protective in these aggressive environments.

In order to confirm this fact X-ray photoelectron spectroscopic analysis of the
alloy surfaces was performed. Figure 5 shows cationic fractions in the films
formed on amorphous Cr-Nb alloys in 12 M HCI. Cationic compositions of the
air-formed films on as-sputtered alloys are almost the same as bulk alloy
compositions. Immersion or anodic polarization in the passive region for the
amorphous Cr-29Nb alloy results in no significant change in cationic fractions
from those in the air-formed film. The cathodic polarization of this alloy in the
active region of chromium leads to an increase in the niobium content in the film
due to slight dissolution of chromium. Immersion of the amorphous Cr-63Nb
alloy gives rise to a slight increase in the niobium content of the film, because a
lower chromium content in the air-formed film is not sufficient to ennoble the
open circuit potential to the passive region of chromium by accelerating the cathodic
oxygen reduction. Similar analytical results were obtained for amorphous Cr-Ti,
Cr-Zr and Cr-Ta alloys, although cations of the latter three valve metals tend to be
slightly concentrated in the passive films as well as in the air-formed films. The
analysis of the underlying alloy surfaces revealed that the enrichment of the valve
metal cations in the films resulted from preferential oxidation of valve metals
since the valve metals were slightly deficient in the underlying alloy surfaces.

Major anions constituting the passive film were O* and OH' and the concentration
of chloride ions included in the film was very low. Figure 6 shows change n
concentrations of O” and OH in the passive films formed on amorphous Cr-Nb
alloys. The film composition changes continuously from CrO.  (OH) on

. . 1+0.u 1-0.2u |
chromium metal to NbO, , (OH), .. on niobium metal. Consequently the passive
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films formed on the Cr-Nb alloys consist of a double oxyhydroxide such as
(Cr,Nb)O,(OH),.

Another interesting result is an electronic interaction between chromium ions and
valve metal cations in the film. Figure 7 shows an example of the change in the
binding energies of the inner shell electrons of cations in the films formed on the
amorphous Cr-Ta alloys. In comparison with the film formed on chromium metal,
the binding energies of the Cr 2p,, electrons of Cr™* ions in the passive film on the
alloys are higher, while the binding energies of the Ta 4f,, electrons of Ta™ jons in
the passive filins on the alloys are lower than the binding energy of the Ta 4f,,
electrons of Ta™ ions in the film on tantalum metal. This indicates that charge
transfer occurs from chromic ions to pentavalent tantalum cations in the passive
film. Although alloying of chromium with tantalum leads to the charge transfer
from tantalum atoms to chromium atoms in the alloys due to the alloying effect
because of a larger electronegativity of chromium than tantalum, the direction of
the charge transfor between cations in the film is reverse. The similar charge
transfer from chromic ions to valve metal cations were found for all passive
oxyhydroxide films formed on amorphous Cr-Ti, Cr-Zr, Cr-Nb alloys. Consequently,
the passive films formed on the chromium-valve metal alloys in HCI were not
simple mixtures of chromium oxyhydroxide and vaive metal oxyhydroxides but
double oxyhydroxides consisting of chromic ions and valve metal cations, both of
which distribute homogeneously in the films so as to show the electronic interaction
between chromic ions and valve metal cations. This seems responsible for the fact
that the corrosion resistance of the amorphous chromium-valve metal alloys is
higher than the corrosion resistance of alloy constituting elements.

Conclusions

Novel amorphous alloys consisting of chromium and valve metals were
prepared by magnetron sputtering. Cr-Ta, Cr-Nb, Cr-Zr and Cr-Ti alloys with a
single amorphous phase structure were formed in wide composition ranges.

In spite of the fact that chromium dissolved actively, these amorphous alloys
were spontaneously passive in concentrated hydrochloric acids, showing a very
high corrosion resistance which is higher than that of alloy constituting valve
metals. In particular, the amorphous Cr-Ta alloys were immune to corrosion in 12
M HCI. Since the chromium-containing film enhanced cathodic oxygen reduction
and decreased the anodic current density, the open circuit potentials of the alloys
were higher than those of alloy-constituting valve metals. According to XPS
analysis the passive films formed on the alloys consist of double oxyhydroxides of
chromic ions and valve metal cations. The charge transfer between these two
cations was found from the change in the binding energy of the inner shell electrons
of these cations. This kind of electronic interaction indicates that the passive film
is not the simple mixture of chromic oxyhydroxide and valve metal oxyhydroxide,
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but consists of a double oxyhydroxide such as (Cr,M)O_ (OH), where M is a valve
metal cation. The formation of double oxyhydroxides seems responsible for the
high corrosion resistance of the alloys, which is higher than that of alloy-constituting
valve metals.

8.
9.
10
11

12
13

14

15

References

K. Shimamura, K. Miura, A. Kawashima, K. Asami and K. Hashimoto,
"Corrosion, Electrochemistry and Catalysis of Metallic Glasses, R. B. Diegle
and K. Hashimoto, Eds., The Electrochemical Society, Princeton, (1988): p.232.
H. Yoshioka, A. Kawashima, K. Asami and K. Hashimoto, "Corrosion,
Electrochemistry and Catalysis of Metallic Glasses, R. B. Diegle and K.
Hashimoto, Eds., The Electrochemical Society, Princeton, (1988): p.242.

H. Yoshioka, A. Kawashima, K. Asami and K. Hashimoto, Corros. Sci., 31
(1990): p.349.

H. Yoshioka, A. Kawashima, K. Asami and K. Hashimoto, Electrochim. Acta,
36 (1991): p.1227.

H. Yoshioka, A. Kawashima, K. Asami and K. Hashimoto, Corros. Sci., 33
(1992): p.425.

Q. Yan, H. Yoshioka, A. Kawashima, K. Asami and K. Hashimoto, Corros.
Sci., 31 (1990): p.401.

Q. Yan, H. Yoshioka, A. Kawashima, K. Asami and K. Hashimoto, Corros.
Sci., 32 (1991): p.327.

K. Asami, J. Electron Spectrosc., 9 (1976): p.469.

K. Asami and K. Hashimoto, Corros. Sci., 17 (1977): p.599.

K. Asami, K. Hashimoto and S. Shimodaira, Corros. Sci., 17 (1977): p.713.

H. Yoshioka, S. Yoshida, A. Kawashima, K. Asami and K. Hashimoto, Corros.
Sci., 26 (1986): p.795.

J. H. Scofield, J. Electron Spectrosc., 8 (1976): p.129.

E. Hirota, H. Yoshioka, A. Kawashima, K. Asami and K. Hashimoto, Corros.
Sci., 32 (1991): p.1213.

J. H. Kim, H. Habazaki, H. Yoshioka, A. Kawashima, K. Asami and K.
Hashimoto, Corros. Sci., 33 (1992): p.1507.

K. Hashimoto, K. Asami and K. Teramoto, Corros. Sci., 19 (1979): p.3.

1107




® Amorphous @ Amor. + Crys. QCrystalline
1 T T I LA
crTi | 777/ ® hep T
crzr O WA/ O \heez
Cr-Nb | %M%M O O - bech
(=7 & Z7 7 gy, -T:
Cr-Ta - 000 WA /7788 O O A hutragonay
crAl | O FAA/ag® O fec A
s | 1 i 1 1 L i 1
0 20 40 60 80 100

Concentration of Alloying Element /at%

Fig. 1. Structures of sputter-deposited Cr-valve metal alloys identified by X-ray

diffraction.

10

T | SN S
HCI, 30°C

O A Amor.

@® A Amor.+ Crys.

@ A Crys.

6M
Cr

-t
Qo
-

Corrosion Rate /mm-y "'

100
Concentration of Alloying Element / at%

20 40 60 80

Fig. 2. Corrosion rates of sputter-
deposited Cr-Ti and Cr-Zr alloys
and chromium, titanium and zirco-
nium metals measured in 6 M HCI
at 30°C.

1108

O & AL Amor.
® & A Amor.+ Crys.
® ¢ ACrys
10° 7 T T T
\ cr 12M HCI, 30°C
02 I
o By
- 1 ’\
> 10 M
E %
g 10° &
: Cu \\
© " ,‘\‘ Nb
T 70 \\ Cr-Nb
g ' —
A \ .
s 107 W e
S PN
8 10.3 " Cu-Ta
O Ta
L 4 "O‘\-(),
1072 [ ] -
\ Cr-Ta
T VDGR,
0 20 40 60 80 100

Concentration of Alloying Element / at%

Fig. 3. Corrosion rates of sputter-
deposited Cr-Nb, Cu-Ta and Cr-Ta
alloys and chromium, copper, nio-
bium and tantalum metals measured
in 12 M HCl at 30°C.




18

3
107 gt
N 1
& t ]
< 10*L 1
; P ‘JF
s
?g 0
L]
9. 10
©
Q

E 1
"U.i l’/

Cr-Nb
: 12M HCI, 30°C
10 kb
-0.5 0.0 0.5 1.0 1.5 2.0
Potantlal / V vs SCE

Fig. 4. Potentiostatic polarization curves measured after polarization for 1 h for

sputter-deposited Cr-29Nb and Cr-63Nb alloys and niobium metal measured
in 12 M HCl at 30°C.

Q1.0 ——— T T T T
8 = Cr-Nb, 12M HCI, 30°C w
< 0.8 -
Sg 00 63Nb _
c =
S
= 0.6 - O .
o3 i N\ i
‘S.g i Ecorr.
gg 0.4 I R +
S=< Ll 29Nb ]
0
Q 5

Go.o bt b

Assput-5 5 99 05 1.0 1.5 2.0
tered

Potential / V vs SCE
Fig. 5. Cationic fractions in the air-formed films on as-sputtered Cr-29Nb and
Cr-63Nb alloys and in the films formed on these alloys by immersion or
potentiostatic polarization for 1 h in 12 M HCl at 30°C.

1109




3.0 T ————— -
(8) As sputtered
3 D
2
-
<
L
~
hd
x
o
)
~
-
o r
= OH’
0.0 - e 1 i - b *
0.0 0.2 0.4 0.6 0.8 1.0
Cr Nb

Catlonic Fraction

- T v—

T ¥ g T

(b) After Polarization

3.0 ‘—

{01, [OH']/ [Cation]

0.4

0.6 0.8

Cationlc Frsction

Fig. 6. Numbers of O* and OH" linked
to a cation in the passive films
formed under various potentials on
amorphous Cr-Nb alloys in 12 M
HCI at 30°C as a function of nio-
bium content in the film.

28 M T ki T v |
(a) Ta 4Im ]
% Ta " \
T 27 a
- -
% ¥
g PaY
o
3 26 ~
v
£
]
25 . A 1 e 1 i —
0.0 0.2 0.4 0.6 0.8 1.0
Ta
cr Cationic Fraction
580 T 1 T T
L[ ez,
© 579 A
- 3
> cr’
Sare
s7e | 4
€
W
g
S .
£
Q
0.0 0.2 0.4 0.8 0.8 1.0
Cr Ta

Cationic Fraction

Fig. 7 Binding energies of Ta 4f,, and

1110

Cr 2p, , electrons of the cations in
the passive film formed on amor-
phous Cr-Ta alloys as a function
of tantalum ion content of the film.




A New Ni-Mo Alloy with Improved
Thermal Stability

D. L. Klarstrom

Haynes International, Inc.
1020 West Park Avenue
P. O. Box 9013

Kokomo, IN 46904-9013

Abstract

The limitations of alloy B-2 are described in terms of phase transformations that occur in
the Ni-Mo and Ni-Mo-Fe systems. The development of B-3 alloy, a new alloy with
improved thermalstability is presented. The time-temperature-transformation characteristics,
including the effects of coldwork, are described and discussed. Comparative data is given
on uniform corrosion resistance, corrosion of weldments and stress corrosion cracking.
Correlations between 700°C tensile ductility and thermal stability, and between 700°C tensile
ductility and susceptibility to stress corrosion cracking are also presented and aiscussed.

Key Words: Ni-Mo alloys, thermal stability, corrosion of weldments, stress corrosion
cracking, 700°C tensile ductility

Introduction

Nickel-molybdenum alloys have been used commercially for over sixty years because of their
exceptional resistance to non-oxidizing corrosive media such as hydrochloric, sulfuric and
phosphoric acids. One of the first alloys, HASTELLOY® ailoy B, was used successfully for
many vears, but it suffered the serious drawback of requiring the solution heat treatment of
fabricated components in order to eliminate carbide precipitation in weld heat-affected
zones. Some experimental work performed by Flint' indicated that the problem could be
solved by lowering the carbon content of the alloy to very low levels. Subsequent work by
Flint® indicated that further improvements in corrosion resistance could be achieved by
reducing iron and silicon levels. The achievement of low carbon levels on a routine basis
for large size commercial heats eventually became a reality through the development of the
argon-oxygen decarburization (AOD) melting process’. This enabled the commercialization
of an improved alloy known as HASTELLOY alloy B-2*,

Although the new alloy lived up to expectations for superior corrosion resistance in the as-
welded condition, it seon became apparent that the thermal stability of the alloy had been
adversely impacted by the reduction of residual alloving elements, especially iron levels.
This resulted in the susceptibitity of allov B-2 1 the Ni,Mo transformation, which occurred
quite rapidly when the alloy was exposed to the 650-750°C temperature range’. This
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transformation was often responsible for cracking experienced during alloy manufacturing
operations as well as during customer component fabrication. In addition to these problems,
a number of cases of in-service environmental cracking were reported. These cracks were
invariably associated with weld heat-affected zones.

In order to resolve the problem issues of alloy B-2, a research program was undertaken at
Haynes International, Inc. to identify an alloy with improved thermal stability without
sacrificing the excellent corrosion resistance of alloy B-2. This paper will report on the
results of this program which has led to the development of a new alloy known as
HASTELLOY B-3™ alloy. The new alloy employs a balanced composition of Ni, Mo, and
specific residual alloying elements such that the Ni;Mo transformation is favored in
equilibrium. Compared to Ni,Mo, this transformation is quite sluggish, requiring many
hours rather than minutes for initiation and completion. The superiority of the new alloy
will be illustrated through the comparison of mechanical properties, resistance to stress
corrosion cracking, and general corrosion resistance.

Transformation Characteristics of Ni-Mo Alloys

The nominal compositions of the B-family of alloys discussed in this paper are given in
Table 1. Although they are really multi-component alloys, some insight to their phase
equilibria can be obtained by examining the available binary and ternary phase diagrams.
The nickel-rich portion of the Ni-Mo system® is shown in Figure 1. This diagram indicates
that an alloy of composition Ni-28% Mo would exist as a, a face-centered cubic (fcc) solid
solution, at temperatures of about 860°C and above. Below that temperature, the
composition lies within the « + B phase field. The B-phase corresponds to Ni;Mo, an
ordered intermetallic compound havirg o body-centered tetragonal (bct) crystal structure.
Because of the limited number of slip systems available in the bct structure, high strength
and low ductility values are associated with the B-transformation 7%, Studies of the time-
temperature-transformation characteristics of the B-phase indicate that it exhibits a C-shape
curve with the trar. ‘for mation occurring in less than two minutes at a temperature of 750°C".

A portion of the Ni-Mo-Fe system at 700°C’ is shown in Figure 2. The diagram indicates
that for alloys with molybdenum levels of commercial interest (26-30%), the equilibrium
phases present can be significantly altered from those of the binary Ni-Mo system with
relatively modest additions of iron. This involves the transition from the « + B phase field
to the « + y phase field. The y-phase corresponds to Ni;Mo, which is an ordered
intermetallic compound having an orthorhombic crystal structure.  The y-phase
transformation is quite complex and involves a number of transition metastable phases such
as DO,,, an ordered tetragonal phase which is chemically Ni;Mo, Ni,Mo, a body-centered
orthorhombic compou~d, and a metastable Ni,Mo phase”'’. Because of its complex nature,
the y-transformation is sluggish compared to the B-transformation’.

®HASTELLOY and B-3 are trademarks of Haynes International, Inc.
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Considering the foregoing and the compositional ranges given in Table 1, it is clear that
alloy B-2 is subject to the p-transformation which has rapid kinetics. Alloy B, on the other
hand, is subject to the y-transformation which has sluggish kinetics.

Alloy Development

From the preceding phase equilibria, it is apparent that it is not possible to develop an alloy
containing 26-30%Mo which °; free from any phase transformation. The best that can be
hoped for is an alloy which displays sluggish reaction kinetics like alloy B. Such an alloy
would, in effect, buy time so that cracking could be avoided during standard alloy
manufacturing and fabrication procedures. One would also like to accomplish this without
sacrificing the excellent corrosion resistance of alloy B-2. These were precisely the
objectives that were adopted for the alloy development program.

In designing the new alloy chemistry, the carbon and silicon levels were kept as low as
possible in line with alloy B-2 to ensure good as-welded corrosion resistance. The effects
of various alloying elements on thermal stability were determined through the evaluation
of laboratory produced heats. Initially, attention was focused on the effects of 0-24 hour
exposures at 700°C on hardness, room temperature mechanical properties and corrosion
resistance. The 700°C exposure temperature was selected because it was known that the
transformation kinetics for alloy B-2 were fairly rapid at that temperature. It was discovered
later, however, that the tensile properties at 700°C, especially ductility, determined for
annealed material held at temperature for 1 hour prior to testing were excellent indicators
of thermal stability. Alloy chemistries possessing poor thermal stability exhibited very low
tensile elongations. Sample failure occurred by brittle intergranular fracture, and there were
numerous secondary cracks along the gage length. Alloy chemistries possessing excellent
thermal stability had high elongation values. Sample failure occurred by a ductile shearing
mechanism, and there were few secondary cracks in the gage length. With such data, it was
possible to derive a relationship between 700°C tensile ductility and alloy chemistry using
multiple linear regression analysis techniques which described maximum thermal stability
with minimum alloying content. This permitted the dual objectives of the program to be
achieved. This relationship, which took into account both intentional and residual alloying
elements, was subsequently used to define the compositional range shown in Table 1.

Thermal Stability
Time-Temperaturc-Transformation Characteristics

A comparison of the time-temperature-transformation (T-T-T) characteristics of alloy B-2
versus B-3 alloy is presented in Figure 3. The diagram was determined on the basis of
hardness changes using a paired t-test and a significance level of 0.05 as the distinguishing
criterion. The lines shown, therefore, are conservative in the sense that the transformations
are just beginning and minimal changes could be expected in mechanical and corrosion
resistant properties. The effect of coldwork was also determined using samples that had




been cold rolled 30%.

For alloy B-2, the transformation involved Ni,Mo or a combination of Ni;Mo + Ni;Mo. It
occurred within 12 minutes in the 700-750°C temperature range for material in the annealed
condition. A typical microstructure exhibiting the striations which characterize the
transformation is shown in Figure 4 for a sample aged at 700°C/24 hours. The presence of
30% coldwork accelerated the start of the transformation to 6 minutes and shifted the nose
to approximately 750°C.

The transformation characteristics of B-3 alloy are markedly different. The curve consists
of a lower portion at temperatures of 700°C and below in which the metastable phases
DO,,, Ni,Mo and Ni;Mo were found to occur. The lower curve exhibited a nose located at
approximately 4-1/2 hours at 650°C. These reactions occurred on a very fine scale which
required TEM examination for phase identification. The upper portion of the curve
involved the Ni;Mo transformation. As shown in Figure 5 for a sample aged at 750°C/100
hours, the Ni;Mo transformation is typified by striations and the occurrence of a lamellar
reaction product that initiates on grain boundaries. The presence of 30% coldwork
accelerated the beginning of the transformation reactions, and the nose of the lower curve
was shifted to approximately 2 hours at 625°C.

Comparison of the data in Figure S clearly shows that B-3 alloy has a 20:1 advantage over
alloy B-2 in the time for the start of any phase transformation for either the annealed or
coldworked condition. Further, B-3 alloy in the coldworked condition enjoys a 10:1
advantage over alloy B-2 in the annealed condition. This advantage in transformation
kinetics provides much greater ease in the heating of coldworked B-3 components during
solution annealing treatments. Currently, it is recommended that alloy B-2 components be
heated very rapidly to avoid the transformation in the 600-800°C temperature range which
could cause cracking if residual tensile stresses are present'.

Tensile Properties

Earlier it was indicated that 700°C tensile elongation was found to be a good indicator of
thermal stability. A comparison of the results obtained for samples of alloy B-2 and B-3
alloy sheet is given in Figure 6. The samples were held at temperature for 1 hour prior to
testing. The results clearly confirm the differences between the two alloys as indicated in
Figure 3. The data also underscore the fact that elevated temperature tensile ductility can
be severely degraded by the phase transformations. This is very important to realize since
room temperature data generated on material exposed to elevated temperatures may not
show such a precipitous change as illustrated in Table 2. The mechanism for the ductility
loss at elevated temperatures has not yet been elucidated. However, the fracture mode is
intergranular which strongly suggests that grain boundary phase transformations, perhaps
induced by plastic deformation during the tensile test, are involved. This phenomenon
certainly helps to explain the susceptibility of alloy B-2 to cracking during thermal
treatments, especially when room temperature data generated on exposed samples would
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indicate that no problem exists.
Corrosion Resistance
Uniform Currosion

A comparison of the uniform corrosion resistance of B-3 alloy and alloy B-2 in a variety of
boiling acid mixtures is presented in Table 3. Considering the normal scatter in the data,
it is reasonable to conclude the B-3 alloy offers the same good corrosion resistance to these
media as alloy B-2. Although only a limited amount of testing has been done to evaluate
the effects of contaminant species, the results to date would indicate that the corrosion rate
of B-3 alloy is increased by the presence of oxidizing ions as is the case for alloy B-2.

Corrosion of Weldments

To assure that the alloy possesses good corrosion resistance in the as-welded condition,
samples of sheet and plate up to 12.5mm (0.5-inch) thick were welded with matching filler
metal and tested in 20% HCI at 149°C for 96 hours in an autoclave per the standard test
used for alloy B-2. After testing, a metallographic section through the weldment was
prepared and examined for corrosion attack along the weld fusion zone. A reading of
0.18mm (7 mils) or less is considered acceptable. To date, all of the samples tested have
shown a depth of attack of 0.09mm (3.5 mils) or less with an average of 0.05Smm (2 mils).
Thus, the as-welded corrosion resistance of B-3 alloy can be considered to be as good as
that of alloy B-2.

With respect to the corrosion resistance of weld heat-affected zones, the improved thermal
stability of B-3 alloy has been shown to provide definite benefits. In one test, autogenous
weldments produced in 3mm (0.125-inch) thick sheet samples were tested in a boiling
mixture of 60% H,SO, + 8% HCI for 96 hours. As illustrated in Figure 7, the alloy B-2
sample experienced intergranular corrosion attack to a depth of approximately 0.10mm (4
mils) in the weld heat-affected zone while no such attack was observed in the B-3 sample.
Results confirming this behavior were also obtained in field test samples exposed to 20-30%
H,SO, + ferrous sulfate at 110°C for 96 days'.

Stress Corrosion Cracking

As indicated earlier, there were a number of cases in which alloy B-2 experienced in-service
cracking that appeared to be environmentally related. Most of these cases involved cracking
which initiated in weld heat-affected zones. A link to the phase transformations that occur
in the alloy was suspected, but no hard evidence of this was found. However, in the alloy
development program, it was found that test samples of alloy B-2 and many of the
experimental heats showed cracking at stamped identification markings when aged for
various periods of time at 700°C and tested in boiling 20¢z HCl. Subsequently, it was found
that U-bend samples of alloy B-2 which had been aged at 700°C/1 hour would undergo
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intergranular stress corrosion cracking (SCC) in boiling 20% HCI. Some additional testing
was done in boiling solutions of 5% and 60% H,SO,, and intergranular SCC was found in
both cases. No cracking was encountered in any of the test solutions when the samples were
in the annealed condition. Thus, it would appear that the presence of some phase
transformation product, perhaps a metastable one considering the short time period
involved, is necessary to impart SCC susceptibility. Also, because of the independence of
the acid type or concentration on the susceptibility of alloy B-2 in the aged condition, it is
strongly suspected that hydrogen is involved in the cracking mechanism. Tests conducted
on samples of B-3 alloy in the annealed or aged condition in boiling 5% and 60% H,SO,
acid mixtures revealed that the alloy is not susceptible to stress corrosion cracking in these
solutions. Earlier tests in the alloy development program had indicated no susceptibility of
the alloy to SCC in boiling 20% HCI.

Given the apparent link between thermal stability and susceptibility to SCC, it was logical
to expect that there should be a correlation between 700°C tensile elongation and SCC
susceptibility. To test this hypothesis, several heats of alloy B-2 sheet displaying different
levels of 700°C tensile ductility were tested in boiling 5% H,SO, using U-bend samples
prepared from materials aged at 700°C/1 hour. A summary of the results obtained along
with those for B-3 alloy is presented in Table 4. It can be seen from the data that all of the
alloy B-2 heats exhibited susceptibility to SCC, but, clearly, the time to failure increased in
ditect proportion to the 700°C ductility. The B-3 samples did not crack. Therefore, it
would appear that ductility levels on the order of 50% elongation are required to ensure
immunity to SCC.

Concluding Remarks

A new Ni-Mo alloy has been developed with improved thermal stability over alloy B-2.
Based in terms of T-T-T characteristics, this advantage is on the order of 20:1 in either the
annealed or coldworked condition. The improved thermal stability was achieved with no
sacrifice in uniform corrosion resistance, and, in fact, the corrosion resistance of weld heat-
affected zones also appears to be improved. The alloy development program established
a useful correlation between 700°C tensile ductility and thermal stability. During the
program it was also discovered that alloy B-2 is susceptible to SCC in boiling 20% HCI,
5%H,SO, and 60%H,SO, when aged at 700°C/1 hour. No such SCC susceptibility was
found for B-3 alloy. A correlation was shown between 700°C tensile ductility and time to
cracking in boiling 5%H,SO, for alioy B-2. From the results for B-3 alloy, it would appear
that a levei of ductility on the order of 50% elongation is required to ensure immunity to
SCC.
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Table 1

Nominal Compeositions of Commercial Ni-Mo Alloys

AHoleilColFelCrlMolWanISil C IAllCuIV

B 67 [ 25*( 5 1* | 28 - 1* 1* | 0.05* - 05* | 03
B2 ]69 | 1* 2 1] 28 - 1* ] 0.1* | 0.01* - - -
B3 | 65* | 3* 1.5 {15(285) 3* ) 3* | 0.1* | 0.01* | 05* ] 0.2* | 0.2*

*maximum 2minimum

Table 2

The Effect of Test Temperature on the Tensile Ductility
of alloy B-2 Sheet Exposed at 700°C

l Test Temp Time at
°C 700°C, Hrs % El
25 None 57
25 1 53
700 1 1
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Table 3

A Comparison of Uniform Corrosion
Resistance in Various Boiling Acids

Average Corrosion Rate, mm/y (mils/y)
Acid Medium B-3 B-2
50% Acetic Acid <0.01 (0.1) 0.01 (0.3)
40% Formic Acid 0.01 (0.5) 0.02 (0.6)
50% Phosphoric Acid 0.03 (1.2) 0.07 (2.6)
50% Sulfuric Acid 0.04 (1.7) 0.04 (1.4)
20% Hydrochoric Acid 0.31 (12.1) 0.40 (15.6)
Table 4

Correlation between 700°C Tensile Elongation and
Susceptibility to SCC in Boiling 5%H,SO, for Samples
Aged at 700°C/1 Hour

Material 700°C Time to SCC,*

. % EL* Days

alloy B-2, Heat A 1 2

alloy B-2, Heat B 12 10

alloy B-2, Heat C 34 20

B-3 alloy 50 NC**

* Average of duplicate tests

**NC = No Cracking i1 91 days
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Figure 4: Microstructure of alloy B-2 aged at 700°C/24 hours.
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Figure S:

Figure 6:

Microstructure of B-3 alloy aged at 750°C/100 hours.
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a) alloy B-2

b) B-3 alloy

Figure 7: Autogenously welded samples corrosion tested in boiling 60% H,SO, + 8%
HCl for 96 hours.
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Abstract
Corrosion behaviour of stainless wmaraging steel in acidic
chloride solutions has been investigated by electrochemical
techniques. Polarization behaviour of the alloy steel in
‘solution annealed’ and ‘maraged’ condition differed
considerably. In the solution annealed condition, acltive-passive

transition was observed in acidic chloride solution whereas in
maraged condition only active dissolution was observed. Both tH'3
and [Cl ] were found to have a considerable effect on the
dissolution mechanism of maraged alloy. The anodic reaction order
with respect to tH') and [C1™] were found to be -0.51 and +0.508
respectively. A reaction wmechanism sequence has been proposed for

the observed experimental results.
4

Key terms : Maraging steel,acidic chloride,corrosion mechanism.

Introduction

The advent of high speed aircrafts and missiles has had a great
impact on steel industries. The need for reduction in weight for
effective fuel! saving has led to the ewmergence of a series of
special =teels in 1950's. These are very Jlow carbon content
steels having very high yield strength and could be further
strengthened by age-hardening or msaraging. Howcver these steels
are sensitive to environments and stress corrosion cracking.
Though the mechanical properties of these alloys have been
studied in great detail much information is not avilable on the

general corrosion behaviour of these steels in different
environments. Some investigations hav?Lahowever been reported on
SCC of 18% Nickel maraging steel . It would be of both
scientific and technological interest to investigate the

corrosion behaviour of these special grade steels in chloride
solutions.

The present investigation aims at analysing the role of pH and

chloride 1ion on the corrosion behaviour of the alloy in
et o none=tledd' and ‘waresged’ condition-s.
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Experimental method

Electrode:

The stainliess maraging steel was received in the form of shoet
in the solution annealed condition and' had the composition 0.02%
Carbon, 12% Chromium, 12% Cobalt, 4% Nickel, 4% Molybdenium, 0.5%
Titanium, 0.05% Aluminium, 0.1% Silicon and balance iron. Test
electrodes of size } co x S5cw were cul from the solution-
annealed sheet and maraged at 450°C for 4 hrs. After maraging,
the samples were mechanically polished, degreased in acelone and
then throughly washeg in distilled water. Samples were lacquered
so as to expose 1 cm™ area and were stored in a dessicator wuntil
used.

Electrolyte:
Flectrolyles were prepsred from A.R grade acids and double
distilled water.

Technique:

Electrochemical polarisation measurements were made by using FG&G
Princeton, WJ, wodel 273 potentiostat/galvanostat in conjunction
with FAR universal programmer and X-Y recorder. Experiments were
performed in & standard three electrode polarisation cell
(saturated colomel] electrode (SCE) as reference, platinum fojl as
the countsr electrode and the sample as the working ?lectrode).
Polarization was performed with a scan rate of 1 wmVs '.

Resultis and Discussion

Maraged conditiopn:

Electrodistolution of stainless maraging steel was studied by
anodic polarisation in IM acidic chloride solution of various
fH') and [C1 ) at constant ionic strength.

Effect of pH: The polarisation behaviour of the alloy in
solutions of various hydrogen ion concentrations are shown in
Fig-1 &8nd the results are summarised in Table.1l. Anodic Tafel
s lope, ba,is found to be 65 + 5 gV / decade.

The plot of log.anodic current at constant potential Vs. log.
hydrogen ion concentrati?n (Fig.2) shows that the anodic reaction
order with respect to [H'1l is -0.5.

Effect of chloride ion : Electrodissolution of stainless
waraging steel in 1 M acidic chloride solution of pH O with
various chloride ion concentrations are shown in Fig.3 and the
sumsary of the results in Table.2. The anodic Tafel slope, ba' is
80 4+ 10 mV/decade. The anodic Tafel slope in chloride-perchlorate
mixture is slightly higher than the uvalue of 65 + 5§ mpV decade’
obtained for 1 M chloride solution. Corrosion potential shifts
cathodically as concentrations of chloride ion is increased.

The anodic reaction order with recpert t Y imride inn i

utyaorn of pt T oo P S AP i - C.

(Fig.a)

S0
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The results presenled indicate that the kinetics nf dissolution
of stainless maraging steel depend on both (R'Y and 1C1 1 and
follow:. the empherical relatinn=hip

10.5 + 0.5 FE/RT

) = K IC1 ) iH 3 exp (1)

~
These experimentsl results can be interpreted by o« mechanizn
analogous to the chloride accelerated mechanism {or iron’  and
nickel” electrodissolution.

M+ H,0 - M. H,0_ 4 (3)
Moo OH,0_ 0 CU === M Ci _,, + H.D (i)
M Cl 4+ H0 =M Clon _, + H + ¢ (iii)
M CIOH _, ———> M CIDH 4 e Civ)
M CIOH + H' === Mn'' s+ Cl" + H,0 (v)

It is aszsumed that step (iv) is the rate controlling and stleps
(i) to (iii) are in quasi-equilibrium and M CIOH follows Temkin
adsorption behaviour with its surface converagg, 8, rsnging
between 0.2 and 0.8. Similar to analysis by Chin the surface
coverage can be determined as

k: ki k.o
- 1 11 111 - . ¥/
£ 100 = In -------- R L EEEEEEE D [C173 toH 1 exp F/RT (2)
N TR M

The rate of step (iv) is

Tiiv) k(iv) exp PFE/RT exp ¥ f(8) (3)
for intermediate surface coverage (0.2 < 8 < 0.8). Equation=(2)
and (3) give

T(sv) K [Cl"1 (oH 31 exp 'B*¥) FF/RT (4)
if ¥ and are assumed equal to 0.5, the rate of metsl]

dissolution can be determined from equation (4) as

ig = K, (€11 *0.5 ron1 *0-5 exp FE/RT )
which is in accord with the ewpherical representation in equation

(1).

A salient feature of the mechanisms is the direct participation
of hydroxy! ions in the dissolution process in which ' the bulk
electrolyte is acidic. Tie involvemen'! of OH  ions al the metal 7/

acid interface wer (ivedl oo 0 7o S S Lo Ll e H

generation of OH ions in acid scluticen: is presumed tu ovccur by
dissociation of water mnlecuies at the electrode surface. In

TR
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pre~ence of chloride dion, simultaneous or competative adenrplion
is pussible depending upon the ionic strength of individual jon.
In  the present case both OH as well as Cl jons are getting
adsorbed.

Enlution annealed Steel:

The  effect of pH on the polarization behaviour of the alloy n
solution annealed condition is shown in Fig.5. The anodic curve
showe the passive behaviour of the alloy steel unde: solution
annealed condition in Acidic chloride solutions. Increase in pH
of the solution widens the passive region of the cuive and Jowers
the paszivation current. (Table 2)

N the other hand in solulion of zero pH with wvarying chloride
ion conceptration (Fig.6 and Table 2), the dissolution r1ate ic
independent of chloride j1on conpcentration.

Conclusion

'n summarly, the resultls of the present work indicate t1hat the
Liretice of dissclution of stainless maraging stec| (maraged)ir
M scidic chloride zsoluytinn strongly depends on the concentration
of both B and CI jons and proceeds in a manner similar to iion
dissolution through the formation of metal chloro complex as the

-~ 3

reaction intermediaste.
Solution annealed steel shows passive behaviour in scidic
chloride solulion and the charecteristics of polarisation curve
depend on the pH of the soultion.
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Abstract

The results of an investigation of the passive behavior of bulk soft magnetic alloys
as influenced by electrolyte pH, chloride content and alloy composition are described
A series of Ni-Co alloys and a single Ni-Fe alloy were evaluated by potentiodynamic
anodic polarization in 0.5 M NazSOj4 solutions of pH 3, 7, and 10 at chloride
concentrations of 0, 103M, and 10-2M. The Ni-Co alloys showed active-passive
behavior in all solutions with the exception of the Nig20Co¢.80 which was active in
all solutions. Possible explanations for this active behavior are discussed. For a
given electrolyte condition, the polarization curves for the Ni-Co alloys which
showed active-passive behavior were indistinguishable. The Nig.40Feg.60 alloy
showed considerable pitting upon exposure to chloride (10-2M). The Ni-Co alloys
which showed active-passive behavior were less susceptible to pitting than the Ni-
Fe alloy.

Key terms: nickel, cobalt, soft magnetic alloys, anodic polarization, chloride effects

Introduction
Electrochemical characterization of Ni-Co and Ni-Fe alloys is of considerable
interest, as these soft magnetic materials are frequently used in magnetic recording
heads. The investigation reported here is a characterization study of the corrosion
behavior of these alloys in a variety of pH and chloride concentration conditions.

These studies will provide a basis for predicting in-service corrosion behavior as
well as corrosion or etching behavior during the manufacturing process. The Ni-Fe
system has been studied.l: 2.3 However, little work has been done on the Ni-Co
system.

The corrosion behavior of a range of Ni-Co (Nip 2Cog.8, Nip.4Cog.6, Nig.cCog.4, and

Nig.gCog.2) alloys and one Ni-Fe (Nig.4Fep.¢) alloy was studied using potentiodynamic
anodic polarization. This technique was used to determine the characteristic
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potentials and current densities for each alloy over a range of pH. The effect of
chloride ion on the corrosion behavior was also examined. Metallographic and
structural (X-ray diffraction) studies of these alloys were also conducted to determine
the effect of microstructure on corrosion behavior.

Experimental
The bulk alloys listed in Table I were acquired from Materials Research Corporation
(Orangeburg, NY) through P. Peterson at IBM/ San Jose and were subsequently
analyzed by X-ray fluorescence (XRF). Ni 200 (99.74%) was supplied by Metal Samples,
(Munford, AL) and Co (99.9%) was supplied by Goodefellow Corp. (Malvern, PA).
Immediately prior to electrochemical testing, the samples were polished to an 800 grit
(FEPA) finish, rinsed in acetone, methanol, and distilled water.

Anodic polarization measurements were made using a standard three electrode cell?,
with the alloy sample as the working electrode (2.54 cm? electrode area). The
electrolyte was a 0.5 M Naz504 solution prepared from distilled water and reagent
grade chemicals and the pH was adjusted by NaOH and H;S5Oy titration. The pH
measurements were taken with an Orion Ross glass electrode and measured on an
Orion 901 Ion analyzer. All tests were conducted at 30.0 £ 0.2°C. The chloride content
was set at 0, 10-3, and 10-2 M concentrations by the addition of NaCl. The solutions
were deaerated by bubbling N> through the cell for 1 hour prior to testing. During the
test, the N flowed over the electrolyte, and mild agitation was accomplished by use of
a magnetic stir bar and plate.

Electrochemical potentials were measured with respect to a saturated calomel
electrode (SCE) via a Luggin capillary salt bridge tube that was placed less then 3 mm
from the surface of the working electrode. A Pt mesh counterelectrode was used. The
electrochemical cell was controlled by an EG&G-PAR model 173 potentiostat and
model 175 universal programmer. Data were gathered via PC-based data acquisition
hardware and software. The potentiodynamic scan rate was 2 mv/sec for all reported
curves. Upon insertion into the cell, a measurement of the free corrosion potential
was taken after the working electrode was immersed in the cell for approximately 30
seconds. The working electrode was subjected to a pretreatment approximately 250
mV below this free corrosion potential for 1 minute. In the case of an active metal,
the sweep started at this potential and increased anodically through the free corrosion
potential and into the active regime until the current was greater than 10! amps. If a
metal showed an active-passive transition, the sweep continued through this
transition and the passive region until the transpassive region was observed by a
steady increase in current of several orders of magnitude. The sweep direction was
then reversed, and data collection continued until the current density crossed over
the passive curve observed during the anodic sweep.

Structural analysis of the alloy and pure metal samples were done by X-ray diffraction
of polycrystalline bulk samples using Cu-Ka (A = 1.5418A) radiation. Scans were
measured from 20 = 40° to 55° at a scan rate of 0.025°/sec. Diffraction data was
gathered via PC-based data acquisition software and hardware.
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Results

Overview

The opjective or this study was to determine by anodic polarization measurements
the corrosion behavior as a function of solution pH and chloride level of five alloys:
Nig 2Cop.8, Nig.4Cog.6, Nig.¢C0g.4, NiggCop 2 and Nig4Feg . In addition, the corrosion
behavior of Ni200 and 99.9% cobalt were also studied under the same conditions.
Below are the results of the studies on the effect of pH, chloride concentration and
alloy composition on the corrosion behavior.

In general, the Nig2Cog g alloy exhibited active behavior and did not passivate in any
of the electrolytes, as seen in Figure 1. In the curve for the pH3 electrolyte, the free
corrosion potential, E¢orr, was observed at -410mV-SCE. The current increased with
increasing potential until the test was stopped at 0.0V-SCE. The pure cobalt also did
not passivate under any of the conditions tested. This result is consistent with the
reported critical current density for passivation for cobalt in 1N HSOj4 is 500 mA/cm?,
well beyond the range of current densities examined here.> All of the alloys except
Nig.2Cogq.g exhibited classic active-passive-transpassive behavior at all 3 pH levels, as
seen in Figures 2-4. For example, the behavior of Nig¢C0¢.4, shown in Figure 2, had a
free corrosion potential, E¢orr, at -410 mV-SCE. As the potential was increased, the
metal entered the active corrosion regime, as seen by the increasing current with
potential. At the passivation potential, -30 mV-SCE, the alloy has reached the critical
current density for passivation, 17.7 mA/cm?2, and passivation occurs. In the passive
regime, the passive current density is 0.27 mA/cm2. This passive behavior continues
to the pitting potential, Epjt, +750 mV-SCE, at which point the current once again
begins to increase with increasing potential in the transpassive region. The potential
is reversed at +1.83V-SCE and the current once again decreases along the same curve
as the increasing potential curve.

Effect of pH

The effect of electrolyte pH on the polarization behavior was consistent for all of the
alloys tested. Decreasing the pH shifted the entire polarization curve to more anodic
potentials and increased the critical current density for passivation. The average
anodic shift was -52 mV/pH unit.

For the passivating Ni-Co alloys, (Nig.4Cog.6, Nip.6C00.4, and Nig.gCop.2) the anodic
polarizaticn curves all show typical active/passive/transpassive behavior. The
observed increase in the critical current density for passivation is typical for an
active/passive metal.5 ¢ The critical current density for passivation, icp,varied over
three orders of magnitude with pH. For example, in chloride-free solutions, icp for
the Ni0.6C00.4 alloy in the pH3 electrolyte was 17.8 mA/cm?2 whereas the critical
current density for passivation in the pH7 solution was 1.91 mA/cm? and icp at pH10
was 11pA/cm2.
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The Nip4Fep alloy also showed typical active/passive/transpassive behavior and the
influence of pH on corrosion behavior was similar to the passivating Ni-Co alloys.
The anodic shift with p” was linear with a anp(—’ of -51 m\/'/pH urit. and the critical
current density (in chloride-free solutions) decreased from 66.1 mA/cm? at pH3 to
0.78 mA/cm? at pH10.

Effect of Alloy Composition

In the Ni-Co system, all of the alloys examined sliowed similar active behavior, with
free corrosion potentials near that of nickel, as shown in figure 5. At pH3, nickel had
an Ecorr 0f -410mV-SCE, Ecorr of cobalt was -510mV-SCE and the Ecorr of the alloys
ranged from -380 to -430mV-SCE. The Ni-Fe alloy also had a free corrosion potential
near that of nickel, -430mV-SCE at pH3.

Although all of the Ni-Co alloys showed similar active behavior, one of the alloys,
Nig 2Cog g, did not passivate under any cof the conditions studied. The remaining Ni-

Co alloys, (Nig.4Coq.6, Nig 6Coq 4, and NiggCop.2) showed essentially identical anodic
polarization behavior, as seen in figures 2-4.

The lack of passivity of the Nig,Cog g alloy merited further attention. The
microstructure of the alloys was examined by metallurgical analysis and by X-ray
diffraction to determine if there was any microstructural differences between the
different alloy compositions. In addition, the effects of microstructure on the
corrosion behavior were observed by microscopic examination of the metal surface
after anodic dissolution.

Metallographic analysis of polished alloy specimens revealed that the microstructure
of the Nij 7Co( g alloy was different than that of the other alloys. Where the higher
Ni alloys showed an equiaxed single phase structure (Figure 6), the Nig,Coqg alloy
showed a banded microstructure, as seen in Figure 7. Based on the Ni-Co phase
diagram?, this structure is an allotropic hexagonal close-packed (HCP) phase for alloys
with Xnij<~35%. The Nig,Coqg alloy is within this e-Co phase field, The martinsitic
transformation o-Niccy — €-Cogycpy occurs around 300°C. The banded structure
observed is consistent with this type of diffusionless transformation.

X-ray diffraction spectra of Ni, Co, and the Ni-Co alloys are shown in Figure 8. Peaks
were seen near 20 = 44.4° and 51.6°. These peaks correspond to FCC reflections for Ni
or Co89 In addition, a small peak was also seen in the spectrum of the Nij,Cog g
alloy at 28 = 47.2°, which corresponds to the strongest cobalt HCP reflection.?

Examination of the Nij,Cog g metal surface after anodic dissolution showed general
corrosion with some grain etching. This etching is probably due to variations in
crystallographic orientation of the individual grains, and not the phases (FCC or HCP)
within the grain, as these are both close-packed phases. There is no evidence of
microstructural effects causing the observed active behavior in the Nij,Coqg alloy.
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Effect of Chloride Concentration

The effect of chloride concentration on the passivation behavior depended upon alloy
composition. Tn general, the passivation behavior of the Ni-Co allovs was not greatly
affected by the chloride levels tested, and the non-passivating Nip.2Cog g alloy was not
affected by the chloride levels used. On the other hand, the Nig.4Feg.¢ alloy was
strongly affected by the higher (10-2M) chioride levels, and pitting was observed in the
alloy exposed to this chloride level.

The Ni-Co alloys were not affected by the lower (103 M) chloride concentration, but at
higher chloride levels (102 M), changes in the anodic polarization were observed, as
seen in Figure 9. For the Nip4Cog.¢ alloy in pH3 electrolyte, the critical current
density increased from 15mA/cm2 at 0 and 1mM chloride to 30mA/cm2 at 10mM.
Some changes were evident in the passive current suggesting degradation of the
passive film as the transpassive region was approached, as seen in Nig4Cogg at pH3
(Figure 9) The free corrosion potential was unaffected by chloride concentration,
which is consistent with the observation that the non-passivating Nig 2Cog g alloy was
unchanged in the chloride-containing electrolytes.

The Ni-Fe alloy was affected more strongly by chioride in the electrolyte than the Ni-
Co alloys. This was most apparent in the pH3, 10 mM chloride solutions as seen in
Figure 10; the critical current density for passivation increased from 25 mA/cmz for 0
and 1 mM chloride concentrations to 83mA/cm2 at 10mM chloride. The passivation
current was not affected, but the pitting potential dropped from 1.29 to 1.18 to
0.51V-SCE for the 0, 1mM and 10 mM chloride levels, respectively. The Ni-Fe alloy
was severely pitted at the higher chloride levels, as indicated by the hysteresis in the
anodic polarization curve and also by visual observation of pits on the sample after
testing. A pitting hysteresis loop was observed in the 10 mM chloride electrolyte for
all three pH conditions The range of stable passivation (between Epass and Eprot)
increased from 0.33 V at pH3 to 0.51 V at pH10 whereas the range of stable passivation
(between Epass and Epit) ranged from 1.39 V at pH3 to 1.37 V at pH7 and 0.98 V at
pH10.

Discussion

Tendency to Passivate

Active Alloys. The lack of passivity of the Nip2Cog.g alloy was studied.
Microstructural characterization revealed that the Nig2Cogg alloy differed from the
other Ni-Co alloys. Where metallurgical examination showed a single phase solid
solution for the high Ni alloys, the Nip2Coqg alloy showed a typical martensitic
structure. Structural analysis by X-ray diffraction revealed that the pure metals and
high Ni-Co alloys had FCC structures, but the Nig2Coq g alloy was indeed composed of
two allotropic phases, FCC and HCP. However, this microctructural difference
between the Nip2Cogg alloy and the higher Ni alloys is not the cause of the active
behavior, in that there is no preferential attack of either phase, but only general
corrosion is observed on the Nip2Coqg alloy.
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A possible explanation for the active behavior is based on Newman and Sieradzki's
geometric approach to the passivation of Fe-Cr alloys based on percolation theory.10,11
By considering the arrangemont of a minority species in a random binary solid
solution, (Cr in a Fe-Cr alloy) they have suggested that incomplete passivation in Fe-
Cr alloys occurs when there is not a sufficient amount of Cr on the surface to form a
continuous passive film. Once a critical "threshold concentration” of the minority
species is reached, a continuous passive film is formed and stable passivation occurs;
once the minority species concentration exceeds the threshold value, the passive
behavior does not depend on the minority species concentration.

A similar argument is applicable to the Ni-Co system. Between 20 and 40wt% Ni,
complete passivation occurs. Based upon the indistinguishable passivation behavior
of higher Ni alloys, and the similarity of their behaviors to that of pure nickel, the
nickel appears to dominate the anodic polarization behavior. The Nij,Cog g alloy
may not be able to completely passivate because there is insufficient nickel to form
and maintain a continuous passive film on the surface.

Passivating Alloys. The critical current density of passivation (a measure of the
ease of passivation) among passivating alloys (Ni-Co where XNi20.4 and Ni-Fe) varies
with both electrolyte pH and chloride content. An increase in critical current density
indicates that the alloy is not able to form a passive film as easily as when the critical
current density is lower. As reported earlier, icp increased with decreasing pH from
0.1 mA/cm? at pH1U to ~1 mA/cm? at pH7 to ~10 mA/cm? at pH3. This increase in
critical current density is related to the ability of the metal to form the passive film on
its surface. If this film is a hydroxide species, and it forms by the following type of
reaction:

Men* + nOH- —» Me(OH)p fi]

then the solubility product of that reaction would be Kp = [Me*}[OH"]". As the pH
decreases, the hydroxyl concentration decreases, and the metal ion concentration
must be larger before Kyp is reached and formation of the passive film occurs; this
higher metal ion concentration correlates to reaching a higher critical current density
before the onset of passivation.

In comparing the critical current densities for the Ni-Co alloys (icp = 10 mA/cm? at
pH3) and the Ni-Fe alloy (icp ~ 25 mA/cm? at pH3), the solubility product correlates
with this behavior. In Table II, the solubility products of a number of metal
hydroxides are listed.12 At a given pH (constant hydroxyl concentration), the
concentration of metal ions necessary for the formation of a passive film is inversely
proportional to the solubility product of the film species. Since Ksp for ferrous
hydroxide, Fe[OH]; is orders of magnitude lower than the Ksp of either nickel(Il) or
cobalt(Il) hydroxide, a higher metal ion concentration is necessary for ferrous
hydroxide formation, and a higher current density is reached before the onset of
passivation of the Ni-Fe alloy than a Ni-Co alloy.
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The effect of chloride concentration on critical current density for passivation is
indicative of the observation that chloride interferes in the formation of passive
fiims. The obse.vation in these studies was that the critical current density was not
affected by the 1 mM chloride solution, but increased current density was seen along
with other signs of passive film degradation at [Cl-] = 10 mM, as shown in Figures 9
and 10.

Stability and Breakdown of Passivity

An explanation for the greater pitting susceptibility of the Ni-Fe alloy is based upon
the solubility properties of constituent metal hydroxides. In the case of Ni-Co alloys,
there is little difference between the solubility of nickel(II) and cobalt(I) hydroxides, as
seen in Table II.

However, in the case of a Ni-Fe alloy, there are considerable differences between the
nickel(II) and the ferric hydroxides. Consider the foilowing hydrolysis reactions:

Niz+ + H,O — Ni(OH), +2H* [2]
Co2+ + H,0 —> Co(OH), +2H" )
Fe2+ + H,O — Fe(OH), +2H* [4]
Fe3* + 3H,O — Fe(OH); +3H* [51

In these reactions, the hydrolysis of 2+ cations yields 2 H* ions whereas the ferric
hydrolysis yields 3 H* ions and is, on a per metal ion basis, more acidifying. In
addition, the solubility product of ferric hydroxide is 18 orders of magnitude smaller
than that of nickel(II) or cobalt (II) hydroxide. Once localized passive film breakdown
begins (in the transpassive regime), fewer ferric ions than nickel or cobalt ions must
enter the solution before the hydrolysis reaction is triggered. Once the acidifying
hydrolysis reactions begin, the metal is more difficult to repassivate in those localized
areas, and auto-catalytic pitting begins.

Summary
Based upon this study, the following comments may be made:

1. The effect of pH on these alloys is consistent with traditional active and
active-passive-transpassive metals. In general, the corrosion resistance of the alloys
increase with increasing pH; i.e. the alloys passivate more readily and the critical
current density for passivation decreases with increasing pH.

2. The effect of alloy constitution was marked in the Ni-Co system. There
appears Lo be a minimum nickel concentration between 20 and 40 wt.% required for
complete passivation. Above this threshold value, anodic polarization behavior has
no alloy composition dependence, based on the indistinguishable anodic behavior of
the Ni-Co alloys with Xn; = 40 wt.%. Below the threshold value, active corrosion and
no passivity is observed.
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3. The Ni-Fe alloy was more susceptible to chloride pitting than the Ni-Co
alloys. These Ni-Co alloys showed minor effects at high [CI] levels (10mM NaCl)
whereas the Ni-Fe alloy was severely pitted.

Future work
Additional characterization of these alloys is warranted. Electrolytes with higher
chloride concentrations (5%10-2 to 10-1 M) will be used to further examine the pitting
behavior of Ni-Co alloys. The passive films formed on these alloys by anodic
polarization will also be analyzed and compared to the bulk alloys; the similarity of
the corrosion behavior in the passivating Ni-Co films suggests a similar protective
film, despite compositional variations among the alloys themselves.
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Table I
Chemical Analysis by X-ray
Fluorescence (XRF)

Nominal Comp. %Ni Z%{o %Fe Zother
Nig.gCog.2 786 214  <0.1 <0.1
Nig.6Cog.4 590 410 <01 <01
Nig ¢Cog 39.2 618 <01 <0.1
Nig2Cop g 182 818 <0.1 <0.1
Nig 4Feg 6 400 <01 600 <0.1
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Table I1
Solubility Products of Metal
Hydroxides!?

Metal Hydroxide Ksp
Fe(OH); 1.64X10°14
Fe(OH)3 1.10%10-36
Ni(OH)> 1.45%10°18
Co(OH)2 1.09¥10°18




Evaluation and application of the EPR-double loop test to assess the degree of
sensitisation in stainless steels

R.F.A.Jargelius-Pettersson and P. Szakalos
Swedish Institute for Metals Research
Drottning Kristinas vag 48

S-114 28 Stockholm, Sweden

Abstract

The Electrochemical Potentiokinetic Reactivation (EPR) double loop method has been used
to measure the degree of sensitisation of a type 304 stainless steel after various sensitisation
times at 620°C. Results from testing in a field cell and a laboratory cell are compared and the
dependence of evaluated parameters on test temperature is quantified.

Key terms: stainless steel, sensitisation, EPR, DOS, test method

Introduction

The Electrochemical Potentiokinetic Reactivation (EPR) technique isan electrochemical test
to assess the degree of sensitisation in stainless steels. It has proved particularly useful for field
testing in that it is both quantifiable and non-destructive. The original method, termed the
single loop test, was proposed by Cihal et al.! and now standardised as ASTM G108-92. In this
form the EPR technique has however the dual disadvantages, from the point cf view of field
testing, of requiring careful surface preparation and a metallographic evaluation of grain size.
The double loop method, proposed later by Akashi et al.2and standardised in JIS GO580-1986,
eliminates both these difficulties.

In double loop testing (Fig. 1) the material to be tested is first polarised in the anodic direction,
this causes general dissolution to occur so the anodic peak i, is directly related to the tested
surface area. After passivation a corresponding potential scan is performed in the reverse
direction. As is the case with the single loop test this produces dissolution only at sensitised
grain boundaries so the cathodic peak i, or more specifically the ratio i/i, givesa measure of
the degree of sensitisation.

The single loop test involves only the reverse scan and is normally evaluated in terms of the
reactivation charge passed, i.e.the area under the curve, rather than the maximum current.
This evaluation method is clearly also applicable to the double loop technique and previous
work3 has indicated relatively good agreement between the single and double loop techniques
if compared in this way.

The EPR test is normally performed at 30°C+1°C but this degree of temperature control
can seldom be achieved in field measurements. In order to be able to compare and evaluate
results an understanding of the effect of temperature variations on EPR results is thus of
central importance. In a previous work? the effect of temperature in the range 10-40°C on the
charge passed during the single loop test was evaluated, yielding an activation energy of 67 +
9 kimol-! and the equation:
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(30-T) 1)
(273+T)

Q% = Qexp26.4

which may be used to convert the charge Q at temperature T to a charge Q30 at 30°C.

The aim of the present work is threefold: to compare the results of EPR double loop testing
in a field cell to those from testing in a conventional laboratory cell, to assess the temperature
dependence of the double loop test and to compare the results of double loop testing to previous
single loop evaluation®.

Experimental

The material employed was a type 304 (Sandvik charge 4-31009) stainless steel pipe of 10mm
wall thickness and composition (in wt %) 0.052C,(.£5Si,1.23Mn,0.017P,0.0118,18.7Cr,9.5Ni,
0.39Mo, and 0.039N. In order to produce a wide variation in the degree of sensitization,
specimens were heat treated at 620°C for times of 3,6,9.5,16 and 24 hours and then water
quenched. The specimens were in the form of cylinders with diameter 11mm cut from the wall
of the tube. These were spot welded to copper wires and the entire assemblies mounted in
Technovit 4004 cold-setting plastic so as to expose only the circle corresponding to the outer
surface of the pipe.

EPR measurements were performed according to the double loop technique, as described by
Majidi and StreicherS. The solution used was0.SMH,SO, +0.01MKSCN made from analytical
grade chemicals and distilled water. A limited amount of testing was performed in a laboratory
cell of volume 3 litres and in this case the test solution was dearated before and during the
test with argon gas. The majority of the testing was however performed in a field cell of volume
70 ml and no deaeration was performed. In order to achieve the desired temperature control
the entire field cell was immersed in a thermostatted water bath.

In both cases testing followed the same procedure. The corrosion (rest) potential was first
measured for two minutes, this was found in all cases to lie in the acceptable range of -350 to
-450 mVSCE so no cathodic charging was performed. The potential was then increased from
the rest potential to +200mVSCE at 6V/hour (1.67mV/s) and then immediately returned to
the rest potential at the same rate to produce the reversed scan. Measurements were performed
at 20°C, 30°C and 40°C and in the majority of cases duplicate tests were performed to check
reproducibility.

Results and Discussion
Comparison between field cell and laboratory cell

The results of all tests are summarised in Table 1 in terms of the peak anodic and reversed
scan currents, i, and i, respectively, the current ratio i/i, and the charge Q. The latter may be
converted to P, values using the measured ASTM grain size of 6.0%or to Q, values using a
mean linear intercept [/ of 40um (see appendix for definitions and equations). No significant
difference was observed between the results from the field cell or from the laboratory cell so
both were used for the evaluation of the temperature dependence.




It was noted that for both the field cell and the laboratory cell a large scatter in i, and Q were
observed for the most sensitised specimens at 40°C.This was associated with the appearance
of a black deposit on the specimen surface which dissolved with time if the specimen was left
in the testing solution or could readily be rinsed off with water. This is probably a sparingly
soluble dissolution product which cannot be removed from the surface at a sufficient rate
during the reversed scan but instead partially blocks dissolution. No such deposit was however
observed in connection with the anodic scan or noted with the single loop testing of the same
specimens?. The results from the 16 hour and 24 hour specimens tested at 40°Cwere for this
reason not included in the evaluation of the temperature dependence ofi_and Q. On this basis
it is also suggested that the double loop EPR method should be used with caution when
measuring large degrees of sensitisation at high temperatures.

Evaluation of temperature dependence

Figs.2-4 show1,,i. and Q respectively, plotted as a function of the logarithm of the sensitisation
time and the reciprocal of the absolute temperature. This illustrates the expected result that
the anodic current is independent of the degree of sensitisation, but nsvertheless weakly
dependent on temperature, while i. and Q are both strongly dependent on temperature and
the degree of sensitisation. The latter phenomenon is also illustrated qualitatively by the
micrographs in Fig.5 which show the dependence of the amount of grain boundary dissolution
on sensitisation time. An evaluation of the Arrhenius plots for the three parameters yields
values 0f 404+7,58 +9and 66+ 11 kImol! for the activation energies fori,,i and Q respectively.
Thus in order to convert a value at a temperature T in the given interval to that at 30°Cthe
following equations may be used: ’

i = iaexp15.7(i2§7%)—) @
%0 = irexp23.2(—(§-3%(—);% 3)
Q3°=Qexp26.4é§7%?% )

It is apparent from the above equations that only a weak temperature dependence is
encountered when the current peak ratio i /i, isused for evaluation. This isillustrated in Fig.6
in which the correction equations above have been applied to both Q and i/i, values. The
effect of correction is marked for Q values and its applications indicates sensitisation to follow
the dependence

QpL= 1.2log,,(t-t,) where t, = 1.7hours (error coefficient, r2 = 0.96) (6)
Similar analysis of i /i, yields

i/i, = 0.31og,(t-t,) where t, = 0.9 hours. (12 = 0.87) (7
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these may be compared to previous single loop results® which are shown in Fig 7a and yield:
Q.= 0.610g,,(t-t,) where t, = 0.6hours (r2 = 0.73) 8)

t,, the onset of measurable sensitisation, should be identical in all cases; the observed deviation
is attributable to scatter.

Comparison to single loop measurements

The above equation for temperature correction of the double loop charge, Qg , is very similar
to that obtained from analysis of single loop data on the same specimens* which indicates the
good agreement between the two methods if evaluated in the same manner. This is also
indicated by Fig. 7b which compares uncorrected values of Qp, and Qg performed at 20°C,
30°C and 40°C. The correlation coefficient for measurements at 30°C is 0.90 and for all
measurements 0.95. If the double loop data isinstead evaluated in terms ofi /i, the correlation
is poor if all temperatures are compared (Fig 8), but reasonable (correlation coefficient 0.88)
for the measurements at 30°C. This is a logical consequence of the diffing temperature
dependence of Q and i/i,. Applying the temperature correction to both Qg and i/i, gives
however much better correlation (coefficient = 0.87).

Conclusions

1. The EPR double loop technique may be satisfactorily used to perform field measurements
of the degree of sensitisation of type 304 stainless steel. There is no significant difference
between the results of testing performed in a field cell of volume 70 ml and in a 3 litre laboratory
cell.

2. The measurement of high levels of sensitisation at 40°Cis not recommended in view of the
occurrence of surface deposition which causes a large scatter in results.

3. There is excellent agreement between the single loop and double loop tests if both are
evaluated in terms of the charge Q passed under the reactivation scan (or a conventional P,
or Q, value which includes area and grain size normalisation). The equation:

(30-T)

30
= 6.4 2
Q= QexpPee 4 o)

may be used to convert the charge Q at temperature T to a charge Q3¢ at 30°C.There is also
good correlation if the double loop data is evaluated in terms of the peak current ratio i/i,.
4. The peak currents recorded on the anodic and reversed potential scans in the double loop
method show a different dependence on testing temperature, the two processes yielding

activation energies for dissolution of 40 and 58 kJmol-! respectively. Using these values for
the activation energies, the equation:

i 3°= i (30-T)
(ia) (ia)ex"?‘s(zmm
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may be derived to convert i/i, values obtained at temperature T to i/i,% values at 30°Cfor
purposes of comparison. This is a much weaker temperature dependence than for Q values.

5. For the 0.052%C steel investigated, the evolution of sensitisation in terms of the charge Q
measured in single and double loop EPR tests may be approximately described by the equation:

Q = 1.2log4(t-t,) where t, = 1.7hours
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Appendix: Calculation of P, and Q, values

! = mean linear intercept in mm (mcasured at 1x enlargement)

X = ASTM grain size

A = EPR test area

L,= length of grain boundary per unit specimen area (in mm/mm?2)
P,= EPR charge per unit grain boundary area (GBA)

Q.= EPR charge per unit grain boundary length (GBL)

w = grain boundary width (assumed to be 10-3mm)é

The expressionS for P, is derived assuming a grain boundary width of lum:

P,= Q /GBA (1
GBA = A (5.09544x103exp(0.34696X)) [21¢
X =-3.2877- 6.6439(log, o)) {316
Hence:

GBA = A(5.09544x10-3exp(-1.1407)exp(-2.3log, /)
= A x0.00163x 1/l = 1.63Aw/l assuming w=103mm (4]
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P, = QI/0.00163A if /is expressed in mm [5]

Using the expression:
L, =12l ter

the grain boundary area can be rigorously calculated from first principles as:

GBA =L,Aw [71
= TIAw/2!/
= 1.57Aw/] [8]

The numerical discrepancy between [4] and [8] is due to the assumption of a circular grain
shape in the former but no such assumption in the latter.

In view of the fact that w has no physical significance, it inclusion in the evaluation equation
isquestionable. The EPR charge may thus instead be normalised to the grain boundary length:

GBL =L,A

=1A/2] [9]

QL =Q/GBL [10]
=2QI/ 1A (11]
=0.00163P, x 2/ 1t [12]

If however the accepted units of C/cm? are used for P, this leads to units of Q, in [12] of
Cmm/cm2. Using SI units and expressing Q, in C/m yields the following conversion relation:

QL(C/m) =0.0104P,(C/cm?) [13]
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Table 1.Results of EPR double loop tests. Those marked with an asterisk were performed in
the 3 litre laboratory cell

Sens.time  {Test temp. i i %
(hours) (°C) (mA/cm?) |(mA/cm?) |(C/cm?)
3 20 37.7* 2.8° 10.158"
32.8 2.1 0.086
34.4 2.8 0.136
33.0 2.9 0.114
6 20 30.0 4.4 0.240
29.0 4.4 0.108
30.0 2.2 0.162
40.0 5.7 0.319
28.3 4.7 0.248
9.5 20 35.4 7.8 0.408
16 20 29.0 8.4 0.482
24 20 33.6 8.2 0.466
35.5 10.7 0.622
33 10.7 0.605
3 30 51.8 6.8 0.348
54.0 7.2 0.407
49.2 12.6 0.749
6 30 49.2 12.6 0.749
54.0 13.2 0.752
48.2 16.2 0.886
9.5 30 52.8 16.2 0.886
51.0 16.2 0.972
16 30 58.4 22.9 1.384
68.5 14.1 0.903
24 30 61.2 27.6 1.873
67.2 18.0 1.127
70.4 22.4 1.433
3 40 91.0* 11.1* 0.628°
68.4 13.4 0.733
129 14.8° 0.822°
6 40 87.6 20.0 1.044
108 25.2 1.536
71.4 15.6 1.782
97.2 28.8 -
9.5 40 76.8 32.4 2.228
98.6* 22.1* 1.415°
16 40 92.0 25.0 1.636
99.5* 26.8" 1.771*
24 40 87.6 42.0 2.748
99,0 15.5° 1.140°
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Fig.5 Microstructures of specimens 3 hours and 16 hours after EPR testing at 30°C
showing varying amount of grain boundary attack (400x)
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Abstract

Electrochemical investigations (polarization curves, polari-
zation resistance measurements), together with weight loss
measurements and analysis of the solutions after permanence
of the samples were used to evaluate the corrosion behaviour
of type 304L and 316L sintered austenitic stainless steels in
sulphate anrd chloride containing solutions.

The samfles were sintered in nitrogen based atmophere, at
1120 and 1190°C, and in vacuum at 1200°C and submitted to X-
ray diffraction analysis and SEM observation together with
EDS microanalysis before and after the corrosion tests.

A correlation is tempted between the corrosion behaviour and
the mechanical properties of samples as rockwell hardness,
shrinkage, unnotched impact strenght, ultimate tensile
strenght.

Key terms: sintered steels, corrosion, thermochemical treat-
ments
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Introduction

An increasing interest towards the application of sintered
stainless steels may be noted in the area of mechanical com-
ponents manufacturers, in the tentative of obtaining mate-
rials with good corrosion resistance, good mechanical proper-
ties, excellent reliability at low production costs.
Consequently a constant search for the optimization of indu-
strial sintering processes is carried out by changing sinte-
ring temperatures and atmospheres, and by adding specific al-
loying elements.

The corrosion behaviour in particular is simultaneously af-
fected by several parameters of complex identification.
Various Authors have tried to found inferences between sin-
tering density, temperature and atmospheres, total and inter-
connected porosity, interstitial content of C, O, N, presence
of noble alloying elements,etc. and corrosion behaviour in
different aggressive media.

Itzhak et al.' suggested that the main mechanism affecting
the low corrosion resistance of hot-pressed austenitic
stainless steels in sulphuric acid solution is the evolution
of hydrogen concentration cells due to electrolytic stagna-
tion in the interconnected open pores; moreover the local in-
tergranular sensitivity to the corrogive environment is in-
creased due to carbide precipitation <.

The addition of elements as Sn,Cu and Ni (up to 10% wt) in-
crease the corrosion resistance of hot-pressed sintered
stainless _steels, essentially by improving the passivation
processes =3, Also the pore morphology has a crucial role in
the environmental behaviour of sintered steels: the double
pressing, double sintering processes, resulting in a closed,
round pore morphology, allow to obtain a corrosion behaviour
similar to wrought stainless steels

Raghu et al.7- too attribute the inferior corrosion resi-
stance of sintered stainless steels filters to the formation
of hydrogen ion concentration cells following entrapment of
the sulphuric acid solution in the pores, and underline that
the pore morphology, more than porosity itself is responsible
for the corrosion mechanism.

A lack of sensitivity to the density changes and a strong de-
pendence on the sintering conditions has been found by Ah-
lberg 9 for the corrosion behaviour of sintered ferritic and
austenitic stainless steels in sulphuric acid.

Media of lower _aggressivity have been taken into account by
Fedrizzi et al. ; they characterized from an electrochemi-
cal point of view type 316L austenitic stainless steels, sin-
tered with addition of copper in dissociated ammonia atmo-
sphere, 1in borate solutions with and without chloride ions.
The chromium nitrides precipitation affects to a low extent
the passivation curves, while the interconnected porosity
shape and amount seem to be more important parameters; fur-
thermore in chloride containing solutions copper seems to
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favor the localized attack resistance, probably as a conse-
quence of the formation of protective corrosion products; in
sulphuric acid s?lution too the beneficial effect of Cu addi-
tion is observedll,.

In earlier studies 12714 ye tried to relate the sintering at-
mospheres and temperatures of type 304L and 316L austenitic
stainless steels to their mechanical and electrochemical pro-
perties in different media, it was concluded that austenitic
stainless steels sintered in nitrogen based atmosphere show
better mechanical properties but lower corrosion resistance
with respect to samples sintered in vacuums because of the
precipitation of chromium nitrides.

In order to clarify the corrosion mechanism in this paper
the effect of morphological changes induced by the sintering
process 1in different atmospheres on the corrosion behaviour
of sintered AISI 304L and AISI 316L samples has been evalua-
ted in sulphate and chloride containing solutions, and prefe-
rential dissolution reactions have been identified by means
of the chemical analysis of the solutions after immersion

tests.

Experimental

The studies were carried out on samples (bars or bushings)
produced by compacting BSA powders of type 304L and 316L
stainless steels, whose composition is shown in Table I, with
lithium stearate (0.7% wt) as lubricant. The compacted sam-
ples were sintered in industrial plants in nitrogen-based
atmosphere (62.5%vol N,, 37.5%vol Hy, -35°C dew point), ob-
tained by adding nitrogen to dissociated ammonia. Sinter-
ing was performed at 1120 and 1190°C for 1h, with a step at
500°C for the lubricant elimination, for an overall cycle ti-
me of 8 h, these samples will be indicated respectively as
N1120 and N1190. For comparison sake, a series of specimens
was also sintered in vacuums at 1200°C for 1 h, with pre-hea-
ting steps, for an overall cycle time of 6 h, these samples
will be indicated as V1200.

The microstructural analysis was performed by means of a dif-
fractometer Philips mod. 1380/70; the porosity and pore size
distribution were evaluated by means of a mercury porosime-
ter Carlo Erba.

The specimens were tested in 0.5M HpSO4, 0.5M K,504 and 0.1M
NaCl solutions, at room temperature.

The corrosion rates were determined by weight loss measure-
ments after increasing immersion period, 7, 14 and 21 days.
In order to point out possible preferential dissolution
reactions of the single elements occurring during the im-
mersion tests, a quantitative analysis of the solutions was
performed, after increasing immersion times, by means of op-
tical emission spectrometry (ICP-OES, Perkin Elmer Plasma
40). In order to determine the total amount of the elements
dissolved, before the removal from the electrolytes, the
samples were ultrasonically treated and the removed solid
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corrosion products were successively dissolved by acidifica-
tion of the solutions with nitric acid.

The data are expressed as wt % of each element with respect
to the total weight of the corrosion products.

Before and after the immersion tests, the samples were exa-
mined by SEM observation, employing a SEM Jeol Mod. 6400, e-
quipped with an energy dispersion microprobe EDS, Tracor 2-
Max.

The samples submitted to the electrochemical investigations
were polished up to 600 Grit, ultrasonically degreased in a-
cetone and dried at 150°C for 2 h to prevent any liquid seg-
regation in the pores.

The polarization measurements were carried out potentiodina-
mically at a scanning rate of 1mV/s, starting from a poten-
tial of -0.9 V(SCE), by means of an electrochemical interface
Solartron mod.1286, deareating the electrolyte by nitrogen
bubbling for 30 min.

The polarization resistance measurements were performed in
deareated solutions, by superimposing to the free corrosion
potential of the sintered sample a triangular wave (10mV in
amplitude and 25 mHz in frequency) and recording the corre-
sponding current density.

Results and discussion

The sintered samples were first characterized by determining
the properties listed in Table II. A slight decrease 1in the
values of volume mass is observed for samples sintered in
nitrogen-based atmosphere with respect to samples sintered in
vacuum. A similar trend is found for the total porosity,
which ranges, for example for AISI 304L, between 12% and
10.9% respectively for V1200 and N1190 samples; contempo-
rarily a decrease in the average pore size 1is observed, this
factor may be important in the context of localized attacks
during the corrosion process.

An increase of hardness is found on samples sintered in ni-
trogen-based atmosphere, due to the precipitation of nitrided
phases as shown below: on AISI 304L samples sintered in
vacuum a hardness value of 44 is measured, while N1120 and
N1190 have respectively values of 72 and 78.

Among the other mechanical properties considered, the ulti-
mate tensile strength is higher on samples sintered in nitro-
gen-based atmosphere, while shrinkage and unnotched impact
strength show an opposite trend, and higher values are meas-
ured on samples sintered in vacuum.

The sintering atmosphere influences to a great extent the
microstructure of samples as shown by the X-ray diffracto-
grams of Fig.l. The specimens of both the alloys sintered in
vacuum maintain a monophasic austenitic structure, while on
samples sintered in nitrogen-based atmosphere the precipita-
tion of chromium nitrides (Cr)N type) is evident, and is ac-
companied, in the case of AISI 316L by the formation of fer-
rite, as already noticed in previous papers:””

1167




The formation of nitride phases beneficially affects several
mechanical properties of sintered steels but lowers their
corrosion resistance as shown by weight loss measurements and
electrochemical characterizations performed in different ag-
gressive media.

In Fig.2 the results of the immersion tests in 0.5 M H3504
solution at increasing immersion periods are shown: as expec-
ted the corrosion rates of wrought alloys, reported for com-
parison sake, are one order of magnitude lower than sinte-
red samples. Moreover among sintered samples, the best beha-
viour is observed for specimens sintered in vacuum : for
type 304L the corrosign rate for the first immersion perio

ranges from 0.20 g dm“ day for V1200 to 0.75 and 1.40 g dm

day, respectively, for N1120 and N1190. In the second immer-
sion period the occlusion of pores caused by corrosion pro-
ducts induces a general decrease of the corrosion rate,
which increases again during the third week. Furthermore the
corrosion resistance of type 316L samples sintered in nitro-
gen-based atmosphere is lower than the one of type 304L
specimens.

Let us examine now the results of the quantitative analysis
for Fe, Cr and Ni, of the solutions after the immersion
tests, reported in Fig.3. They may help in clarifying the
corrosion process, allowing the identification of possible
preferential dissolution reactions.

For both alloys iron dissolves preferentially with respect to
the other elements: for samples sintered in vacuum the values
of iron in solution are 1-2% larger than the stoichiometric
value, for N1120 and N1190 samples the increase ranges from
7 to 10%.

Chromium shows an opposite trend: this element dissolves to
a lesser extent with respect to the stoichiometric value. For
example for AISI 304L specimens sintered in vacuum only 17%
of Cr dissolves with respect to the stoichiometric 18.6%,
while with N1190 samples the amount of Cr dissolved is only
10-12%.

The behaviour of nickel is similar; the concentration of this
element in the solutions deriving from the corrosion of
N1190 samples type 304L 1is 7.5% with respect to the stoichi-
ometric 10.3%.

A good agreement may be pointed out between the values of
the total mass dissolved because of the corrosive attack as
evaluated by means of weight loss measurements and by means
of the multielemental analysis of the solutions. As an exam-
ple N1190 type 304L samples after 7 days of immersion in the
sulphuric acid solution lost 729.2 mg, and the sum of the
amounts of Fe, Cr and Ni determined in the solution was
728.1 mg.

The preferential dissolution of iron is confirmed by SEM ob-
servations of samples after the corrosion tests; an increase
of Cr and Ni concentration has been detected by means of EDS
microanalysis on the corroded areas.

Fig.4 and 5 show the BSE micrographs of the cross sections of
samples after corrosion tests in 0.5 M H,504 solution. The
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dramatic decrease 1in the corrosion resistance of N1120 and
N1190 samples is well evidenced. On AISI 304L the corrosive
attack penetrates for approximately 400 microns and 800
microns on N1120 and N1190 samples; the situation 1is even
worse on AISI 316L samples where the depth of penetration is
800-990 microns on N1120 samples and interests approximately
the total thickness of N1190 samples, leading to a
disintegration of the specimen.

An observation of the corroded zones at higher magnification
allows to confirm the previous findings.

In Fig.6 the SEM micrograph of the corroded layer of sample
N1190 (a particular of Fig. 4(c)) is shown, together with the
X-ray concentration maps for Fe, Cr and S. The penetration of
the sulphuric acid causes a preferential attack in the zones
sourronding the Cr,yN precipitates, the EDS microanalysis re-
veals a noteworthy enrichment of chromium, that reaches con-
centrations ranging rfrom 3z to 46 % wt.

The phenomenon is stressed on AISI 316L samples, where again
phases with high Cr content remain unattacked. In Fig.7 the
surface of a corroded N1190 sample may be observed, together
with the X-ray concentration profile for Fe and Cr of the
linescan indicated on the micrograph: the Cr content increa-
ses when the microprobe spot scans the unattacked particle
of nitrided phase.

These findings indicate that the behaviour of AISI 304L and
316L sintered samples in sulphuric acid solution is firstly
affected by chromium nitrides precipitation: in both cases
samples sintered in vacuum show a higher corrosion resist-
ance with respect to samples sintered in nitrogen-based at-
mosphere, furthermore the corrosion rates increase with the
increase of the treatment temperature. However in order to
explain the higher corrosion rate of AISI 316L samples sin-
tered in nitrogen-based atmosphere with respect to the AISI
304L specimens, we have to take into account other morfolog-
ical and physical factors. A detrimental effect on the corro-
sion resistance of N1120 and N1190 AISI 316L samples is dis-
played by the observed formation of ferrite and by the
porosity: the total porosity is higher than AISI 304L, while
the average pore size is lower, leading to the exposition to
the aggressive environment of a higher specific area.

The poteéssium sulphate solution, because of its lower aggres-
sivity did not succeed in differentiating the behaviour of
the two alloys.

With the chloride-containing environment, the typical loca-
lized corrosive attack prevents from the evaluation of the
corrosion rates by means of weight loss measurements; not-
withstanding this, the morphology of the attack is similar
for AISI 304L and AISI 316L, but the depth of penetration of
the electrolyte is higher on samples sintered in nitrogen-
based atmosphere.

Fig.8a shows the cross-section of a sample of AISI 304L
sintered in nitrogen-based atmosphere after immersion in
0.1M NaCl solution, together with the X-ray concentration
maps for Fe, Cr and Cl. The entity of corrosion is low and
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the penetration is limited to 30 microns, an increase of
chromium content is revealed by EDS analysis in the corroded
zones, the concentration ranges from 25 to 30%.

A similar situation is observed in Fig.8b for a sample of
AISI 316L sintered in nitrogen-based atmosphere after im-
mersion in 0.1M NaCl solution, in the attacked zone an in-
crease of chromium is detected.

The multielemental analysis of the chloride-containing solu-
tions, not reported for brevity, indicates less stressed
phenomena of preferential dissolution, probably due both to
the less aggressivity of the solution and to a different kind
of corrosive attack.

The electrochemical tests are in good accordance with the
results obtained from the immersion tests.

The polarization resistance values confirm that the corro-
sion rates evaluated after short immersion periods have the
same trend that the ones obtained with longer immersion
tests. The R, evaluated in sulphuric acid solution and ex-
pressed in ohm cm? are the following :for AISI 304L as ex-
pected the larger value is for wrought samples, 1460, while
the values for sintered samples are respectively 457 for
V1200, 411 for N1120 and 383 for N1190; similarly for AISI
316L, wrought samples show values of 6960, and the Rp are
lower on sintered samples, V1200 samples give values of 407,
N1120 of 390 and finally N1190 of 308.

The polarization curves recorded on AISI 304L in 0.5 M H,;504
solution, Fig.9, show a tendency to passivation only on
wrought samples, while on sintered samples the anodic current
densities are three order of magnitude higher, and increase
from samples sintered in vacuum to samples sintered in nitro-
gen-based atmosphere.

In NaCl 0.1M the pitting potential may be determined only
for wrought samples, sintered samples do not passivate becau-
se of interstitial corrosion phenomena.

The behaviour of AISI 316L samples is rather similar, except
for a tentative passivation of samples sintered in vacuum,
visible on the polarization curves recorded in H,S04 0.5M.

Conclusions

Austenitic type 304L and 316L stainless steels sintered in
nitrogen-based atmosphere and in vacuum have been studied in
order to evaluate their electrochemical behaviour in sulpha-
te and chloride containing media of different pH, and their
mechanical properties.

The corrosion resistance of the sintered specimens depend on
the material microstructure ( chromium-rich phases precipita-
tion, ferrite formation, porosity, average pore size) and
the effect of microstructure varies with the test environ-
ment.

The chromium nitride precipitation, taking place on samples
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sintered in nitrogen based atmosphere, lowers the corrosion
resistance of these samples with respect to the ones sinte-
red in vacuum; this phenomenon is particularly evident in the
sulphuric acid solution, where a preferential dissolution
reaction of iron occurs. The presence of ferrite and a wide
pore distribution,related to a higher surface area, could
explain the poorer corrosion resistance of AISI 316L samples
sintered in nitrogen-base atmosphere with respect to AISI
304L samples.

For both alloys, samples sintered in nitrogen-based atmosphe-
re show better hardness ond strength characteristics.
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Table I - Chemical composition of stainless steels (wt %)

AISI C Si Ni Cr Mo Mn S P

304L 0.015 0.67 10.28 18.65 - 0.11 0.007 90.002
316L 0.012 0.86 12.90 17.85 2.22 0.17 0.006 0.015

Table 1II - Properties of sintered steels: Volume mass (V.M.),
Total porosity (P.T.), Porosity size average (P.S.A.), Rockwell
hardness (HRB), Shrinkage (SR.), Unnotched impact strength (UIS),
Ultimate tensile strength (UTS).

Code V.M, P.T. P.S.A. HRB SR. UIS UTS

(Kg/m3) (%) (microns) (%) (J/cm?)  (Mpa)
AISI 304L
V1200~ 6.52 103 12.0 1.99 44 1.13 91 465
N1120° 6.39 103 11.7  1.25 72 0.94 38 505
N1190' 6.43 103 10.9 0.79 78 0.82 36 574
AISI 316L
V1200~ 6.43 103 10.4 0.98 38 1.27 88 476
N1120° 6.34 103 12.7 0.98 63 0.87 41 470
N1190' 6.36 103 11.4 0.79 69 0.51 40 527
V1200 : sintered in vacuum at 1200°C
°N1120 : sintered in nitrogen-based atmosphere at 1120°C
'N1190 : sintered in nitrogen-based atmosphere at 1190°C

1162
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Fig.l - X-ray diffractograms of sintered samples (see Table
I1 for codes).
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Fig.2 - Corrosion rates (g/dm2°day) in 0.5M H,SO4 solution,
T=25°C, of wrought and sintered samples (see Tab.II for co-
des) .
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Fig.3 - BAmounts of Fe, Cr and Ni dissolved in the 0.5 M

H,S04 solution during the corrosion tests of sintered samples
(see Tab.II for codes). The contents are expressed as wt %
of each element relative to the total weight of the corrosion
products revealed by the ICP-OES analysis of each solution.
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Fig.5 - BSE micrographs of the cross- sections of samples of

AISI 316L after 21 days of immersion in C.5M H,S0,4 solution,
T=25°C (see Tab.II for codes).
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Fig.6 - SEM micrograph of the area indicated in Fig.4(c);
Cr and S X-ray concentration maps.
’ ey . * ‘o 5 ,

3

Fig.7 - SEM micrograph of the area incicated in Fig.5(c);
and Cr X-ray concentration profiles for the line 1-2.
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Fig.8 - SEM micrographs of the cross- sections of samples of
AISI 304L (a) and AISI 316L (b) after 21 days of immersion in
0.1M NaCl scviction, T=25°C; X-ray ~oncentration maps for Fe,
Cr and Cl {(see Tab.II for codes)
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Abstract

Advances in the technology of melting and hot deformation have made new alloys and products
available. New stainless and nickel-base alloys have found application as valves, fasteners and
specialized equipment in the oil field, and in various industrial and chemical environments. This
paper provides a review of the technology behind new materials and provides specific examples of
service applications.

Key terms: arc melting, argon-oxygen decarburization, vacuum-arc remelting, electroslag
remelting, vacuum induction melting, rotary forging, corrosion resistance, pitting,
strength, sour service, stainless steel, nickel-base alloy

Introduction

More than eighty years ago, August 20, 1913, the first successful cast of stainless steel was made, in
Sheffield, England. This martensitic alloy of iron and chromium was soon followed by the production
of an iron-chromium-nickel composition in Germany, which was the first austenitic stainless to be
developed. Over the next several decades, near variants of the original compositions were provided
to expand the range of useful properties and enhance fabricability. As researchers explored the
attributes of more and more alioying elements, the contribution of these attributes focused on two
somewhat divergent regimes. The first looked at corrosion resistance in increasingly harsh chemical
environments at near ambient temperatures, and the second was concerned with strength and
oxidation resistance at very elevated temperatures. By the 1930's and early 1940's, minor additions
of elements such as titanium and aluminum to nickel-chromium-iron alloys provided properties
needed in the newly emerging gas turhine/jet engine equipment. As more complex compositions were
invented, manufacturing became more challenging, and a greater understanding of metallurgical
characteristics in conjunction with greater processing controls was necessary for a reliable end result.
The two families of alloys, corrosion resisting and heat resisting, because of the commonality of
elements such as chromium, nickel and molybdenum, frequently crossed the boundaries of use with
super 12% chromium alloys being used for turbine applications, and iron and nickel based superalloys
being employed to resist corrosive attack.

With increasing challenges related to manufacturing came significant advances in melting and hot
working techniques that mitigated the problems One of the most important was the development of
vacuum induction melting and vacuum arc remelting around 1950. This technique, and later
modifications and advances. controlled undesirable impurities and optimized desirable properties.
It allowed increases in beneficial alioy elements, without the formation of deleterious phases and
permitted broadened hot working range-. In turn, new and more ersatile hot working equipment
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expanded the types of alloys that could be made in wrought form.

This paper will discuss a number of unique alloys developed in the recent past that have benefited
from technology advances. Some planned and unanticipated applications will be used to illustrate how
these alloys are expanding the capability of metallic materials to handle increasingly critical
requirements. The first section will briefly review current melting procedures and a unit of hot
working equipment, known as the rotary forge. The second section will explore alloys which owe
their properties to the latest understanding of the combining of composition and processing.

Melting Techniques
Arc Melting

Most stainless alloys are produced by melting techniques performed in an air environment. Initially,
stainless steel scrap of known composition, along with charge chrome and some alloying elements are
melted in the electric arc furnace (see Figure 1). When the total charge is completely melted, it is
transferred via ladle to the argon-oxygen decarburization (AOD) vessel for refining.

AOD Processing

The AOD vessel is a pear shaped refractory lined steel shell, through which oxygen, argon and
nitrogen are blown into the molten metal bath to achieve decarburization (see Figure 2). After the
desired aim carbon is achieved, alloys, lime and ferro-silicon or aluminum are added to reduce
chromium and other metallic elements that were oxidized. One of the primary benefits of the AOD
process is the ability to obtain very low levels of sulfur (S). Volatile residual elements can be removed
due to their high vapor pressures. The injection of inert gas into the bath provides a means for
removing unwanted gas impurities. However, some pick-up in hydrogen and nitrogen occurs during
vessel tap and ingot teeming. Trim additions of alloy elements bring the composition within desired
limits.

When compared to straight electric furnace product, AOD processed steels of fer improved cleanness,
due to lower non-metallic inclusions. Because the molten metal is in intimate contact with furnace
refractory, slag, and ambient atmospheres there are unavoidable leveis of randomly distributed non-
metallics in the ingots.

Vacuum Induction Melting

Yacuum induction melting (VIM) provides a melt with reduced gas content and good chemistry
control. A disadvantage is contact of the molten metal with the furnace refractory. VIM is
frequently used to cast electrodes to be remelted in the vacuum arc remelting or electroslag remelting
processes discussed below.

The vacuum induction process uses an airtight vessel or vacuum chamber which completely encloses
the melting equipment. Mechanical vacuum systems, in conjunction with an oil diffusion system, are
used to evacuate the chamber. A water cooled copper coil surrounds the furnace and heating is
accomplished by sending an electric current through the coil. This current sets up a magnetic field
that interacts with the charge material, creating frictional heat between the atoms. The charge
materials must be of the composition desired - only relatively small quantities of late alloy additions
are made via a recharge system. When the metal is molten the furnace is tilted enabling the heat to
be poured over a spout and into an awaiting mold, as shown in Figure 3. A mold turntable is used
to position empty molds under the pouring spout.
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Vacuum Arc Remelting

Yacuum Arc Remelting (VAR), shown in Figure 4, is a popular operation frequently used for
stainless and nickel-base alloys. The feedstock for remelting often consists of consumable electrodes
produced by conventional air meiting techniques or vacuum induction melting, discussed above. In
the VAR furnace electric current is passed through the electrode and the electrical power produces
the heat necessary for the remelting through the formation of an electric arc. It is the melting of the
electrode and subsequent resolidification (another definition of "R") of the ingot that gives the
remelted material its superior properties. The controlled solidification virtually eliminates ingot
macrosegregation and significantly reduces microsegregation. The number and size of non-metalilic
inclusions is reduced and the remaining inclusions are smaller and distributed more evenly. The
removal of gases and volatile elements is enhanced by the remelting process. The melting, performed
in water cooled copper crucibles, eliminates undesirable metal/refractory reactions. Many chemical
reactions are favored at the low pressures and high temperatures obtained during vacuum arc
remelting, such as (1) dissociation of oxides, carbides, hydrides, sulfides and nitrides, (2) deoxidation,
and (3) degasification. One drawback of VAR is the lack of any effective form of suifur removal,
but this can be overcome by use of low sulfur electrodes. Inclusion removal is facilitated by flotation
to the molten pool surface where they are pushed to the edge of the pool by ripple action. The water-
cooled copper crucible quickly cools the molten metal resulting in uniform alloying element and
inclusion distributions.

Electrc:lag Remelting

The electroslag remelting process (ESR), shown in Figure 5, is similar in many respects to VAR. The
process combines fully controlled melting conditions with fully controlled freezing conditions, but
remelting occurs through a chemically active slag as opposed to melting under a vacuum. Single phase
AC power is applied to the electrode, which is aligned above the water-cooled mold. The electrode
is immersed in the slag, and droplets of molten metal form on the bottom of the electrode and fall
through the slag to the metal pool. The slag is the heating component of the system; it acts as a
solvent for non-metallics, protects the molten metal from contamination and acts as a mold lining.
The water-cooled mold promotes a shallow molten pool which reduces microsegregation, increases
chemical homogeneity, improves inclusion distribution and increases ingot soundness.

Processing via Rotary Forging

To extend the technical capabilities for producing difficult-to-work alloys or developing special
properties, processing can be directed to the relatively new rotary forging facility. See Figure 6. The
basic concept uses four mechanically driven hammers to rapidly exert force simultaneously on four
sides of the workpiece. This causes spreading to occur in the longitudinal direction. The equipment
can make rounds, flats, squares, rectangles, hollows and multiple outside diameter bars up to 39 ft.
in length. Advantages over conventional 2-die forging presses include;

. Four-point contact as opposed to two point.

. Force exerted on all sides, limited to longitudinal spreading.

. Surface tears and center bursts minimized.

. Uses approximately 50% less energy than a conventional system.

. Centerline of workpiece is constant, providing better straightness.

. Rapid forging speed allows a proper temperature to be maintained. Work can be completed
without numerous reheats, which may be necessary in a conventional system,

. Precise size control and close tolerances.

. Opportunity for different cooling or quenching methods.
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As an example, it is possibie to take a 17-inch diameter ESR ingot of a nitrogen strengthened stainless
drill collar alloy and in one heating forge it into an 8 1/2" diameter, 422-inch long section in 15
minutes.

Alloy Development and Application
General-Purpose Corrosion Resistance.

Beginning with the first stainless steels, which were essentially Type 420 and Type 304, more complex
alloys evolved as the ramifications of increased alloy content on structure, phases, workability, and
heat treatment were understood and overcome. It is instructive to consider the development and
optimization of a classic alioy, Carpenter 20 stainless, to contrast the pace and philosophy of alloy
development "then" vs. "now". This alloy is probably the best recognized proprietary stainless steel
and the closest to the "ultimate” stainless steel in the decades of the 50's, 60's and 70’s.

It started as a cast alloy, which was commercialized as "Alloy 20" by Duriron in 1940. The nominal
composition was 29% Ni, 20% Cr, 2.5% Mo and 3.5% Cu, and it was designed to handle sulfuric acid.
It is made today as ACI designation CN-7M (UNS J95150). The original casting grade, with greater
than 55% alloy content, was too difficult to produce in wrought form because of hot working
problems. When Carpenter solved these problems in 1951 via a special treatment with rare earth
elements, Carpenter 20 stainless was born.

Because of its excellent corrosion resistance in a wide variety of oxidizing environments, beyond
sulfuric acid, and because wrought components such as tubing, plate and sheet were being welded,
it was necessary to stabilize the alloy against intergranular carbide precipitation. The addition of
columbium to the analysis produced Carpenter 20Cb stainless. Over the years extensive research was
conducted to understand the influence of various alloy elements on corrosion resistance, such as
manganese, silicon, columbium, carbon, and nickel. In 1965 sufficient information had been
developed on the beneficial effect of increased nickel on stress-corrosion cracking resistance in
chlorides and in sulfuric acid to allow the introduction of the third iteration of the alloy, which
became known as 20Cb-3® stainless (UNS N08020). This end result has been a material having the
resistance shows in Figure 7, with improved fabricability and optimum utility of the fabricated
product in a wide variety of applications. A common example is shown in Figure 8.

Another development allowing the use of high deposition rate welding practices such as gas metal arc
and submerged arc with essential freedom from weld hot cracking is designated by the American
Welding Society as E320LR (covered electrodes) or ER320LR (bare wire) filler metal. The
improvement in hot cracking resistance is shown in Figure 9. Residual elements in these filler metal
products are carefully controlled using melting know-how.

Pitting Resistance and Strength

Historically, stainless steels have been susceptible to pitting and crevice corrosion in environments
containing high levels of chlorides, in both chemical as well as marine applications. The beneficial
influence of nitrogen on pitting resistance was utilized with the nitrogen strengthened alloy 22Cr-
13Ni-5Mn (UNS S20910). Also, major improvements were offered by increasing the molybdenum
content to the vicinity of 6 percent, as in AL-6XN* stainless (UNS N08367).

*Registered trademark Allegheny Ludlum Corp.
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To improve the pitting resistance offered by UNS N08020, at some sacrifice in resistance to sulfuric
acid, 20Mo-6® stainless (UNS N08026) was developed. Most of these types of alloys are very
effectively ranked by their Pitting Resistance Equivalent Index (PRE = Cr + 3.3% Mo + 16% N).
Many have found application as sheet or plate for fabrications in the chemical process industry.

One very specialized application has been developed in drilling of oil and gas wells and in resisting
the corrosion of geothermal environments. Here armored cable and wire line are used to insert and
remove instruments and tools from the wells. Some environments can be very corrosive, containing
CO,, NaCl and H,S at high temperatures. Because wells extend to depths of 20,000-25,000 feet, high
strength is required to withstand the tensile loads involved. A modification of UNS N08026, called
20Mo-6®HS stainless (UNS N08036) has been developed. The nominal composition is as follows:

< Lr Ni_ Mo Cu N Fe

0.05 23.6 36.4 5.7 1.1 0.32 Bal

The HS grade achieves high strength through cold work, not by heat treatment. In the cold worked
condition UNS NO08036 retains excellent resistance to environmental cracking and chloride-induced
pitting and crevice corrosion while remaining non-magnetic. Tensile strength capability reaches 270
ksi (1862 MPa), with good ductility demonstrated by the wrap test in Figure 10. Despite its leaner
alloy content, it can be substituted for MP35N (UNS R30035) where that alloy represents technical
overkill.

The corrosion resistance of UNS N08036 in sour and simulated drilling environments is shown in
Table 1. High strength U-bends resisted ambient temperature sulfide stress cracking in the NACE
TMO177 environment. Good resistance was also demonstrated at elevated temperatures in simulated
drilling environments.

Another demanding application, born of the harsh environments encountered in the directional
drilling of some oil and gas wells, is the stainless non-magnetic drill collar. Drilling muds employed
to protect the formations can be very high in compounds such as MgCl, and BaCl,, which can
promote stress-corrosion cracking. Drill collars provide the weight on the drill bit to facilitate
penetration. They range from about 4 inches to 10 inches outside diameter, around 3 inches inside
diameter, and are usually about 30 feet long. They must have about 100 ksi minimum yield strength,
and where used with measurement while drilling systems must be fully non-magnetic to avoid
interference with telemetry from the instruments near the bottom of the hole.

The 15-15LC™ stainless (UNS S21300) was developed as a candidate to meet the requirements for a
chromium-manganese stainless drill collar. An example of this product is shown in Figure 11. The
nominal composition of this material is:

Fe

_C Lr Mn Ni Mo_ N
1.0 1.0 0.5 Bal

0.04 17.5 17.5

The best way to achieve the maximum nitrogen solubility and the homogeneity of alloying elements
necessary to a fully austenitic structure free from magnetic "hot spots” is to cast electrodes from the
AOD vessel and use electroslag remelting to make the ingots. These ingots must subsequently be
forged into the drill collar form, and the temperature of the final passes must be carefully controlled
to impart the correct amount of "warm working" to achieve the strength required. Mechanical
properties vary with product size, but typically have been as shown in Table 2. High strength, along
with excellent ductility and impact values have been obtained with this non-magnetic material.

After the O.D. is turned to the desired dimensions and the 1.D. is trepanned, a compressive treatment
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is applied to the 1.D. surface to prevent the initiation of stress-corrosion cracks. Stress-corrosion
cracking resistance of 1.D. treated drill collar sections has been confirmed in tie laboratory. A
simulated drilling mud solution (26% sodium chloride with 2.5% ammonium bisulfite) was boiled in
the bore using an immersion heater. After 1,000 hours, absence of stress-corrosion cracking was
confirmed using metallographic techniques.

Highly-Alloved Compositions for Severe Environments

Because the length of exposure to down hole environments is of limited duration for armored cable,
wire line, and drill collars, it is possible to use the stainless alloys already mentioned. But where
formations are being produced, and oil and gas containing high levels of chlorides and H,S must be
contained within critical components, alloys with far better resistance to environmental cracking at
elevated temperatures must be employed. For a number of years Pyromet® 718 alloy (UNS N07718)
was employed for sub-surface and surface components handling sour gas. This alloy was selected
from among the nickel-base precipitation hardenable gas turbine alloys because its composition
provided a level of strength and corrosion resistance superior to the cold worked austenitic stainless
steels and the duplex stainless steels. With the development of fields in Mobile Bay, a more corrosion
resistant hardenable alloy was needed for the more severe conditions. Alloy development research
began in 1983; progress was reported in papers given at previous NACE conferences (references 1 to
3) and today Custom Age 625 PLUS® alloy (UNS N07716) has become a widely used material. An
example of one application for which this alloy has been tested, a sub-surface safety valve, is shown
in Figure 12.

The composition of this grade is nominally:

ool

e Al

.0 0.2

C Cr Ni Mo Ti Ch
1.3

0.01 21.0 60.75 8.0 34

wn

It is vacuum induction melted followed by vacuum arc remelting. Many of the larger sizes have been
produced on the rotary forge. After hot working, bars are heat treated at the mill using a double
aging treatment to produce the mechanical properties desired in the component produced from the
bar stock. Typically the mechanical properties for oil field applications are 130 ksi (896 MPa) 0.2%
Y.S., 181 ksi (1248 MPa) U.T.S., 32% elongation (4D), 54% reduction in area and 38 HRC.

Table 3 provides examples of a few of the tests performed to demonstrate the resistance of UNS
NO7716 to both ambient and elevated temperature environmental cracking. Establishing resistance
to NACE TMO0177 at room temperature is an important first step for materials used in sour service.
UNS N0O7716 was resistant when coupled to steel, which increases the severity of the test for more
noble materials by stimulating hydrogen formation. For qualification purposes, slow strain rate tests
(SSRT) in environments designed to simulate down hole conditions have demonstrated excellent
resistance to the test environment. Results of SSRT tests in one of these environments at 300° F are
shown in Table 3. The table also shows that UNS N0O7716 resisted hydrogen sulfide and elemental
sulfur (S°) in deaerated brine when tested at 350 and 400°F (177 and 204°C).

With today’s increased emphasis on avoiding unexpected failure or costly repair of equipment
operating in severe environments containing chlorides, UNS N07716 is being selected for applications
beyond the oil patch. It is a primary candidate for fasteners in marine and chemical environments
and has been used for critical components in the pulp and paper industry. Direct aged material and
cold worked plus aged material with strengths higher than those evaluated for inclusion in NACE
MRO175 are being evaluated for drill collars and automotive engine fasteners.
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Strength, Toughness and Corrosion Resistance

In some cases the magnitude of general corrosion resistance needed for a critical application does not
require the level of chromium associated with even the leanest of stainless steels. Occasionally, a
combination of properties, such as strength, fracture toughness and resistance to fatigue and stress
corrosion cracking delineates a unique new alloy. Such is the case for Aermet® 100 alloy (UNS
K92580) which was originally developed as a high strength, high fracture toughness grade as a
candidate for aircraft landing gear. Its nominal composition is

C_ Lr Ni Mo Lo Fe
0.23 3.1 11.1 1.2 13.4 Bal

It is melted using vacuum processes.

Other alloys which have been used or considered include HY 180 with 200 ksi tensile strength and
its derivative AF 1410 (UNS K92571) with 235 ksi (1620 MPa) tensile strength. These alloys have
excellent fracture toughness but not enough strength for the latest designs. Alloys with tensile
strength exceeding 250 ksi (1724 MPa), such as H11 tool steel (UNS T20811), 300M alloy (UNS
K 44220) and Marage 250 lack either stress-corrosion cracking resistance or sufficient fatigue strength
and fracture toughness.

UNS K 92580 was developed using a computer model of the properties and interactions in the Fe-Co-
Ni-Mo-Cr-C system. The effect of impurity elements such as P, S, O, and N were also taken into
consideration. Mechanical working (hot and cold) was optimized with a primary and secondary
forging operation designed to produce a grain size of nominally ASTM 9. The heat treatment includes
solution treating, refrigerating and aging. The result is the alloy described in Table 4, with an
exceptional combination of strength and fracture toughness and fatigue strength superior to that of
other high strength alloys.

Table 4 also demonstrates the resistance to stress-corrosion cracking in sodium chlor.de, a property
necessary for materials exposed to marine environments. Resistance to stress-corrosion cracking was
also evaluated using a U-bend sample alternately immersed in a 3.5% NaCl solution and withdrawn
and allowed to dry, then re-immersed. The cycle calls for 10-minute immersion and 50 minutes to
dry. Results showed alloys H-11 and 300M to be highly susceptible to stress corrosion cracking, with
both alloys showing a mean time-to-fail of one day or less. UNS K92580 while not immune, was
significantly more resistant, with a mean time-to-fail of 25 days.

Because UNS K 92580 has such high fracture toughness and improved resistance to stress-corrosion
cracking, it has been selected as a candidate for landing gear on the F/A-18 E/F carrier-based
aircraft, Figure 13, where the marine environment and possible overstressing from a hard landing
could present potential problems. The alloy is also being evaluated as a candidate for main jet engine
shafts, fasteners, and welded tube for bicycle frames.

Regardless of the degree of corrosion resistance needed, alloy development is focused more narrowly
today on niche applications than was the case when corrosion resistant alloys and high temperature
alloys tended to be employed within simpler regimes of service. Newly developed alloys are now
subjected to more sophisticated evaluations, such as fracture toughness tests, corrosion fatigue tests,
and slow strain rate tests mentioned in this paper. Engineers are interested in defining the "envelope”
of service conditions where predictable performance can he achieved. To insure reliability, the
producers must take advantage of more controllable processing and strict conformance to
manufacturing guidelines. A good example of this is the large quantities of different sizes of UNS
NO7716 which have been purchased in the fully heat treated condition, tested and certified prior to
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service in critical components in Mobile Bay.

It seems a long way from the cutlery steel produced in 1913, but is undoubtedly just a milepost on
the road to materials for the future.
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Table 1 - Resistance of UNS N08036 U-Bends to Environmental Cracking
U. T. 8. |Wire Diameter
ksi MPa in mm Environment Result
275 | 1896 0.092 [ 2.34 | 5% NaCl + 0.5% acetic acid 4+ H,S No cracks in 42 days,
purge (NACE TM0177 solution) a% room | with and without steel
temperature couple
275 1896 0.092 | 2.34 | Saturated NaCl + 2.5% NHHSO, at 228°F | No cracks in 42 days
(109°C)

275 1896 0.092 [ 2.34 | 23.5% MgCl, + 6% KCl + 0.3% CaO at No cracks in 42 days

235°F (113°C)

274 1889 0.031 | 0.79 | Saturated NaCl + 5% MgclZ + 5% H,5 at No cracks in 14 days

350F (177°C) and 5000 psil (34.5 MPa)

0.031" diameter wire cold drawn 72%; 0.092" diameter cold drawn 77%.

Table 2 - Typical Room Temperature Mechanical Property
Range for UNS 821300 Warm Worked Bar
Property Value

0.2% Y.S. 105-118 ksi (723-813 MPa)

U.T.S. 129-138 ksi (887-949 MPa)

¥ Elong (4D) 38-42

% R.A. 72-74

Charpy V-Notch 178-202 ft-1b (241-274 J)

Brinell Hardness 269-302
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Table 3 - Environmental Cracking Resistance of UNS NO07716 Bars

Solution treated plus aged at 1350F (732C)/8h, furnace cool to 1150F (621C)/8h/AC

0.2% Y. 8. Temp. i
ksi MPa Sample 8tyle Environment (°P) Result
130 896 Transverse NACE TM0177° (steel couples) 75°F No cracks; 1000h
U-Bends® 24°C
129.5 893 Longitudinal | 25% NaCl + 0.5% acetic acid + 100 | 300°F | Time to fail
SSRT¢ psi H,5, (added at room 149°C | ratios® of 0.93
temperature) to 1.07
126.5 872 Longitudinal | 16.5% NaCl + 150 psi HZS, 150 350°F Time to fail
SSRT® psi CO, (added at room 177°C | ratios® of 0.99
temperature), 10 g/1 S° 7 and 1.03
130 896 Transverse 25% NaCl + 0.5 g/1 S®° + 1400 psi 400°*F { No cracks:; 28
U-Bends® and | H,S 204°C | days
C-Rings*®*®

Two Or more specimens per test from approximately mid~radius location.
1400 psi = 9653 kPa; 150 psi = 1034 kPa; 100 psi = 689 KkPa.

a Well aged at 500F (260C) for 720 hours after heat treatmen..

b 5% NaCl + 0.5% acetic acid, purged with H,S.

c Slow strain rate tensile specimen.

d Time to fail in corrosive environment vs. inert environment.

e C-rings stressed at 100% of 0.2% Y. S.

Table 4 - Typical Mechanical Properties and Environmental
Cracking Resistance of UNS K92580
Heat Treatment: [1625°F (855°C), 1 hour, AC)] +
[-100°F (-73°C), 1 hour]) + [900°F (482°C), 5 hours]

Property Longitudinal Orientation Transverse Orientaton
0.2% Y.S. 250 ksi (1724 MPa) 250 ksi (1724 MPa)
U.T.S. 285 ksi (1965 MPa) 285 ksi (1965 MPa)

% Elong. 14 13

% R.A. 65 55

Charpy V-Notch 30 ft-1b (41J) 25 ft-1b (34J)

Frac. Tough. K;_ 115 ksivin (126 MPavm) 100 ksivin (110 MPavm)
Kigece in 3.5% NaCl 35 ksivin (38.5 MPavm)? Not tested

a Kjg.. based on 1000 hour exposure in 3.5% NaCl at room
temperature with a L-T specimen orientation.
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Figure 1 - Tapping 30-ton electric arc furnace. Figure 2 - Argon-oxygen decarburization is

useful in removing carbon and controlling the
chemistry of stainless steels.

Figure 3 - Heats processed in vacuum Figure 4 - Refinement
induction furnaces are melted and poured in
the absence of atmospheric comtaminants.

in vacuum arc
remelting furnaces creates a finer, more
uniform grain structure in the resulting ingot.
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Figure 5 - Electroslag remelting (ESR) resuits
in metals of higher purity with fewer
inclusions, more uniform grain structure and
improved mechanical properties.
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Figure 7 - Typical iso-corrosion properties of
UNS NO08020 in sulfuric acid.
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Figure 6 - Rotary forge readily produces
materials difficult to work with conventional
forging practices.

Figure 8 - Type 316 stainless (left) and UNS
NO08020 (right) after exposure to hot sulfuric
acid for identical periods.




Figure 10 - Ductility of high-strength UNS
N08036 wire permits severe bending.

Figure 9 - Gas metal arc w-~ld bend test
specimens showing improvement of ER320LR
filler metal over co. entional ER320 filler

metal.

Figure 11 - UNS S21300 drill collar.
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Passive Behavior of Niobium and Niobium-Titanium Alloys in Sulfuric
Acid Solutions.
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Abstract

The electrochemical behavior of niobium and niobium-titanium alloys has
been investigated in dearated aqueous 0.1 mol/L. H,SOy4 solutions, at 25 °C.
The studies were carried out through cyclic voltammetry, potentiostatic
technique and electrochemical impedance spectroscopy. The analyses of
cyclic voltammograms indicate that the metals and alloys behave like valve
metals and a passivating film grows on the metal surface during the anodic
polarization. The corrosion current density for Nb and Nb-47 % Ti alloy
decreases as the potential increases. With Nb-2 % Ti alloy an increase in
steady-state current density with the potential i1s observed. The passivating
film resistance for Nb and alloys varies between 5 and 50 MQ, depending
on the final potential for the formation of oxide film. From the impedance data
it was possible to propose the existence of a duplex film on Nb-2 % Ti
surface.

Key terms: mobium, niobium-titanium alloys, passivation.
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I. Introduction

Niobium (Nb) and Nb alloys are considered corrosion resistant
materials and have been widely applied in diversified systems in the chemical
industry [1-2]. The corrosion resistance of niobium results from the
formation of a thin homogeneous oxide film on the metal surface. However,
Nb is susceptible to different forms of corrosion exhibiting intensive
corrosion rates in acid solutions at high temperatures [3-4].

At room temperature niobium is passivated in a most of inorganic
acids, except in HF. The use of niobium in chemical industry depends on its
purity, since for example traces of carbon decrease its resistance to corrosive
agents [5]. Despite of the interest in passivation of niobium in sulfuric acid [6-
81 and chloride miedia {7-9], theic is a lack of information on the behavior of
niobium-titanium alloys.

In this paper the effects of Ti on the corrosion resistance of niobium in
dearated, 0.1 mol/L sulfuric acid were evaluated by dc polarization curves
and electrochemical impedance spectroscopy.

I1. Experimental

Sulphuric acid (Merck, p.a.) was used without purification. The
solutions were prepared by using distilled water, purified by passing through
a four cartridge Milli-Q system.

The working electrodes were made from niobium (999 % m/m-
CBMM-Brazil), titanium (99.7 % m/m-Aldrich) and from Nb-Ti alloys with
47 % m/m and 2 % m/m in Ti respectively. Before the use in the
electrochemical experiments these metallic specimens were machined into
circular disks and annealed in vacuum. These disks were further embeded in a
glass tube by using an epoxy resin (Ciba-Geigy). The geometrical surface
area of Nb and Ti exposed to the electrolyte was 0.28 cm? and for the alloys
was 0.20 cm2. A platinum plate served as a counter electrode. All potentials
were measured against a hydrogen electrode in the same solution (HESS;
Pt/H,, 0.1M H,SO,), where the hydrogen was formed by the application of
300 mC of cathodic charge.

The electrochemical behavior of Nb, Ti and alloys in sulphuric acid
was evaluated by using cyclic voltammetry, potentiostatic and impedance
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technique. An EG&G PARC model 273 potentiostat/galvanostat and an
EG&G PARC model 5208 lock-in amplifier were used for these
measurements. Electrochemical impedance spectroscopy (EIS) was
performed using a sinusoidal ac potential perturbation of 10 mV,
superimposed to the dc signal in the frequency ( /) range 75 KHz - 1 mHz.
The experiments were controlled by a managing software (M378 from EG&G
PARC) run in an IBM type microcomputer from SID.

I11. Results and Discussion

The cyclic voltammograms for Nb and alloys in sulfuric acid solutions
are shown in Figures 1 to 3. During the potential sweep at more positive
potentials, a plateau is observed which is a typical behavior for valve metals.
The current density m the plateau region increases with the potential sweep
rate (v). The fact that the current is constant is an indication that the electric
field across the film is constant and the increase with the potential sweep rate
implies that the electric field also increases.

The chronopotentiograms were obtained at more positive potentials
than the anodic peak potentials observed in the cyclic voltammograms. These
potentials are in the passive region, ranging between 0.5V and 1.5 V. These
measurements were performed by applying a linear potential sweep from -0.5
V up to the desidered potential waiting for the steady-state current. The
results are shown m Figure 4 where niobium and Nb- 47 % Ti alloy exhibits
a decrease in the dissolution current up to 1.3 V. This decrease in the steady-
state current density with the increase in potential can be explained by the
thickening of the oxide film inhibiting the dissolution that occurs by the
transport of cations through the film. At higher potentials an increase in the
corrosion current is observed for the Nb and can be related to structural
changes in the film that increases the metal dissolution. In the Nb- 2 % Ti
alloy the increase in the corrosion current is observed at more negative
potentials (0.9 V).

From these results one can conclude that the addition of 2 % m/m of Ti
to Nb shifts the dissolution potential to more negative values. While the
increase of 11 1n the alloy decreases the corrosion current giving values
smaller than 0.1 pA/cm? up to 1.5 V. In general noibium and niobium -
titanium alloys exhibt a higher corrosion resistance than pure titanium in
similar conditions [11].

The impedance data of Nb and Nb-11 alioys mn suiruric acid solutions
are shown in Figures 5 to 7. These data were obtained in the passive region
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with the current density lower than 0.1 pA/cm?2. A typica! Bode plot of Nb
and alloys electrodes are shown in Figures 5 to 7. The impedance data display
one maximun phase lag, regardless of the applied potential in the passive
region.

In order to analyse this response, a complex non-linear least squares fit
procedure for impedance data was performed [12]. This impedance spectra
can be described by a resistor in series with a parallel resistor-constant phase
element (CPE) combination. The series resistance is associated with the
solution resistance that remains constant close to 20 Q. The parallel CPE and
the resistance are associated with the frequency dependent capacitance and
with the film resistance (Rg) respectively; values of these parameters are
shown in Table I.

The film resistance is related to the resistance to ionic transport across
the oxide film. This resistance increases with the potential for Nb and Nb-47
% Ti alloy. For the Nb-2 % Ti alloy a maximum value in Ry is observed at
0.7 V.

The n values showed in Table I are close to 0.9 indicating that the CPE
behaves like a capacitor. The decrease in CPE with the increase in potential 1s
associated with the increase in the defects density in the oxide film.

From the chronopotentiometric data for Nb and Nb-Ti alloys in
aqueous acid solutions one observes that the corrosion current density shows
a linear variation with the potential, giving values smaller than 0.1 pA/p
A/cm2. For Nb and Nb- 47% m/m Ti alloy the corrosion current density
decreases with increasing potential to more positive values. At potentials
higher than 1.5 V a structural change in the oxide film occurs increasing the
corrosion current density in most of studied systems.

The electrochemical impedance spectroscopy measurements indicates
that the resistance to the charge transport across the oxide film for Nb and
niobium - titanium alloys are between 5x10° and 7x107 Q . The higher values
on film resistance are observed m films formed on niobium and on Nb - 47 %
m/m Ti alloy.

The film resistances obtained in films formed on Nb - 2 % m/m Ti
alloy exhibits a maximum value at 0.7 V. From the analysis of the behavior
of phase angle at high frequencies in the Bode diagram, for the Nb - 2 %
m/m alloy ( Fig. 6 ), one can propose the existence of a duplex film, with
different stiuctures.

The defect densitv i the filins forined on diffuient matertals decrcases
with the increase in potential.
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In general the corrosion resistance of niobiwm and aniobiwm - titanium
alloys in sulfuric acid solutions at ambient teniperature are similar but shows
a better perfrormance than the titanium in the same condition.
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Table I. Electrochemical parameters determined from EIS data in 0.1 mol/L
H,SO, at 25 °C.

System E/V R{/ M Qx105QHz" n

0.7 13.8 154 0.93

Nb 1.1 20.2 92 0.94

1.3 50.4 8.6 0.94

0.5 16.1 18.9 0.89

0.7 30.8 16.5 0.88

Nb -2% m/m Ti 0.9 17.2 14.1 0.89
1.1 18.8 12.6 0.88

1.3 6.9 12.1 0.88

0.5 6.5 16.7 0.92

0.7 7.7 12.0 0.93

Nb - 47% m/m Ti 09 9.6 93 0.94
1.1 15.1 7.7 0.94

1.3 18.7 6.3 0.94

1.57

T

-05 0 05 10 15
E/V

Figure 1. Cyclic voltammogram for niobium electrode in 0.1 mol/L H,SO, at
25°C, v=0.05 V/s.
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Figure 2. Cyclic voltammogram for niobium- 2 % m/m titanium electrode in

0.1 mol/L H,SO4 at 25 °C, v=0.05 V/s.
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Figure 3. Cyclic voltammogram for niobium- 47 % m/m titanium electrode in
0.1 mol/L H,SOy4 at 25 °C, v= 0.05 V/s, dashed line second cycle.
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Figure 4. Corrosion current density as function of potential of (O) Nb; (+)
Nb- 2 % m/m Tt; ([1) Nb - 47 % m/m T1,1n 0.1 mol/L H,SO, at
25 °C.
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Figure 5. Dependence of the impedance and the phase angle on frequency for
the oxide film obtained on Nb at E=0.7 V; in 0.1 mol/L

HzSO4 at 25 °C.
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Figure 6. Dependence of the impedance and the phase angle on frequency for
the oxide film obtained on Nb-2 % m/m T1 at E=0.5 V;1n 0.1
mol/L H,SO4 at 25 °C.
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Figure 7. Dependence of the impedance and the phase angle on frequency for
the oxide filim obtained on Nb-47 % m/m Ti atE=05V ;m0.1
mol/L H,SO, at 25 °C.
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Abstract

Cobalt-based alloys have been used for many years to resist various forms of wear. In
particular, they possess outstanding resistance to cavitation erosion, liquid droplet
impingement erosion, slurry erosion, and galling. Most of these alloys, however, contain
an abundance of carbide precipitates, which preclude (due to their influence on ductility)
the manufacture of wrought products, such as plate and sheet. Notable exceptions are
UNS R30006 (carbide-containing) and UNS R31233 (carbide-free); these are available
in both wrought and cast forms.

UNS R30006 has been studied by many workers, the emphasis being on the role of the
carbides. UNS R31233, which is relatively new, has been the subject of only a few
previous studies, yet offers the opportunity to determine the effects of the large
microstructural differences between wrought and cast products, in the absence of
carbides (i.e. the effects of compositional homogeneity within the solid solution).

To evaluate the wear behaviour of wrought and cast versions of UNS R31233, three room
temperature tests were chosen. These were the vibratory cavitation erosion test (ASTM
G 32), the dry sand/rubber wheel abrasion test (ASTM G 65), and a modification of the
ASTM G 98 galling test. Surprisingly, a cast microstructure was found to be beneficial
to abrasion and galling resistance, and despite its considerably lower yield strength, the
cast version was aimost equal to the wrought version under cavitation conditions.

To assess the influence of microstructure upon corrosion resistance, several oxidizing and

non-oxidizing acid media were used. The effects of a cast versus wrought microstructure
were greatest in environments which promote localized attack.
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introduction

Since their development at the turn of the century, alloys based on the ternaries Co-Cr-W
and Co-Cr-Mo have been widely used to combat abrasion, erosion, and sliding wear,
particularly under corrcsive conditions and at high temperatures. Most contain significant
guantities of carbon, to promote the formation of carbides within their microstructures
during alloy solidification. The predominant carbide in these alloys is chromium-rich M,C;
tungsten-rich M,C is also found in those alloys with a high tungsten content.

These microstructural carbides benefit resistance to low-stress abrasion’ and increase
hardness, but reduce corrosion resistance, and severely limit ductility, to the point where
most compositions cannot be processed into wrought products. The advantages of
wrought processing include higher corrosion resistance (by virtue of increased
compositionai homogeneity), enhanced resistance to low-stress abrasion (due to the
changes in size and shape of the carbides), and wider industrial usage. Two
cobalt-based, wear-resistant alloys are available in wrought product form, as well as
castings and weld overlays. These are UNS R™0006 (with a carbon content of 1 wt.%)
and R31233 (the carbon level of which, 0.06 wt.%, is in the soluble range). The
compositions of these two alloys are presented in Table 1.

Although the resistance of the Co-Cr-W and Co-Cr-Mo alloys to low-stress abrasion is
dependent upon the volume fraction, size, and shape of the microstructural carbides, the
resistance of these alloys to most other forms of wear stems from the unusual
crystallographic characteristics imparted by cobalt to the solid solution (i.e. the carbides
are superfluous to performance in most cases).

Cobalt itself exists in two crystallographic forms, hexagonal close packed (at temperatures
below 4170C) and face centered cubic (at higher temperatures). In practice, the hcp form
is difficult to generate upon cooling, and the room temperature structure usually takes a
metastable (ultra-low stacking fault energy) fcc form. Alloying elements in cobalt shift the
transformation temperature {(up or down, depending on whether they promote the hcp or
fcc form). Typical hep stabilizers are chromium, molybdenum, and tungsten; commonly
used fcc stabilizers are nickel, iron, and carbon (within its soluble range)?.

As with pure cobalt, most of the wear-resistant Co-Cr-W and Co-Cr-Mo alloys exhibit a
metastable fcc structure at room temperature. Under the action of mechanical stress this
influences the deformation and fracture characteristics as follows:

1. The alloys exhibit high yield strengths due to restricted, planar flow of the
stacking faults.

2. Macroscopic hep platelets are formed by the coalescence of stacking faults, thus
reducing internal strain.

3. Deformation twinning is prevalent, again reducing internal strain.
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4. Work hardening rates are extremely high, as a result of stacking fault
interactions.

Stabilizers of the hcp structure generally improve the wear properties of these alloys
(even at high temperatures, through their influence on the stacking fault energy of the fcc
form). Conversely, fcc stabilizers tend to reduce resistance to wear. From a wrought
processing standpoint, however, fcc stabilizers are of benefit, and hcp stabilizers are
detrimental.

In alloys such as R30006 and R31233, the fcc and hcp stabilizers are carefully balanced
to allow ease of wrought processing, yet provide extraordinary wear characteristics. The
hcp stabilizers chromium, molybdenum, and tungsten are necessary for resistance to
agueous corrosion.

Excluding the work done in the biomedical field regarding the influence of wrought
processing on the fatigue properties of Co-Cr-Mo alloys, previous comparisons between
wrought and cast versions of these alloys have been concerned mostly with R30006, and
mostly the effects of carbide morphology. In this work, R31233 was chosen for study to
allow the effects of inhomogeneity (in the cast microstructure) to be evaluated separately.

Experimental Considerations

To evaluate the wear and corrosion properties of the wrought and cast versions of
R31233, three room temperature wear tests and seven corrosive media were employed.
In selecting the three wear tests, consideration was given to those conditions under which
cobalt-based alloys normally excel (and therefore conditions under which microstructural
inhomogeneity might be most influential). It was also considered appropriate to cover
each of the three main wear categories, i.e. abrasion, erosion, and sliding wear.

To study the effects of microstructure on abrasion, the ASTM G 65 (dry sand/rubber
wheel) low-stress abrasion test was used. The test apparatus is depicted in Figure 1.
The procedure involved forcing a surface ground test block (of dimensions 76.2 x 25.4
x 12.7 mm) against a chlorobutyl rubber wheel, while feeding rounded, quartz grain sand
(212 to 300 microns diameter) to the interface at 390 g/min. Each test involved a load
of 13.6 kg, a rotational speed of 200 revolutions per minute, and 2000 revolutions of the
rubber wheel, which was 228.6 mm in diameter.

From the erosion category, the ASTM G 32 cavitation erosion test was selected. A
schematic of the test apparatus is presented in Figure 2. This apparatus comprises a
transducer (a source of vibrations), a tapered cylindrical member (to amplify the
oscillations), and a container, in which the test liquid (distilled water) is held. The
specimens, which were shaped as cylindrical buttons of diameter 14.0 mm, with a 6.4 mm
threaded shank, were screwed into a threaded hole in the end of the tapered cylinder for
test purposes. Samples were tested for 96 hours, at a frequency of 20 kHz and an
amplitude of 0.05 mm.
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The samples were weighed at intervals of 24 hours, and throughout the test the distilled
water was maintained at 16°C. The test surfaces were prepared by polishing on silicon
carbide papers, to a grain size of 26 microns.

The third test employed was a modification of the ASTM G 98 (pin-on-block) galling test.
The sample configuration is shown in Figure 3. The procedure involved:
a. Cyclic motion of the test pin through an arc of 120e.
b. Application of the load by means of a Riehle mechanical tester, in the load holding
mode.
c. Quantitative interpretation of the test scars by surface profilometry.

The cylindrical pins (of diameter 15.9 mm) and the counterface blocks (of dimensions
76.2 x 25.4 x 12.7 mm) were surface ground prior to test. During test, the pins were
subjected to five rotational cycles (i.e. they were turned back and forth through ten arcs
of 1200) by means of a wrench, at loads of 1361, 2722, and 4082 kg.

In visual terms, the cylindrical pins and counterface biocks appeared to suffer the same
degree of damage for a given test. The blocks, therefore, were used in the quantitative
determination of damage, since they were more amenable to profilometry, allowing travel
of the stylus to and beyond the circumference of the scar. For accuracy, the stylus was
passed twice over each scar (one pass along the diameter parallel to the sides of the
block; the other along the diameter perpendicular to it). Measurement involved
appreciable overlap of the adjacent unworn regions, to enable calculation of the initial
peak-to-valley amplitude.

By considering each radius as a distinct region of the scar, four values of final
peak-to-valley amplitude were measured per scar. The average of these four values was
used to determine the degree of damage incurred, by subtracting the average of four
values of initial peak-to-valley amplitude.

With regard to corrosion testing, the following media were chosen as appropriate:

10% Hydrochloric Acid, 660C

10% Sulphuric Acid, Boiling

30% Sulphuric Acid, Boiling

54% Commercial Phosphoric Acid, 1160C

65% Nitric Acid, Boiling

50% Sulphuric Acid + 42 g/l Ferric Sulphate, Boiling (ASTM G 28A Test)

23% Sulphuric Acid + 1.2% Hydrochloric Acid + 1% Ferric Chloride + 1% Cupric
Chloride (ASTM G 28B Test)

NoOO~D -~

In commercial phosphoric acid, nitric acid and the ASTM G 28A solution, the chromium
content of iron-. nickel-, and cobalt-based alloys is known to be very important, through
its influence on passive film formation. The G 28B solution was included to determine
the influence of inhomogeneity upon resistance to localized attack. In this environment,
the chloride ions can cause breakdown of the passive film, leading to pitting, or in the
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presence of a crevice, crevice corrosion.

The wrought R31233 samples for wear testing were prepared from solution annealed
plates of thickness 12.7 to 19.1 mm. The corrcsion test samples were prepared from
solution annealed sheet of thickness 3.2 mm. The solution annealing treatment involved
a temperature of 11210C and water quenching. The composition of the heat of material
used is given in Table 1. The cast R31233 samples were prepared from bars of diameter
25.4 to 38.1 mm, made by the investment casting process. These bars were tested in
the as-cast condition. The composition of the cast heat is given in Table 1.

All tests, except the galling test, involved duplicate samples. The results presented are
average values.

Results and Discussion

In the dry sand/rubber wheel abrasion test, wrought R31233 gave an average volume
loss of 90.4 cu mm, as compared with 83.4 cu mm for the as-cast material. This resuit
was somewhat surprising, given that the yield strength and hardness of wrought plate are
considerably higher than those of cast bar. Typical tensile properties of the wrought and
cast versions and the actual hardnesses of the abrasion test blocks are given in Table
2. A possible explanation of the higher resistance to low stress abrasion of the cast
material is that elemental segregation leads to regions of very high strength as well as
weak regions, and that these play a significant role in the abrasion process.

The cavitation erosion test results are presented in Table 3, and graphically in Figure 4.
From these, it is evident that the wrought and cast materials exhibit almost equal
resistance to this form of degradation. For perspective, the austenitic stainless steel
$531603 exhibits an erosion depth of 0.1802 mm after just 24 hours, under the same test
conditions.

Given that the cavitation properties of the cobait-based alloys have been attributed to
elastic resiiience, transformation tendencies, and their low stacking fault energies®* this
work suggests that local variations in these properties (due to inhomaogeneity in the cast
structure) do not affect cavitation resistance, even though they markedly affect
mechanical properties, particularly tensile strength.

Sectioning and metallographic examination of the tested cavitation samples (Figures 5
and 6) revealed that the surface degradation mechanism was generally independent of
microstructural features, such as grain boundaries and precipitates (in the case of the
cast sample). These figures also reveal that the grain size of the wrought structure of
R31233 is very fine relative to the grain size of the investment cast structure. The dark
angular particles in the cast structure are believed to be inclusions, and the lighter
precipitates were analysed as primary M,C, carbides (by x-ray diffraction). Also of
importance is the cross-hatched, near-surface microstructure (in both samples). This
cross-hatching is attributed to hcp platelet formation. under the action of mechanical
stress.
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The galling test results are presented in Table 4. Faor the purpose of this work, R31233
was tested against itself (i.e. both the pin and bleck were made from R31233) and against
a popular nickel-based alloy, N10276 (the block being made from 12.7 mm thick plate of
this alloy). As discussed in the previous section, the values in Table 4 represent
averages of four readings from a single scar.

Review of these data reveals that, generally, the wrought and cast versions of R31233
behave in a similar manner under conditions conducive to galling. Not only are they both
more resistant under self-mated conditions than against a nickel-based alloy, but aiso,
neither exhibits a strong load dependency.

At two loads under self-mated conditions, and at two loads versus N10276, the cast
version exhibited significantly less damage than the wrought version. This suggests that
elemental segregation can be beneficial, as it appears to be for low stress abrasion.
Again the presence of stronger regions may be important, in this case by virtue of their
low stacking fault energies. Stacking fault energy has been shown to be an effective
monitor of the galling resistance of fcc alloys, under self-mated conditions®.

The corrosion test results are presented in Table 5. From these it is evident that, in
certain media the cast version is essentially equivalent to the wrought version, but in
others it is significantly less corrosion resistant. The media in which the cast version is
equivalent are those for which chromium is important. The strong negative effect of the
cast microstructure in the other media is attributed to the variations in molybdenum and
tungsten contents. Of particular importance is the higher corrosion rate of the cast
material in the ASTM G 28B solution. Since this environment promotes localized (pitting)
attack, the corrosion rate, averaged over the whole surface, is misleading. The corrosion
rate differential indicates that the cast version is much more prone to pitting than the
wrought version.

Annealing experiments have shown that the susceptibility of the cast product to pitting can
be reduced by heat treatment in the temperature range 1177 to 12320C, followed by
water quenching.

Conclusions
1. The wear properties of UNS R31233 are not significantly degraded in moving from
a homogeneous, wrought microstructure to a segregated, investment casting
microstructure; in fact, the resistance to low-stress abrasion and the resistance to
galling are enhanced in the case of the cast microstructure.

2. Segregation in the cast microstructure is detrimental to corrosion resistance in those
media which promote localized attack.
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Co
Fe

Mn

Cr
Mo
Ni
Si

TABLE 1

UNS Compositional Ranges & Compositions Tested*

UNS Ranges R31233 Compositions Tested
R30006 R31233 Wrought Cast
Bal Bal 54.51 Bal
3.0 max 1.0-5.0 3.06 3.16
0.9-1.4 0.02-0.10 0.05 0.06
1.0 max 0.1-15 0.72 0.73

- 0.030 max 0.006 < 0.020

- 0.020 max <0.002 < 0.005
27.0-31.0 23.5-27.5 24.89 26.70
1.5 max 4.0-6.0 4.70 4.92
3.0 max 7.0-11.0 8.96 8.76
1.5 max 0.05-1.00 0.38 0.30

- 0.015 max <0.002 < 0.005

- 0.03-0.12 0.07 0.10
3.5-5.5 1.0-3.0 1.81 204

*All values in wt. %
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TABLE 2

R.T. Tensile Properties and Hardnesses of Wrought & Cast Versions of R31233

Wrought Plate As-Investment-Cast
0.2% Offset Yield Strength
(MPa) 547 392
Ultimate Tensile Strength
(MPa) 1019 773
Elongation
(%) 36.0 347
Hardness 36 HRC 93 HRB
TABLE 3
Comparative Cavitation Ergsion Test Data
Erosion Depth mm
24 hr 48 hr 72 hr 96 hr
Wrought 0.0068 0.0229 0.0402 0.0574
Cast 0.0075 0.0243 0.0427 0.0597
TABLE 4
Comparative Galling Test Data
Degree of Damage {microns)
1361 kg 2722 kg 4082 kg
load load load
Self-Mated
Cast 1.5 1.3 1.9
Wrought 29 2.0

Versus N10276

Cast 12.7 10.4 109
Wrought 11.4 14.6 17.6
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TABLE 5

Comparative Corrosion Data

Media Corrosion Rate (mm/y)
_Cast Wrought
10% HCI, 66°C 6.2 1.7
10% H,SO,, Boiling 21 1.9
30% H,SO,, Boiling  18.8 10.5
54% P,0,, 116°C 0.2 0.2
65% HNO,, Boiling 0.2 0.2
ASTM G28A Test 0.3 02
ASTM G28B Test 10 00
FIGURE 1 FIGURE 2
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FIGURE 5

Wrought Cavitation Erosion Sample
200X Hydrochloric/Oxalic Acid Etch

FIGURE 6

Cast Cavitation Erosion Sample
200X Hydrochloric/Oxalic Acid Etch
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Abstract

Duplex stainless steels have better corrosion

resistance and mechanical properties and these make them
suitable for several critical applications. The main

problem associated with this class of stainless steels 1s
the precipitation of secondary phases during heat treatments

and welding. These precipitated phases and the accompanying
chemical 1nhomogeneities can deteriorate their corrosion

resistance. The present investigation was aimed to study
the precipitation characteristics in a commercial high alloy

duplex stainless steel and the effect of precipitation on
the 1ntergranular corrosion of this stainless steel. Duplex

stainless steel was given aging treatments at 873 K and 973
K. Optical microscopy and XRD was carried out on the aged

duplex stainless steel far the microstructural study. The
aged samples were evaluated for 1i1ntergranular corrosion

(IGC) susceptibility with the ASTM standard A262 practices B
and F. Results i1ndicated that the IGC resistance of duplex

stainless steel is strongly affected by the precipitation
of secondary phases and the sigma precipitate i1nfluenced the

IGC to a greater extent than the grain boundary attack due
to the chromium rich carbide precipitation.

Key terms: 1ntergranular corrosion, duplex stainless steel,
sigma
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Intraduc tion

Duplex stainless steels are Iron-Nickel-Chromium alloys
with an austenite-ferrite microstructuras at room

temperature. These steels provide combination of properties
not readily attainable by conventional singie phase ferritic

or austenitic stainless steels. Compared to ferritac
stainless steels they can offer greater toughness and better

weldability; compared to austenitic stainless steels higher
strength, better corrosion resistance and improved

resistance to stress corrosion cracking [1-51. Studies on
the welded parts of some duplex stainless steels have shown

that they are inferior to the base metal for corrosion

resistance due to microstructural changes. There are
reports on the heat treatment effects on the first
generation duplex stainless steels [6-81. Even though the
nature of precipitation and their effect on second

generation duplex stainless steels 1s limited, it can be

inferred from the chemical composition and microstructure
that a variety of phases can precipitate in this class of

stainless steels too. Most of these phases will be rich 1n
chromium and molybdenum and their precipitation in turn will

affect the corrosion resistance of this class of stainless
steels. So the present investigation was undertaken to

study the nature of precipitates during aging at 873 K and
73 K and their effect on the intergranular corrosion (IGC)

of a 22 chromium - 35 nickel duplex stainless steel.
Experimental

Experimental investigation was carried out on a
commercial grade duplex stainless steel, viz 2205. Chemical

composition of the stainless steel 1s given 1n table 1.
Figure 1(a) shows the microstructure of the mill annealed

sample. The stainless steel was given aging treatments at
873 K and 973 K for time durations &6 minutes, 1 hour, 10

tiours and 100 hours. After the heat treatment, samples were
quenched in water to facilitate fast cooling.

Microstructure of the aged samples were examined under
optical microscope. X-ray diffraction study was conducted

on the heat treated samples for the phase 1dent:ification.
X—-ray diffractometry was carried out on Philips PW 1820 with

iron as target.

The aged samples were evaluated for intergranular
corrosion as per the ASTM standard A262 practices B and F

[(?]. Samples were exposed to the boi1ling solution of ferric

sulphate - sulphuric acid (R262-B practice) and copper -

copper sulphate - sulphuric acid (A2&62-F practice) for A48

hours. After the test period the weight loss observed faor
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the samples was converted i1nto corrosion rate. 7To study the
nature of attack, tested samples were observed under

scanning electron microscope.
Results and Discussion
I. Microstructural Study

Samples aged at 873 K for up to 10 hours did not give
evidence of any precipitation when examined under optical

microscope. Microstructure of the sample aged at 873 K for
100 hours showed fine sigma precipitate in the ferrite phase

as shown i1n figure 1(b). This precipitate is observed at
ferrite-ferrite, austenite-ferrite boundaries and also

inside the ferrite phase as 1slands. Sigma precipitate is
not abserved in the austenite phase.

Aging at 973 K for &6 minutes did not result in the

formation of any precipitate in the sample. But,
precipitates were observed at isolated ferrite grain
boundaries in the sample aged for 1 hour at this

temperature. Prolonged aging for 10 and 100 hours at 973 K

resulted in extensive sigma precipitation in the sample.
Microstructure of the samples are shown in figure 2. On

aging for 100 hours, the sigma precipitate was found ¢to
coarsen and in some areas whole of the ferrite phase was

transformed into sigma. After aging for 100 hours, fine
precipitates were observed at austenite gqrain boundaries

also.

X~-ray diffractogram of the samples aged at 873 K showed
peaks for austenite and ferrite phase only. Even though

microstructural study indicated sigma precipitate 1n the
sample aged for 100 hours at 873 K, XRD spectra did not

1indicate 1its presence, probably the volume fraction of the
precipitated sigma is very low.

Samples aged at 973 K for 10 and 100 hours showed peaks

for the sigma phase. X—-ray diffractogram of the samples are
given 1n figure 3. It 1s seen from the figure that as the

sigma phase precipitates, the peak intensity of the ferrite
phase decreases. This shows that sigma phase i1s forming at

the expense of the ferrite phase. For the sample aged for
100 hours, austenite peak appeared to be the most intense

peak confirming that sigma precipitates in duplex
stainless steel by the transformation of ferraite into

si1gma and austenite.

The secondary phase that precipitated in the stainless
steel 1s found to be the sigma phase. There are reports on
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the precipitation of sigma phase 1n duplex stainless ateels
[8,10-131. In the initial stages, sigma nucleates as fine

precipitates at the grain boundary, and as the aging time
increase, the precipitate coarsens and occupy majority of

the prior ferrite area by eutectoid decomposition of ferrite
into sigma and austenite [10,13].

II Corrosion Study

Caorrosion rate of the mill annealed and heat treated

samples are given in table 2. Mill annealed sample
exhibited a corrosion rate of 192 mpy 1n both the test
solutions. Aging of the stainless steel at B73 K for 6

minutes did not affect the corrosion resistance. In ferric

sulphate-sulphuric acid solution, influence of aging was
noticeable after aging for 1 hour and prolonged aging for 10

hours increased the corrosion rate to 184 mpy .
Corrosion rate further 1ncreased to 355 mpy after aging for

100 hours.

After aging treatments at this temperature,
microstructure of the sample aged for 100 hours had shown

fine sigma precipitate in the ferrite phase. The
precipitation of chromium rich sigma precipitate result 1n

the formation of an area which are poorer in chromium and
richer in nickel. This phenomenon will lead to the

precipitation of secondary austenite 1n the ferrite phase.
As this secondary austenite is poorer in chromium, they will

dissolve out actively in acid solution (7,8,14]. Even
though microstructure of the sample aged for 10 hours did

not show any precipitate, corrosion rate indicate that very
fine sigma might have precipitated in the sample which are

not resolvable under optical microscope. There are reports
that sigma affects the corrosion behavior even before they

are optically visible [15,16]. The 1i1ncreased corrosion rate
observed in ferric sulphate-sulphuric acid solution can then

be said to be due to the dissolution of this submicroscopic
sigma and low chromium secondary austenite.

When aged at 973 K for 1 hour and 10 hours, in ferric

sulphate-sulphuric acid solution, the carrasion rate
1increased to 233 and 335 mpy respectively 1ndicating that

samples after these treatments are highly susceptible to
intergranular corrosion. Interestingly, corrosiaon rate show

a reduction for the sample aged for 100 hours. Figure 4
shows SEM photomicrograph of the samples after exposure to

the ferric sulphate-sulphuric acid solution.
Photomicrograph gqives evidence of severe grain boundary

attack. Ferrite area of the samples show tendency for
general dissolution as a result of sigma precipitation.
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Reason for the drastic 1ncrease 1n corrosion rate on
aging 1s the dissolution of the precipitated sigma phase 1n
the ferric sulphate-sulphuric acid solution. This corrosiaon
attack 15 likely to have been initiated at the chromium

depleted zone around the sigma precipitate and finally
attack results 1n the undermining and dropping out of the

fine sigma precipitate. This type aof attack could be seen 1n
the ferrite phase of the samples. Longer aging resulted 1n

the formation of sigma precipitate at the austenite grain
boundaries also. This led to the attack on grain boundaries

in the austenite region, 1n addition to the attack in the
ferrite phase. Aging for 100 hours may be leading to the
healing of some gralin boundaries and area around the
precipitates by the diffusion of chromium and molybdenum

from the 1nterior of the grains. This will reduce the IGC
susceptibility of the samples. Another reason for the

reduced corraosion rate for the sample aged for 100 haurs
could be the coarsening of the sigma precipitate. It 1s
repaorted that finme sigma particles are more dangerous than

the coarse precipirtates with regard to corrosion resistance

{161. Even 1f the area around the coarse precipitates are
attacked, 1t will not lead to dropping of the precipitate.

When tested 1N copper - copper sulphate - sulphuric
acid solution, the duplex stainless steel was found tao be
quite resistant to i1intergranular corrosiaon. At the aging
temperature of 873 K, only aging for 100 hours sensi1tized
the material. After all other aging treatments, the
stainless steel was found to be 1mmune to i1ntergranular
corrosion. Scanning electron micrograph of the sample aged

for 100 hours after exposure to the boiling copper - copper
sulphate - sulphuric acid solution 1ndicate the attack on
ferrite - ferrite and ferrite - austenite grain boundaries

and the general dissolution of the ferrite phase as shown 1n

figure 5. The general dissolution of ferrite phase after
aging at this temperature could be due the dissolution of

low chromium area around the sigma precaipitate.

Samples aqed at 973 K for durations up to [0 hours
showed good resistance to i1ntergranular corrosion. Sample

aged far 100 tours showed a corrosion rate of &9 m@py
1indicating susceptibil:ty to intergranular carraosion.

Fiqure & shows the surface appearance of the sample aged for
100 hours after exposure to the copper - copper sulphate -

sulphuric acid solution. Micragraph shows corrosion  attack
on austenite grai1n boundaries also.

Interyranular crrosiaon characte-istics of the samples

aged at 972 K clearly indicate the formation cf chromium
depleted zone as a v = 14 <+ ~qmra o2 o tar on. The
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scanning electron micrographs contirm that chromium depleted

area first forms along austenite —- ferrite grain boundaries
and this result 1M the attack on austenite -~ ferrite
boundaries. Further aging of the stainless steel for 100

hours results 1n the precipitation of sigma along austenite
- austenite grain boundaries with accompanying chromium

depletion along the boundary.

The tests indicated varying degree of IGC
susceptibility as per ferric sulphate - sulphuric acid and
copper -— copper sulphate - sulphuric acid tests. Samples,

1n general, exhibited a higher IGC susceptibility 1n ferric

sulphate - sulphuric acid solution. The difference in
intergranular corrosion susceptibility observed for the

samples 1n AZ262 B and F test solutions could be due to the
different electrochemical potentials where the tests are

operating. The ferric sulphate - sulphuric acid test
operates at 600 mV (SCE), where as in the copper - copper

sulphate - sulphuric acid test the potential 1s 100 mV (SCE)
€173. Because of this different operating potentials,

sensi1tivity of the test will also be different. Ferric
sulphate - sulphuric acid test detects the presence of sigma

phase also along with chromium depleted zone 1in stainless
steels. Results 1ndicate that the IGC 1n the duplex

stainless steel 1s controlled to a great extent by the sigma
phase precipitation. The IGC due to carbide precipitation

in the stainless steel will be remote as the carbon content
of the stainless steel is very low.

Conclusions

1. AgQing of the duplex stainless steel at 873 K and 973 K
precipitated sigma phase in the stainless steel.

2. The sigma precipitates at first i1n ferrite phase, but on
prolonged aging 1t 1s observed even 1n austenite phase.

3. In the duplex stainless steel IGC 15 contislled to great

extent by the sigma phase precipirtation at grain
boundaries.

4. The duplex stainless steel has good resistance to IGC 1n
copper - copper sulphate - sulphuric acid solution.
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Table 1: Chemical Composition of Duplex Stainless Steel

i . i~ ———— — ——— —— — " —— ——_—— i T - ———— — —— - o — —— " —— o

. — —— . —-— - — ———— i —— - T ———— — " ——— — T — — T _— — ————— — . — . — —— —————— —— — ——— —

Table 2: Corrosion Rate of 2205 Stainless Steel

- ———— —_ . —— —————— ——— T —— — ————— " ——————— —— ) A " — = - T S T r—_ ———— —

Aging Treatments Corrosion Rate (mpy)
Temperature K Time (Hour) A262—-B Test A262-F Test
Mill Annealed 18.79 19.26
873 0.1 15.83 22.76
873 1 35.34 22.32
B73 10 18%.8B3 23.99
873 100 354.75 52.68
973 0.1 23.08 20.33
973 1 233.31 26.21
973 10 334.81 35.08
73 100 135.38 69.33
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(a)

Fig. 1: Optical photomicrograph of 2205 stainless steel

(a) Mill Annealed Sample (b) Sample aged at
873 K for 100 hours (Etchant: 10M KOH) .

2: Optical photomicrograph of 2205 samples aged at

973 K and etched with 10M KOH (a) aged for 10
hours (b) aged for 100 hours.

Fig.
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Fig. 3: XRD spectra of 2205 aged at 973 K for (a) O.1
hour, (b) 1t hour, () 10 hours, (d) 100 hours.

Fig. 4: Surface appearance of aged 2205 samples after
the ferric sulphate-sulphuric acid test: Aging
treatments; (a) 973 K for 1 hour, (b) 973 K for
100 hours.
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Fig. 5: Scanning electron micrograph of 2205 aged at
873 K for 100 hours after A262-F test.

Fi1g. &: Surface appearance of aged 2205 samples after
A262-F test; Aging treatments (a) 973 K for

1 hour (b)) 973 K for 100 hours
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Abstract

A corrosion database derived from weight-loss, electrochemical characterization, crevice, and
stress corrosion laboratory testing has been established for the optimized Pd-lean titanium alloys:
Ti Grades 16 and 18, and Ti Gr. 5/Pd. Results indicate nearly equivalent resistance for the Gr.
16 and 7 alloys to dilute reducing acids and acidic halide crevice attack, offering a cost-attractive
alternative to Ti Gr. 7 and Ni-Cr-Mo alloys in aggressive industrial service. The medium and high
strength Ti Gr. 18 and Gr. 5/Pd alloys are shown to resist hot chloride stress corrosion, and offer
reducing acid and crevice corrosion resistance approaching that of Ti Gr. 7 and superior to Ti Gr.
12. This combination of traits makes them attractive candidates for pressure vessels/piping
handling high pressure/high temperature halide or brine service, and for sweet or sour geothermal
brine well and deep sour oil or gas well production equipment and components.

Introduction

The Grade 7 (Ti-0.15% Pd) titanium alloy has traditionally been the alloy of choice when
conventional titanium alloys and Ni-Cr-Mo alloys exhibit susceptibility to attack in hot reducing
acids or oxidizing acidic halide media. As the most resistant commercial titanium alloy, Grade 7
titanium uniquely resists crevice and pitting corrosion in chlorine-saturated brines, acidic metal
chloride solutions (i.e., FeCl,, ZnCl,, AICl,}, and to hydrolyzable concentrated brines (MgCl,, CaCl,)
to high temperatures. Superior resistance to hot dilute reducing inorganic and organic acids is
also recognized. Unfortunately, the utilization of this alloy has been severely limited and stifled
by its high relative cost to the unalloyed grades, stemming from the alloy's Pd content. This price
issue has been alleviated by reducing nominal alloy Pd content to 0.05 wt.%, thereby reducing
alloy cost on the order of 20-25% with little influence on corrosion performance. This optimized
Ti-Pd alloy has recently been incorporated into ASTM product specifications as titanium Grade 16
(and Gr. 17 as Pd-lean version of Ti Gr. 11}.

Increased demand for more design-efficient alloys possessing medium to high strength along with
superior corrosion resistance has fueled increased consideration of Ti Grade 9 (Ti-3Al-2.5V) and
Ti Grade S (Ti-6Al-4V) for industrial, marine, and downhole service. However, since many of these
applications involve chlorides or other halides at higher temperatures, these alloys may be limited
by their susceptibility to crevice corrosion. In the case of the Grade 5 alloy, stress corrosion
cracking susceptibility must also be considered. These shortcomings are addressed through a
minor nominal addition of 0.05 wt.% Pd to each alloy, with minimal impact on alloy cost.
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Since all these optimized Pd-containing alloys represent more recent developments, little service
or laboratory corrosion performance has been established on these improved alloys. This paper
aims to provide such a relevant database based on extensive laboratory corrosion testing by the
authors and that published by other researchers. Comparative alloy corrosion behavior is
assessed via weight loss, electrochemical, crevice, and stress corrosion tests in reducing acids and
acidic chloride brines. Candidate applications for each new alloy are proposed based on these
results.

Experimental

Test Materials - The titanium alloys evaluated in this paper are defined in Table 1. Corrosion
testing was conducted on annealed 1.5 mm thick sheet stock produced from 27 kg ingots of Ti
Grades 16 and 18, and Ti Gr. 5/Pd. Ti Gr. 2, 7 and 5 sheet samples were as mill-produced and
annealed. Sheet coupons were wet ground (200 grit) and lightly pickled in HF-HNO, solution.

Test Methods and Media - General corrosion testing consisted of simple weight loss immersion
exposures (1-3 days) of sheet coupons in naturally-aerated test solutions. Coupon weight
measurement accuracy was £0.0001 gm.

Anodic/ cathodic polarization characteristics of alloy samples were determined in deaerated (argon-
sparged) 20% NaCl (pH 0.5) at 90°C via potentiodynamic scanning at 0.5 mV/sec. The anodic
repassivation pitting potential of sheet samples was measured in boiling 5% NaCl (pH 3.5) via the
galvanostatic method utilizing a constant current density of +200 mA/cm?.

Crevice corrosion resistance was evaluated using bolted assemblies of metal sheet coupons (38
mm x 38 mm x 1.5 mm) interspaced with 1 mm virgin PTFE sheet spacers, bolted together with
a torque of 30-50 mm-kg. Each assembly incorporated four metal coupons and created twelve
metal-to-PTFE sheet crevices (1). Exposures in these nonagitated solutions were ail 30 days.
Post-exposure coupon evaluation included surface cleaning via glass bead blasting (if required to
remove corrosion deposits) and visual examination at 1-40X.

The Ti Grade 18 alloy was evaluated via two stress-corrosion cracking (SCC) test methods:
stressed U-bends and slow strain rate (SSR) tests. The U-bend SCC tests were conducted by
Zimpro Passavant Environmental Systems (2), and involved autogenously TIG-welded sheet U-
bends of Tt Grades 2, 9, 12, and 18 stressed to >100% yield strength. Each U-bend specimen
incorporated PTFE sheet spacers at bolt/nut to U-bend sample contact surfaces, thereby creating
severe PTFE sheet to metal test crevices as well. Long term (360, 770 hr.) exposures were
conducted at 280°C and 300°C in shaking autoclaves containing the synthetic acidic chloride
industrial waste solutions described in Table 6.

The SSR tests were conducted on Ti Gr. 18 and Ti Gr. 5/Pd plate (smooth) tensile samples
strained at a rate of 4 x 10® sec.”! in actual hypersaline (sat. NaCl) brine samples obtained from
a Salton Sea geothermal brine well. These tests were conducted at 180°C and 288°C with brine
pH's adjusted to 3.5 and 5.0, respectively. The Ti Gr. 5/Pd samples were also SSR-tested in a
worst-case deep sour gas well brine fluid described in Table 9. Time to failure and reduction in
area of samples strained to failure in the brine versus an inert helium gas were compared by ratio,
along with SEM examination of sample fracture faces.

Results

Reducing Acid Resistance - Figures 1 and 2 reveal the dramatic enhancement in alloy resistance
hot dilute HCI solutions obtained with minor (~0.05 wt.%) additions of Pd to Ti Grades 2, 5, and
9 The "lean-Pd" Ti Gr. 16 alloy exhibits resistance essentially the same as the richer Ti Gr. 7 alloy
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over most of the acid concentration range tested. It is only under the more aggressive, active-
corrosion conditions (where rates are >0.1 mm/y) where the Grade 16 alloy displays slightly
inferior resistance compared to Gr. 7. Figure 2 also reveals that the leaner alloy content (i.e., Al
and V) of Ti Gr. 18 results in measurably improved reducing acid resistance over the Ti Gr. 5/Pd
alloy despite equivalent alloy Pd levels.

Figure 3 shows that the weld metal of these Pd-containing alloys exhibits essentially equivalent
corrosion resistance to corresponding base metal in dilute reducing acids. No detrimental
influence on adjacent heat affected metal zones is noted either. This was evaluated in detail for
the Ti Gr. 7 and 16 alloys, in which thermal treatments of 593-982°C-10Min-AC were imposed on
base metal samples prior to acid exposure. Figure 4 resuits indicate no significant influence of
the thermal treatments or welding on corrosion rate of Gr. 7 or 16 in boiling HCl media.

The obvious enhancement in titanium alloy reducing acid resistance by Pd addition is also evident
in the boiling concentrated formic acid solution data shown in Table 2. The Pd-containing alloys
are fully resistant in the 10% acid, and significantly inhibit Gr. 2, 5, and 9 alloy attack in the 50%
acid. High temperature dilute sulfuric acid exposures also reveal similar resistance between
Grades 7 and 16 at lower acid concentrations, with deviations noted under more aggressive
conditions at higher acid strengths (see Table 3}.

Oxidizing Acid Resistance - Table 2 data from boiling FeCl; solutions suggests that the addition
of Pd has no negative influence on titanium alloy resistance in mildly oxidizing acid environments.
In fact, the lean-Pd Gr. 16 alloy can be expected to exhibit corrosion behavior more akin to C.P.
titanium in severely oxidizing acid media (i.e., boiling HNO;), where the "richer-Pd" Gr. 7 alloy is
known to be slightly inferior (3).

Electrochemical Behavior - The electrochemical characteristics of Pd and non-Pd-containing
titanium alloys in hot acidic brine media are compared in Table 4. It is evident that the Pd
addition consistently shifts the alloy's corrosion potential (Ecogg) in the noble (positive) direction,
where oxide film stability/formation (i.e., passivation) are favored. The significant decrease in
cathodic Tafel slope measured, along with the insignificant effect on anodic passive current,
suggests that the Pd addition primarily acts to depolarize the cathodic reduction process (i.e.,
facilitate H,O' reduction in reducing acids). This well known "reduced hydrogen overvoltage"
mechanism for titanium alloys (3-5) also involves surface enrichment of Pd within the titanium
oxide film (5) in reducing acids. This phenomenon enhances the ability of Pd to cathodically
depolarize and enable the alloy even when alloy Pd levels are as low as 0.04 wt.%. It is interesting
to note that the relative degree of ennoblement (and Tafel slope reduction} by Pd addition
diminishes somewhat as alloy content increases (i.e., increasing Al content), which correlates with
alloy corrosion rate profiles in HCI (Figures 1 and 2).

The anodic repassivation potential values outlined in Table 4 suggest that alloy Pd addition has
little or no influence on anodic pitting potential in halide brines.

Crevice Corrosion Resistance - Tables 5 and 6 present crevice corrosion data on Pd-containing
titanium alloys in aggressive oxidizing acid-chloride solutions at high temperatures. The Grade
7 and 16 alloys proved to be fully resistant in all chlorinated and non-chlorinated brines, which
included pH levels as low as 1.0. Similarly, the Gr. 18 and Gr. 5/Pd alloys resisted attack down
to pH 2 in non-chlorinated brines. In the more aggressive chlorinated brines, crevice attack was
initiated on Gr. 5/Pd alloy coupons at pH 2, which represented a borderline, incipient attack
condition for the more resistant Gr. 18 alloy. On the other hand, Ti Gr. 18 was found to resist
crevice attack to pH's as low as 1.5 in aerated or oxygenated aqueous chloride media to
temperatures as high as 300°C, as indicated in Table 6 data (2). These particular test conditions
represent those prevalent in wet oxidation processes for treating municipal and industrial sludge
waste streams (6.
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Prior corrosion studies by Kitayama, et. al. (5) confirm the crevice resistance of Ti Gr. 7 and 16
alloys in high temperature concentrated NaCl brines. The results of these studies, presented in
Tables 7 and 8, demonstrate the resistance of these alloys to PTFE and other common gasket
material-to-metal crevices to temperatures of 200°C and pH's as low as 2.

The crevice resistance of the higher strength Gr. 18 and Ti Gr. 5/Pd alloys in high temperature
sour brines, representing worst-case produced fluids from deep sour gas wells, has also been
demonstrated (7, 8). In these 500 hour tests, no stress or crevice corrosion was indicated up to
250°C in an environment consisting of 25% NaCl, 1 MPa H,S, 1 MPa CO,, and 1 gpl elemental
sulfur.

Stress Corrosion Resistance - Since it is generally known and accepted that the Ti Gr. 7 and 16
alloys are immune to SCC in aqueous halide media, SCC tests have focused on the higher strength
Pd-containing titanium alloys. The Gr. 18 alloy appears to resist base and weld metal cracking
in long term U-bend tests in the oxidizing acidic chloride environments described in Table 6 (2).
The highly discriminating slow strain rate (SSR) tests on both Gr. 18 and Gr. 5/Pd alloys in
saturated NaC! geothermal brine fluids similarly reveal total SCC resistance up to ~300°C, as
shown in Table 9.

SCC resistance of the Ti Gr. 18 and Gr. 5/Pd alloys in hot brines is not compromised by the
presence of sulfides or elemental sulfur either. Recent work by Ueda (8) and Kitayama (7) and co-
workers which included four-point beam, C-ring, and SSR tests show that these two alloys fully
resist cracking under the worst-case sour brine environment, described in the prior section, up
to 260°C. Compatibility with acidic sour brine conditions specified for NACE TM-01-77 Standard
tests was demonstrated as well. SCC resistance of Ti Gr. 5/Pd in high temperature worst-case
sour brine is also confirmed by Table 9 SSR test data.

Practical Implications

The corrosion database for Pd-containing titanium alloys developed and reviewed in this paper
provides the basis for several improved, optimized titanium alloys for industrial service. The
results on the Ti Gr. 16 alloy demonstrate that a leaner Pd formulation (~0.05Pd) offers corrosion
performance essentially the same as the Ti Gr. 7 Alloy (~0.15Pd) when halide crevice corrosion and
reducing acid corrosion resistance are limiting considerations. This Gr. 16 alloy alternative offers
a means to significantly reduce mill product cost below that of the traditional Gr. 7 alloy, and
becomes much more competitive with the Ni-Cr-Mo alloys for hot aggressive industrial
applications. The reduction in Pd level does not influence alloy mechanical or physical properties,
so that the ASME or ANSI pressure vessel code design allowables for Ti Gr. 7 apply to Ti Gr. 16.
It may also be assumed that a similar replacement of Ti Gr. 11 with Ti Gr. 17 for cost benefits may
also be substantiated by the corrosion database developed for Ti Grades 7 and 16. Candidate
areas for Ti Gr. 16 and 17 alloy application are presented in Table 10.

The corrosion database for the Ti Gr. 18 and Ti Gr. 5/Pd alloys indicate that these alloys offer a
unique combination of medium to high strength (515 - 900 MPa YS) and halide crevice corrosion
and reducing acid resistance approaching that of Ti Gr. 7, and exceeding that of Ti Gr. 12. This
combination of properties make these alloys ideal for equipment/components handling high
temperature/high pressure aqueous halides and/or dilute acid process streams. Examples of
candidate applications are also outlined in Table 10. Note that the Gr. 18 alloy may be designed
under the ASME Pressure Code Vessel Code based on design allowables for the Ti Gr. 9 alloy,
since the Pd addition does not influence alloy metallurgy and mechanical properties.

1216




Conclusions -
A corrosion database has been established for the optimized lean-Pd alloys: Ti Gr. 16, 18
and Gr. 5/Pd.

Ti Gr. 16 offers nearly equivalent resistance to dilute reducing acids and halide crevice
corrosion as the "Pd-rich" Ti Gr. 7 alloy, and is recommended as a more cost attractive
alternative for aggressive service.

Ti Gr. 18 and Gr. 5/Pd represent medium to high strength alloys with reducing acid and
halide crevice corrosion resistance approaching that of Ti Gr. 7, and superior to Ti Gr. 12.
This makes them suitable for pressure vessels, piping, and other components in hot halide
process streams, geothermal brine wells, and deep sour gas well service.

The Ti Gr. 18 and Gr. 5/Pd alloys are resistant to stress corrosion cracking in hot sweet
and sour chloride brines.
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Table 1. Titanium Alloys Evaluated

NOMINAL
COMPOSITION

(wt.%)

Gr. 2 Unalloyed (C.P.)
Gr. 16 Ti-0.05Pd

Gr. 7 Ti-0.15Pd

Gr. 9 Ti-3A1-2.5V

Gr. 18 Ti-3A1-2.5V-0.05Pd
Gr. S Ti-6Al-4V

ﬂ— Gr.5/Pd

Ti-6Al-4V-0.05Pd

Table 2. Corrosion Rates Titanium Alloys in Boiling Acid Solutions

10 wt.%
FORMIC ACID
(mm/y)

Ti Gr. 16

50 wt.% FORMIC
ACID
(mm/y)

10 wt.% FeCl,
{ma/y)

Ti Gr. 7

Ti Gr. 5

ﬂ Ti Gr. 5/Pd 0.00

5.71

0.00
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Table 4. Comparative Electrochemical Characteristics of Various Pd-containing Titanium
Alloys in Hot Acidic Brines

CORROSION PASSIVE CATHODIC REPASSIVATION
ALLOY | POTL (Econ)* | CURRENT* | TAFEL SLOPE* POTL (Eppo )™
(volts vs. (mA/cm?) (volts) Volts vs. Ag/AgCl)

Ag/Cl)

-0.68

“ Gr. 5/Pd -0.48 23 0.11 2.5 II

* in 20% NaCl/pH 0.5/90°C
o at -0.1V vs. Ag/AgCl in 20% NaCl/pH 0.5/90°C
el in boiling nat. aerated 5% NaCl/pH 3.5

Table 3. Corrosion Resistance of Pd-containing Titanium Alloys in High Temperature
Dilute Sulfuric Acid Solutions (1 day exposure)

TEST CONDITION ALLOY CORROSION RATE
(mm/y)

3 wt.% H,S0,at 240°C Ti Gr. 7 0.025
(naturally-aerated) ]
Ti Gr. 16 0.00
Ti Gr. 18 0.08
5 wt.% H,SO, at 240°C Ti Gr. 7 0.028
(naturally-aerated) ]
Ti Gr. 16 0.70
Ti Gr. 18 3.01
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Table S. Crevice Corrosion Test Data for Pd-containing Titanium Alloys in Acidic
Oxidizing NaCl Brines
(30 day exposures)

——
TEST ALLOY CREVICE COMMENTS
ENVIRONMENT ATTACK
' FREQUENCY
20% NaCl/pH2/ Ti Gr. 16 No attack
260°C (naturally-aerated) ]
Ti Gr. 7 0/12
Ti Gr. 18 0/12
Ti Gr. 5/Pd
20% NaCl/pH2/90°C (CI, Ti Gr. 16 0/12 No attack
gas-sat.) .
Ti Gr. 7 0/12
Ti Gr. 9 4/4 Significant attack
Ti Gr. 18 2/12 Borderline/incipient
TiGr. S 12/12 Severe attack
Ti Gr. 5/Pd 8/12 Mild/ shallow attack
20% NaCl/pH1/90°C Ti Gr. 2 12/12 Severe attack
(Cl, gas-sat.) ]
Ti Gr. 16 0/12 No attack
Ti Gr. 7 0/12
Ti Gr. 18 6/12 Shallow attack
Ti Gr. 5/Pd 12/12 Significant attack
Boiling 10% FeCl, (pH Ti Gr. 2 12712 Severe attack
1.0-0.3) 102°C ]
Ti Gr. 16 0/12 No attack
Ti Gr. 7 0/12
Ti Gr. 18 6/6 Significant attack
Ti Gr. 5/Pd 6/6
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Table 6. Stress and Crevice Corrosion Resistance of Titanium Alloys Exposed to High
Temperature Oxidizing, Acidic-Chloride Waste Solutions

Source: T. P. Oettinger, Zimpro Passavant Environmental Systemns (2)
TEST ALLOY sCCc?> CREVICE
ENVIRONMENT ATTACK?**
Industrial waste soln. with 20 gpl CI’, pH 3- Ti Gr. 2 No Yes
4, 5 vol.% excess 0, gas over soln., 280°C, .
360 hrs. Ti Gr. 12 No No
Ti Gr. 9 No Yes
Ti Gr. 18 No No
Industrial waste soln. with 20 gpl CI', pH Ti Gr. 2 No Yes
1.5, 5 vol.% excess O, gas over soln., ]
280°C, 360 hrs. Ti Gr. 12 No No
Ti Gr. 9 No Yes
Ti Gr. 18 No No
Synthetic waste soln. with 20 gpl Ti Gr. 2 No Yes
Cl', pH 1.8, 20 vol.% excess O, gas over .
soln., 300°C, 770 hrs. Ti Gr. 12 No No
Ti Gr. 9 No Yes
Ti Gr. 18 No No
* welded sheet - U-bend SCC tests
b PTFE sheet - sample sheet crevices
Table 7. Incidence of Crevice Corrosion on Titanium Alloys in Aerated Saturated-NaCl
Solutions (pH 6) with Various Gasket-Metal Crevices
Source: S. Kitayama, et. al. (5) (500 hour exposures)
H TEMP. 150°C 200°C
Asbestos Asbestos
Ti Gr. 2 4/4 2/2 2/2 4/4 4/4
Ti Gr. 16 0/4 0/2 0/2 0/4 0/2
{0.05Pd)
Ti Gr. 7 0/4 0/2 0/2 0/4 0/2
(0.14Pd)
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-

Incidence of Crevice Corrosion on Titanium Alloys in Aerated Saturated-NaCl
Solutions (PTFE gasket/metal crevices)

Table 8.

Source: S. Kitayama, et. al. (5)

100°C

200°C

Ti Gr. 2

500
Hr.

TiGr.16 |0/4 |o/4 0/4 0/4 o/4 |o/s8 |o/4 0/8
(0.05Pd)

Ti Gr. 7 o/4 |o0/4 0/4 0/4 o/4 |0/8 |0/4 0/8
(0.14Pd)

TiGr.12 | 4/4 | -- 4/4 -- a/4 | -- 4/4 --

* Number of creviced surfaces attacked out of total creviced surfaces tested.

Table 9.

Slow Strain Rate Test Data for Ti Gr. 18 and Ti Gr. 5/Pd in High Temperature
Well Fluid Brine Environments

180°C*
288°C* 5.0 1.0 1.0 No
Ti Gr. 5/Pd 180°C* 3.5 1.0 0.98 No
288°C* 5.0 1.0 1.0 No
Ti Gr. S/Pd 246°C** ~3.5 0.96 1.0 No
272°C** ~3.5 1.0 1.0 Nu
* Salton Sea geothermal brine
o 20% NaCl/6.9 MPa H,S/3.4 MPa CO,/1 gp! S°
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Table 10. Candidate Industrial Applications for Optimized Pd-containing Titanium Alloys

CANDIDATE SERVICE OR EQUIPMENT PROSPECTIVE ALLOY

chlor-alkali, chlorate cell components Ti Gr. 16, 17

hot seawater/brine plate exchangers Ti Gr. 17

hot Ca, Mg salt brines Ti Gr. 16

hot acidic metal halides Ti Gr. 16

{FeCl,, CuCl,, AICl,, NiCl,, ZnCl))

hot aqueous Cl,/Br, Ti Gr. 16

hot dilute organic/inorganic acids Ti Gr. 16, 17

MnO, anodes Ti Gr. 16

FGD scrubber inlets/prescrubbers Ti Gr. 16

tubesheet/vessel explosive cladding Ti Gr. 17

wet oxidation processes Ti Gr. 18, Ti Gr. 5/Pd

Other waste treatment processes Ti Gr. 18

high temp. organic synthesis Ti Gr. 18

hydrometallurgical ore leaching processes Ti Gr. 18

deep sour gas well tubulars/components Ti Gr. S/Pd

offshore flow/export lines, coiled tubing Ti Gr. 18

pressure vessels, piping Ti Gr. 18

valves, pumps, shafting, agitators, fasteners Ti Gr. 18, Ti Gr. 5/Pd
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Figure 1. Corrosion rate profiles for Ti Gr. 7 and 16 alloys in boiling HC! solutions.
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Figure 2. Corrosion rate profiles for the Pd-enhanced elevated strength titanium alloys in

boiling HCI solutions.
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Figure 3. Comparative corrosion rates for base and weld metal for Pd-containing titanium
alloys in boiling HCI.
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Figure 4. Effect of thermal treatments on corrosion resistance of Ti Grades 7 and 16 in
boiling HCI.
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Abstract

The materials of construction for the modem chemical process industries not only have to resist uniform corrosion
caused by various corrodents but must have sufficient localized corrosion and stress corrosion cracking resistance.
The commonly used metals span a wide spectrum, starting at carbon steel on the very low end to high performance
nickel base alloys of the Ni-Cr-Mo family on the other end.

Even though the standard austenitic stainless steels (Alloy 304L and 316L) have been and continue to be the
workhorse of many industries, their vulnerability to localized corrosion and chloride stress corrosion cracking has
been a major problem in certain processes. The knowledge that chromium and molybdenum improved the localized
corrosion resistance and increased nickel enhanced the chloride SCC resistance led to different alloys with varying
nickel, chromium, molybdenum and iron contents. The knowledge that in certain low nickel containing alloys
nitrogen could be added to impart certain unique mechanical, metallurgical and corrosion characteristics was used
to come up with a completely new 6% Mo alloy class which were very cost effective and in certain cases
approached or equaled the corrosion resistance of the more expensive high nickel containing alloys. Two alloys
of this 6 Mo stainless steel class, with varying chromium and nickel contents were developed to bridge the
performance gap between the standard austenitic stainless steel and the very high performance nickel based alioy
of the Ni-Cr-Mo family such as alloy C-276, alloy 22, alloy C-4 and the most recent development, alloy 59.

This paper presents the various metallurgical, thermal stability and corrosion characteristics of the 2 alloys of the
6 Mo family known as Alloy 1925hMo - alloy 926 - UNS # N08926, Alloy 3127hMo - alloy 31 - UNS # N08031
and the most recent development of alloy 5923hMo - alloy 59 - UNS # N06059. Some actual case histories where
these alloys have solved some specific problems in the industry are also presented.

Key words: 6Mo Stainless Steels, Alloy 31, Alloy 926, Alloy 59, UNS # N08031, UNS #N08926, UNS #N06059,
1925hMo, 3127hMo, 5923hMo, localized corrosion, stress corrosion cracking, mineral acids

Introduction

The increased severity of corrosion environments of modern chemical process industries created as a result of the
need to comply with rigid environmental regulations and the need to increase production efficiency (use of higher
temperatures, pressures, more effective catalysts) and versatility by being able to utilize the same piece of
equipment under varying operating conditions (oxidizing, reducing, others), has placed a greater burden on
corrosion engineers to find the right alloy.

At one time one of the major factors in any material selection used to be initial cost with little thought given to
maintenance and costs associated with lost production due to unscheduled equipment downtime. In today’s economic
environment increased maintenance costs and downtime have placed a greater emphasis on the need for reliable,
safe and versatile performance of process equipment. The "C" family of the Ni-Cr-Mo alloys over the last 60
years has had many variations starting with Alloy C in the 1930’s, Alloy C-276 in the 1960’s, Alloy C-4 in the
1970’s, Alloy 22 in the 1980’s and the most recent and versatile development of alloy 59 in the 1990°s. This alloy
59 is in its true sense a pure alloy of the Ni-Cr-Mo family.

The cost effective bridging of the performance gap betwe:n the standard austenitic stainless steels, their various
upgraded versions (alloy 904L, alloy 28, alloy 20. others) and the high performance "C" famuily of alloys was




accomplished by the development of two alloys within the 6Mo family, with different nickel and chromium
contents. These alloys not only bridged the corrosion performance gap but also provided a cost effective alternative
to some of the higher nickel containing alloys of the Ni-Cr-Mo family such as alloy G-3, G-30 and alloy 625.
These 6Mo alloys are alloy 926 (UNS # NO08926) and alloy 31 (UNS # N08031). Table 1 gives the typical
chemistry of these alloys in comparison to some other existing and well known corrosion resistant alloys.

The following sections briefly highlight the metallurgical, mechanical, corrosion, thermal stability and fabricability
characteristics of alloy 59, alloy 926 and alloy 31 and provide various literature references for obtaining further
information.

Alloy 59 - Highlights

The hlstoncal development of the various "C" family of alloys and their corrosion behavior is adequately described
elsewhere '®. The design of alloy 59 increased the chromium and chromium plus molybdenum contents to the
highest level possible in a nickel matrix, omitted tungsten and reduced iron content to typically less than 1%.
This combination created a significantly improved corrosion resnstant and thermally stable alloy in comparison to
alloy C-276 and alloy 22, both of which contain tungsten ®'”. Further evidence of the detrimental effects of
tungsten on thermal stablhty behavior is shown in Table 2, which shows the tungsten containing alloy 22 to have
2 orders of magnitude higher corrosion rate and heavy localized pitting attack when tested in ASTM G-28B
solution after a 1600°F sensitization heat treatment. Alloy 59 had low corrosion rates and no localized attack when
tested under similar conditions.

Alloy 59 Corrosion Resistance

ASTM G-28 Method A. Umform corrosion rates are shown in Figure 1. Alloy 59 with 0.6 mm/year (24
mpy) is clearly superior to Alloy 22 with 0.9mm/year (36 mpy). Alloy C-4 and Alloy C-276 due to their lower
chromium content exhibit much higher uniform corrosion rates in this highly oxidizing solution of boiling 50%
H,SO, + 42 g/l of Fe,(S0,), * 9H,0

ASTM G-28 Method B. This test was designed to detect susceptibility to intercrystalline or intergranular attack
more accurately than the above mentioned ASTM G-28, Method A. Due to the lower sulfuric acid concentration
of this solution (23% H,SO, vs. 50% H,SO,) and subsequently lower boiling temperatures, the uniform corrosion
rates are significantly lower, (Fig. 1). Again, Alloy 59 shows the best performance in this test.

"Green Death Solution”. This environment is a non-standard media in an attempt to simulate severe oxidizing
chloride acid conditions in flue gas streams. However, it does not have any relevancy to real world environments.
Table 3 shows the localized corrosion behavior of this alloy in comparison to others. As is shown, Alloy 59 has
the highest pitting resistance equivalent when calculated by PRE = %CR + 3.3% Mo. Alloy 59 also has the
highest critical pitting temperature and the lowest depth of attack under crevice corrosion conditions in both green
death and modified green death test solutions when tested at 105°C. Another significant analysis is that the higher
molybdenum containing alloys (Alloy 59 and Alloy C-276) have 10 times lower crevice corrosion depth of attack
than the lower molybdenum containing Alloy 22. In real world situations crevice corrosion conditions are more
critical than pure pitting conditions.

Mineral Acids/Acid Mixtures. Most standardized coirosion tests relate to oxidizing conditions, where Alloy
59 has been demonstrated to be superior to other Ni-Cr-Mo alloys as shown above. However, the superior
behavior of Alloy 59 in some reducing media is shown in table 4. In boiling 10% sulfuric acid, Alloy 59 exhibits
a more than 3 times lower corrosion rate than the other well established Ni-Cr-Mo alloys, and the corrosion rate
of only 0.18 mm/year in boiling 1.5% hydrochloric acid, more than 3.5 times lower than that of Alloy 22. Other
data and iso-corrosion curves in hydrochloric and sulfuric acid are presented elsewhere"'

Welding and Corrosion Behavior. Welding of Alloy 59 follows the general rules established for welding of
high alloyed nickel base materials where cleanliness is of great importance and heat-input should be kept low'*
. The use of a matching filler metal is recommended. Preheating is not required and the interpass temperature
should not exceed 150°C (300°F). Its sensitivity to hot cracking is low and even smaller than that observed in case
of Alloy C-276"". Further details on weldability and fabricability are described elsewhere''”

The influence of welding on corrosion resistance has been tested on GTAW weldments using a matching filler and
on Gas Plasma Arc Weldments (GPAW) made as square butt welds without filler metal. The test samples consisted
of about 15-20% of their surface of the weldment, the remainder being base metal with heat affected zone. As
evident from Table 5 in the boiling ASTM G28, Method A test solution no degradation of corrosion resistance
occurred and the intergranular penetration in base metal and heat affected zone did not exceed the 0.05 mm
criterion even after 120 hours. In the ASTM G28, Method B test solution the corrosion rate of the welded samples
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is increased with preferential weld and heat affected zone attack but without any intergranular penetration in the
heat affected zone. In sulfuric acid with very high chloride concentration as shown in table 5, Alloy 59 has very
low corrosion resistance even in the welded condition. Also, welding does not impair the resistance to pitting
either.

Application of Alloy 59

Alloy 59 has been successfully used in a number of commercial applications , details of which are provided
elsewhere'®'®. Some major applications including test programs have been in flue gas desulfurization systems of
coal fired power plants, air pollution control systems of hazardous and municipal waste incinerators, citric acid
production, eletrolytic purification of gold, production of special chemicals utilizing halogenic organics, conductor
rolls for electrolyctic galvanizing, waste acid recovery systems, pharmaceutical industry, chlorine driers and many
others.

Alloy 1925hMo - Alloy 926 - Highlights

This alloy was derived from Alloy 904L by increasing its molybdenum content from 4.8% to 6.5% and stabilizing
the alloy by fortifying it with 0.2% nitrogen, an austenitic stabilizer. This addition of nitrogen not only alleviated
the need to add more expensive nickel, but provided other benefits of improving localized corrosion resistance,
increasing mechanical strength, and improving its stress corrosion cracking behavior. Table 6 shows its localized
corrosion resistance in an ASTM G-48 test in comparison to other alloys. This test consists of immersing a sample
in 10% solution of hydrated ferric chloride solution for 24 hours and then examining it visually for pitting and
crevice corrosion. The temperature, known as critical pitting or critical crevice corrosion temperature, has been
found to have a direct relationship to the pitting resistance equivalent, which is defined as: PRE = %CR + 3.3%
Mo + 30x%N. As is evident from Table 6, this alloy shows a marked improvement over many alloys.

Resistance to chloride stress cracking is likewise improved significantly. Table 7 shows the data according to NaCl
drop evaporation method. It is quite clear that this alloy is even superior to the high nickel containing Alloy 825.
This apparent anomaly can be explained by the fact that in many cases stress corrosion cracking initiates at the
bottom of the pit, and since the pitting corrosion resistance of Alloy 926 is far superior to Alloy 825, fewer sites
favorable for crack initiation can form in this alloy.

Its good behavior in chloride media means that not only it can be used to resistance attack in process media
containing halogens, but also in contact with corrodents such as seawater and brackish water. Figure 2 shows the
pitting potential of this alloy in aerated stirred artificial seawater in comparison to an advanced 6Mo Alloy 31 and
317L stainless steel.

Table 8 and Table 9 shows the uniform corrosion resistance behavior of this alloy in various concentrations of
sulfuric acid.

Table 10 gives a comparison of its mechanical properties in comparison to other alloys. This alloy is readily
weldable and is recommended to be welded with an over-alloyed filler metal to compensate for the segregation of
chromium, and more particularly molybdenum, which occurs in the interdentritic weld zones. Suitable welding
products for this alloy are Alloy 625, Alloy C-276, or Alloy 59. Further details on its weldability, fabricability

and other properties are documented elsewhere* '®,

Alloy 3127hMo - Alloy 31 - Highlights

This is a new alloy, recently introduced. Its chemistry (Table 1) shows this alloy to have a relatively low nickel
content, when compared to Alloy 625, with a very high chromium content, and a significant addition of
molybdenum, with nitrogen fortification and copper additions. As would be expected form its chemical
composition, the alloy has a high pitting resistance equivalent of over 50, similar to that of Alloy 625. Its localized
corrosion resistance 1s similar to, or in certain tests, superior to Alloy 625 in the scatterband of the ASTM G-
48 test data points (Table 6). This alloy’s resistance to sulfuric acid (Table 8) is excellent and even better than
that of alloy C-276.

The pitting potential of Alloy 31, as determined in artificial seawater, is maintained over a wide temperature range
(Fig. 2). This high resistance to corrosion in chloride containing media together with its resistance to a wide range
of chemicals makes this alloy a suitable candidate for service in heat exchangers using seawater or brackish water
as a coolant. Its high chromium content with increased Mo and N has allowed this alloy to give even better
performance in the wet phosphoric acid industry over the existing Alloy 28.

One particular oxidizing media in the pulp and paper industry (chlorine dioxide bleach washer) holds significant
promise for this alloy. Wensley and others'” "™ have shown that in chloride contaminated solutions of chlorine-
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dioxide the high nickel alloys resist local attack but show high uniform corrosion. The standard stainless steels,
though good from uniform corrosion viewpoint, suffer from localized attack. Wensley’s work showed alloy 31
resistant to both forms of corrosion. This work is of significant importance due to the recent trend of chlorine
dioxide substitution for chlorine as a bieaching agent in the pulp and paper industry.

The mechanical properties (Table 10) compare favorably with those of other high alloyed stainless steels and some
nickel base alloys. Like Alloy 1925hMo, Alloy 31 should be usually welded with over alloyed filler metals such
as Alloy 625, Alloy C-276 and Alloy 59. This alloy has a high degree of metallurgical stability. Interganular
corrosion tests on welded specimens and determination of pitting and crevice corrosion temperatures of welded
samples did not show any degradation as a result of standard welding procedures. More details on the development
of this alloy and its corrosion behavior is presented elsewhere"” >,

Applications of 6Mo Alloys

Alloy 926 has found wide usage in various industries as shown in Table 11. Major applications of over 2500 tons
have been in the Saga Snorre Offshore Platform, pulp and paper mills and air pollution control industry. Details
are documented elsewhere!'* 2 2

Alloy 31 - The high resistance of this alloy to corrosion in chloride contaminated water at high temperatures,
together with its resistance to a wide range of chemical media has led this alloy to be considered for service in
heat exchangers using seawater or brackish water a> a coolant. This alloy has already been selected or
recommended for use in bleach washers and pulp lines in chlorine dioxide stages of pulp and paper plants,
agitators/stirrers, and heat exchanges in phosphoric acid production, seawater cooled sulfuric acid coolers, high
temperature heat exchangers and spinning baths in viscose rayon production, heat exchangers handling high
chloride, low pH media in fine chemical production, and heat exchangers for sulfuric acid pickling baths.

Specifications

Alloy 59, Alloy 926 and Alloy 31 are covered under the appropriate ASTM and international specifications.
Furthermore all these alloys are also covered under the ASME code case for construction of pressure vessels.

Conclusions

The advanced Ni-Cr-Mo Alloy 59 has been designed to withstand the most severe corrosive conditions of the
modern chemical process industry and today’s environmental pollution control systems where other alloys are at
the end of their usefulness limits. This alloy’s excellent thermal stability, fabricability, and equivalent corrosion
resistance in both welded and unwelded condition in a wide variety of corrosive media makes this alloy a suitable
candidate to meet the eve increasing challenges of the modern chemical process industry of the 1990’s and the 21st
century.

The special 6Mo super-austenitic stainless steel Alloy 926 and Alloy 31 are providing cost effective alternatives
to some of the higher and more expensive alloys currently used in the process industry. They demonstrate excellent
corrosion resistance in a wide varied range of media, have good strength and ductility and can be readily fabricated
by conventional techniques. They are natural candidates for applications where the standard stainless steels are
inadequate or marginal and where economic conditions rule out the use of more expensive nickel base alloys.
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Alloys

Alloy 926
(1925hMo)

Alloy 31
(3127hMo)

Alloy 59
(5923hMo)

316L
904L
Alloy 20
825

G-3

625

22
C-276

TABLE 1

NOMINAL CHEMICAI. COMPOSITION OF NEW AND
SOME EXISTING ~LLOYS TO RESIST AQUEOUS CORROSION

UNS# Ni Cr Mo Fe N Others
NO08926 25 21 6.5 46 0.2 Cu
NO8031 31 27 6.5 31 0.2 Cu
N06059 59 23 16 1 - -
$31603 12 17 2.3 66 - -
NO08904 25 21 4.8 46 - Cu
NO08020 37 20 2.4 34 - Cu, Cb
NO08825 40 22 3.2 31 - Cu
NO06985 48 23 7 19 - Cu, Cb
N06625 62 22 9 3 - Cb
N06022 58 22 13 3 - w
N10276 57 16 16 5 - w

*PRE = Pitting Resistance Equivalent = % Cr + 3.3% Mo + 30 N

TABLE 2

THERMAL STABILITY AS MEASURED IN ASTM G28B
SOLUTION AFTER SENSITIZATION TREATMENT

Corrosion rate (mpy)

Sensitization Treatment

at 1600°F Alloy 22* Alloy 59**
I hr. 339 4
3 hrs. 313 4
S hrs. 1606 17

* Alloy 22 - Heavy pitting attack over entire surface
** Alloy 59 - No pitting attack
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TABLE 3

LOCALIZED CORROSION RESISTANCE IN GREEN DEATH
AND MODIFIED GREEN DEATH SOLUTION

A. Green Death Solution
11.5% H,SO, + 1.2% HCl + 1% CuCl, + 1% FeCl,
Alloy 59 Alloy 22 Alloy C-276 Alloy C-4
B Pitting Resistance Equivalent
PRE=%Cr +33% Mo 76 65 69 69
& Critical Pitting Temperature > 120°C 120°C 115-120°C 100°C
& Critical Crevice Temperatures 110°C 110°C 105°C 85-95°C
B. Modified Green Death - Test Solution with Lower Oxidizing Species of Cupric & Ferric Ions
11.5% H,S0, + 1.2% HCl + 0.7% CuCl, + 0.7% FeCl,
Alloy 59 Alloy C-276 Alloy 22
B At 105°C - Pitting No Attack No Attack No Attack
| At 105°C - Crevice
Depth of Attack
a) Green Death 0.025 mm 0.035 mm 0.35 mm
b) Modified G.D. <0.025 mm 0.025 mm 0.25 mm
TABLE 4

CORROSION RESISTANCE OF ALLOY 59 IN VARIOUS ACID ENVIRONMENTS

Corrosion rate (mm / y)**

Media emp. °C 39 22 C-276 c4 625
10% HSO,  Boiling 14 46 .58 .79 1.2
20% H,SO, 50 0 0 . 0 - 0
+1.5% HCI 80 .003 .004 .007 - .003
50% H,SO,
+ 1.5% HCI 50 38 45 42 - 75
98.5 % H,SO, 150 28
175 .19
200 14
1.5% HCI Boiling .18 .68 - . .

*To convert to mpy, multiply by 40
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TABLE 5
INFLUENCE OF WELDING ON CORROSION RESISTANCE OF ALLOY 59

Corrosion Rate (mm/y)

Test Media Temperature (Time) Unwelded GTAW GPAW
ASTM G-28A Boiling (120 hours) 0.60 0.48 0.62
ASTM G-28B Boiling (24 hours) 0.11 0.63 0.81
H,S0, - pH1 Boiling (21 days) 0.003 0.007 0.003

+ 7% Chloride ions

TABLE 6
CRITICAL PITTING/CREVICE CORROSION TEMPERATURE
10% FeCl,, SOLUTION (ASTM G-48)

Cost Ratio

New Alloys PRE* CPT(C)* CCT(°C)* to 316L
926 48 70 40 2.3

31 54 >85%* 65 2.6

59 76 > 85%* > 85%x 4.1
Existing Alloys

316L 24 15 >0 1.0
304L 32 45 25 22

20 29 15 <10 23
825 32 30 <5 2.8
G-3 45 70 40 3.2
625 52 71.5 57.5 4.1
C-276 69 > 5ok > 8§k 4.1

*PRE - Pitting Resistance Equivalent = % Cr + 3.3% Mo + 30N
*CPT - Critical Pitting Corrosion Temperature in 10% FeCl, Solution
*CCT - Critical Crevice Corrosion Temperature in 10% FeCl; Solution

** It has been postulated that when temperature of 10% FeCl, solution exceeds 85°C, a chemical breakdown of
the solution occurs
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TABLE 7

STRESS CORROSION CRACKING BEHAVIOR ACCORDING TO NaCl
DROP EVAPORATION METHOD

Alloy Time to Failure

304 < 10 hours

316 < 25 hours

317 100 hours

904L > 500 hours

926 (1925hMo) > 1000 hours - no failure*
28 250 hours

825 275 hours

*Test stopped after 1000 hours

TABLE 8

UNIFORM CORROSION RESISTANCE OF THE NEWER 6MoSS ALLOYS
IN DILUTE SULFURIC ACID MEDIA IN COMPARISON TO ALLOY C-276

Corrosion Rate (mpy)

60°C 80°C 100°C
% Alloy Alloy Alloy Alloy Alloy Alloy Alloy Alloy Alloy
H.SO, 926 31 C-276 926 31 C-276 926 31 C-276
20 <0.1 <0.1 <1 0.2 <0.1 4 130 <0.3 7
40 <.15 <01 <15 <.5 <02 32 124 <1 10
60 <0.25 <0.1 <Ii.5 <1.0 <05 35 47 1 11
80 <05 <02 <l 160 <1 15 >500 240 240
TABLE 9

UNIFORM CORROSION RATE OF ALLOY 1925hMo (ALLOY 926)
IN CONCENTRATED H,So, MEDIA

Temperature °C 98% H,SO, 99% H,SO,
80 2 <l.5
100 8 5
120 8 4.5
150 11 6
100 (Plant Test) 98.5% Concentration 1.5 mpy
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TABLE 10
TYPICAL ROOM TEMPERATURE MECHANICAL PROPERTIES OF VARIOUS ALLOYS

ALLOY UNS NO UTS 0.2% YIELD % ELLONGATION
N/mm® N/mm
316L $31603 538 241 55
9041 NO08904 586 283 50
926 N08926 655 310 50
31 NO08031 717 352 50
G-3 NO06985 676 310 50
625 N06625 862 448 45
C-276 N10276 759 365 60
22 N06022 731 359 60
59 N06059 772 379 60
TABLE 11

SOME TYPICAL INDUSTRIAL APPLICATIONS FOR ALLOY 926

Offshore and Marine: Seawater Lines
Product Coolers
Reverse Osmosis Desalination Plants

Pulp and Paper: Bleach Washers
Pulp Lines
Recovery Boiler Scrubbers

FGD: Scrubbers
Fans
Ducts
Dampers

Chemical Process Industry:
Inorganics: H,S80, distribution systems (sulphur route)

Metasilicate production

Sodium perchlorate crystallizers

Hydrofluoric acid production {scrubber)

Ammonium chloride evaporators

Catalyst strippers

Wet exhaust fans

Phosphoric acid digestion systems

Many others

CO0Q0QO0QO0O00OCO0

Organics: Ethyl acetate production

Thermoplastic rubber (catalyst strippers)

TDI and MDI production

Organic intermediates (chloride cat:lysts)

Fine chemicals (pharmaceuticals, agrichemicals, etc.,
numerous applications in the acid chloride media)
Many others

cCo 000

=}
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Duplex Stainless Steels for Demanding Applications

J. Michael Nicholls

R & D Centre

AB SANDVIK STEEL
S-811 81 Sandviken, Sweden

Abstract

The properties of three highly corrosion resistant duplex stainless steels are discussed, and the
particular advantages and applicability of these steels are illustrated by a number of laboratory
tests and by case experiences. The duplex grades are compared to carbon steel and austenitic

steels in several corrosive environments testing pitting and crevice corrosion, stress corrosion
cracking and general corrosion.

Several examples from practical experience of successful installations of duplex steels are
given. Life cycle cost calculations illustrate that significant savings can be made when not only
the acquisition costs are compared but also the estimated life time, down time costs, material
savings etc.

Introduction

Duplex or ferritic-austenitic stainless steels have been in general use for several decades due to
their unique mechanical and corrosion properties. However, in many industrial applications
where these steels would give definite advantages, carbon steels and austenitic standard and
special grades are still being used to a very high extent. The high strength and fatigue resis-
tance of duplex steels together with a low thermal expansion may in many cases allow for
considerable design advantages, in that less material is needed and that they can be imple-
mented in existing carbon steel equipment.

With the wide variety of conditions present in industrial environments such as oil and gas, re-
finery, chemical process, pulp and paper, sea water handling and waste management, the se-
lection of proper materials for every application is of crucial importance for a problem-free
operation. In the past, carbon steels and standard austenitic steels (e. g. AISI 304L, AISI
316L) have been widely used in more or less aggressive environments, and in many cases these
steels have suffered from corrosive attacks, which in turn have led to serious shutdowns.

In this paper the properties of three highly corrosion resistant duplex stainless steels are dis-
cussed!. In many cases these steels have improved operational conditions as well as the
overall cost by replacing low-alloyed steels, that have previously failed in service. The more
corrosion resistant alloys presented here are also considered alternatives to highly alloyed
austenitic stainless steels, nickel base alloys and titanium.

For early generations of duplex steels several problems have been reported concerning the
weldability. Due to very low nitrogen contents high ferrite levels were obtained in the welds
which resulted in bad impact strength and impaired corrosion resistance. Unfortunately, this
may have given the duplex steels a bad reputation, persisting even today, although since many
years nitrogen alloyed base materials as well as overalloyed welding materials are available to
the market.
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General Description of the Duplex Alloys

SAF 2304 () (UNS S32304, referred to here as 23-4-0) is a new low cost duplex steel in-
tended mainly for construction purposes and other applications where high strength and a
general corrosion resistance at least as good as for 316L steels are specified. The pitting re-
sistance in chloride solutions is similar to that of 316L, while the stress corrosion cracking re-
sistance is much higher, allowing this duplex alloy to be used at elevated temperatures and
chloride concentrations.

2205 (UNS 831803, referred to here as 22-5-3) is the traditional duplex steel that during the
years has found a large number of applications, especially where a high pitting and stress cor-
rosion cracking resistance is essential. The Sandvik SAF 2205 M is produced with a high ni-
trogen content, giving the steel an optimal balance between the two phases. This improves the
mechanical and corrosion properties significantly.

SAF 2507 O (UNS S32750, referred to here as 25-7-4) is the latest development of the Sand-
vik duplex grades (super duplex class), designed for very severe conditions, and for chloride
containing environments in particular. The high contents of chromium, molybdenum and ni-
trogen have been balanced to give this steel its extremely high resistance to stress corrosion
cracking, pitting and crevice corrosion. Very low corrosion rates are also observed for organic
acids, as well as for inorganic acids in some concentration ranges.

Alloy Compositions and Microstructure

The nominal chemical composition of the duplex stainless steels discussed here are presented
in Table 1. The microstructure of all these alloys consists of a ferritic matrix (35-55 %) with
the austenite embedded in it, see Figure 1. The basic design principle of these duplex steels is a
carefully controlled balance of the different alloying elements stabilising the two phases in the
quench-annealed as well as in the welded condition. The result of this is a very strong fine-
grained structure in which both phases possess a high resistance against corrosion. This is of
fundamental importance, especially in chloride containing environments in which pitting is
otherwise likely to be initiated in the weaker phase. Further, a well controlled low level of
impurity elements provides for a very good resistance against intergranular corrosion.

Mechanical and Physical Properties

Numerous papers have been published on the basic properties of duplex steels! and only a few
examples of the characteristic properties are discussed here. The fine grained dual-phased
structure of the duplex steels results in higher tensile strengths than for austenitic stainless
steels, see Figure 2 and Table 2. The range of values presented (400-550 N/mm?) are typical
values, whereas for the wrought material, e. g. seamless tubes with thin wall thicknesses, con-
siderably higher yield strengths are obtained. The higher strength of the duplex materials will
in many cases allow for substantial reductions in e. g. wall thickness in tubes, lowering the
weight and total cost of the installation. In spite of the high strength, the ductility still remains
at a high level, and fabrication procedures such as bending and widening can be performed in
the same way as for austenitic steels.

(M Trademark of Sandvik AB
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The impact strength of the duplex steels is maintained at low temperatures and the ductile to
brittle transition temperatures are below -50°C (-58°F). As duplex steels are often used for
construction purposes due to their high strength, the fatigue properties are often considered.
The stress fatigue limit at cyclic load is approximately equal to the yield stress, which allow
these steels to be utilised in non stationary high stress applications such as hydraulic subsea
cables.

The thermal expansion coefficients of the duplex steels are all close to that of carbon steel, see
Figure 3. This gives them design advantages over the austenitic steels, especially in cases
where the steel is exposed to large variations in temperature during the operation and where
parts of the equipment is designed in carbon steel.

Corrosion Properties

Pitting and Crevice Corrosion

Local forms of corrosion are generally of much concern since they are often difficult to detect
and may rapidly lead to a complete breakdown of a system. Duplex stainless steels are often
recognised for their property of withstanding aggressive chloride containing environments,
where the dominating form of attack appears in the form of pitting or crevice corrosionZ. The
main factor behind the high resistance to local attacks in this case is the ability to form a strong
protective passive-layer on the surface, or if this layer is damaged to quickly repassivate the
surface again.

It is well known that the compositional elements governing the pitting corrosion properties are
mainly chromium, molybdenum and nitrogen. An internationally adopted system of ranking
steels from the compositions only, with respect to their resistivity to pitting corrosion, is that
of calculating a pitting resistance equivalent3, PRE. The PRE is generally defined by the re-
gression formula

PRE=%Cr+33x%Mo+16x%N (weight-%)

The PREs of the duplex steels discussed here are presented in Table 3 together with the values
for some austenitic steels. Relatively often a minimum PRE value is specified for a particular
application, such as for tough sea water service where a value of 40 or above can be required.

In evaluating the pitting corrosion properties of a duplex steel it is necessary to consider the
partitioning of the alloying elements to the ferrite and austenite phases respectively. For the
early generations of duplex steels the ferrite phase had the highest corrosion resistance due to
the enrichment of chromium and molybdenum to that phase. The modern duplex steels have
much higher alloying levels of nitrogen, an element which is enriched almost entirely in the
austenitic phase. The PRE formula above was derived originally for austenitic steels3 and is
clearly not valid for duplex steels, should the partitioning of the alloying elements not be bal-
anced to yield equal PREs for the two phases. If this is not the case it is obviously the resis-
tance of the weaker phase that defines the properties. Within the development of the duplex
steels at Sandvik, phase diagram calculations? have been used in the design. Figure 4 illus-
trates the case of the super duplex steel 25-7-4 with 25 % Cr and 4 % Mo, where the Ni con-
tent is varied to keep the ferrite level constant The PRE of the separate phases is shown as a
function of the N-level and the quench-annealing temperature. It is clear that in order to obtain
a balance in the PRE for N-levels below approximatelv 0.25 % unrealistically high quenching
temperatures would have to be used. and that a lower PRE would be obtained. The chemical

1239




compositions and PRE numbers of the individual phases of the 25-7-4 steel are shown in Table
4, illustrating the balancing of alloying elements in this grade.

A common practice of evaluating the pitting and crevice corrosion properties of the more
highly alloyed stainless steels is the 72 h immersion test in FeCl; according to the ASTM
G48A and B standards. The standard specifies only two temperatures (22°C and 50°C), but
mostly the test is modified and the temperature is increased in steps of 2,5 or 5°C every 24 h
until pitting is observed, starting from an appropriate temperature. The method is used mainly
to rank different steel or as an acceptance criteria, and is less useful in predicting the per-
formance in a specific process.

In Figure 5 critical pitting temperatures (CPT) and critical crevice temperatures (CCT) in the
FeCl; test are compared for duplex and austenitic stainless steels. The austenitic 6Mo+N steel
has the composition 20 % Cr, 18 % Ni, 6 % Mo and 0,20 % N and the 904L 20 % Cr,

25 % Ni, 4,5 % Mo and 1,5 % Cu. The FeCl; solution is a very aggressive environment,
comparable to chlorinated sea water.

In Figures 6 and 7 electrochemical determinations of CPT are presented for neutral aqueous
chloride solutions at potentials of +300 mV SCE and +600 mV SCE respectively. In Figure 8
the acidity is varied for a 3 % NaCl solution at a potential of +600 mV SCE. The comparison
for the low alloyed steels in Figure 6 shows that the duplex 23-4-0 has similar or superior pit-
ting resistance as the 304L and 316L steels. Figures 7 and 8 illustrate the very high pitting cor-
rosion resistance of the 22-5-3 and 25-7-4 duplex steels. It should be noted that the fixed po-
tential of +600 mV SCE is a very high potential not often encountered in practice and in most
applications corrosion will not occur even at much higher temperatures.

Numerous publications have reported corrosion test results from comparisons of duplex and
austenitic stainless steels for a variety of chloride containing media, where pitting and crevice
corrosion may occur?. It can be concluded from the accumulated data of independent labora-
tory tests as well as from many years of practical service experience that the duplex steels have
pitting and crevice corrosion resistance as good as or better than austenitic standard and spe-
cial grades.

Stress Corrosion Cracking

Stress corrosion cracking (SCC) is perhaps the most serious form of corrosion encountered in
industrial processes. In particular where water is used for the process cooling this is a very
common problem for the standard austenitic grades. The risk of SCC can be eliminated with
the use of more resistant materials such as high nickel alloys or duplex stainless steels. While
the austenitic steels in many cases become resistant at Ni levels above 25 % the duplex alloys
will have the same or higher resistance at much lower alloying levels due to the dual-phase
structure?.

A number of methods have been developed to evaluate the SCC resistance of steels and Ni-
base alloys under accelerated conditions. Methods like slow strain rate testing (SSRT) and
some types of constant load testing in concentrated chloride solutions expose the samples to
extremely tough conditions, and does not always give the correct ranking of alloys as com-
pared to field experience The probable reason for this is that in well designed stainless steel
equipment the material will be exposed to conditions similar to constant strain where the ma-
terial may be able to relax. In this case the passivation process will not be constantly disrupted
and the stress remains at sound levels.
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In Figure 9 a compilation of test results from autoclave SCC test and practical experience is
presented. The samples are loaded to the 0,2 % yield strength level. The pressure is approxi-
mately 100 bar and the oxygen content 8 ppm. Fresh NaCl solution is constantly pumped into
the chamber and the duration of the test is 1000 h (6 weeks). The curves in the diagram illus-
trate the limit below which SCC does not occur. Comparing the curve for the lower alloyed
austenitic steels (practical experience) it is obvious that the duplex 23-4-0 has far better prop-
erties than the 304L and 316L in that it can withstand higher temperatures as well as higher
chloride levels. The higher alloyed duplex steels 22-5-3 and 25-7-4 have comparable or higher
resistance than the 904L (25 % Ni) and the austenitic UNS N08028 (31 % Ni). The curves for
the autoclave tests have been found to correspond rather well to practical experience, although
they may be somewhat conservative.

Figure 10 shows the results of SCC tests according to the well-known NACE TM 0177 norm
(5 % NaCl, 0,5 % acetic acid saturated with hydrogen sulphide). No cracking was observed
for the 25-7-4 duplex steel for up to 90 % of the tensile stress. The test has been repeated at
90°C without any sign of cracking. The 25-7-4 duplex is included in the NACE MRO0175 for
use at temperatures up to 232°C (450°F) in sour environments (partial pressures of H,S below
1,5 psi).

General Corrosion

The duplex stainless steels are mainly known for their high resistance against local corrosion
but have also found a widespread use in applications where protection against general corro-
sion is needed (e.g. organic and inorganic acids and caustics)2.

In Figures 11-16 several examples of iso-corrosion curves (0,1 mm/year) are shown for vari-
ous acids. All three duplex steels are resistant toward acetic acid (<0,1 mm/year corrosion
rate) up to the boiling point, whereas the 304L is resistant only at lower temperatures (Figure
11). In formic acid, the most aggressive (pure) organic acid existing, the curves are more
spread out, with the super duplex 25-7-4 resistant almost to the boiling point for all concen-
trations (Figure 12). Note also that the low-alloyed 23-4-0 performs better than 304L and
316L. Figure 13 describes the results from tests in boiling mixtures of acetic and formic acid,
compared with some austenitic grades. Also for hydrochloric and sulphuric acids the duplex
steels have good properties, Figures 14-16, although the application range is more limited in
these cases.

Mechanically Induced Corrgsion
Research by Sandvik as well as independent studies have shown that the duplex steels have
very good erosion-corrosion? and corrosion-fatigue properties2: ©. This will allow these steels
to be utilized in transport of sand-containing sea water, in pumps or other mechanical con-
structions where the material is subject to varying high stresses and a corrosive environment
simultaneously.

Weldability

A major concern in the evaluation of the applicability of duplex steels is of course the weld-
ability. The duplex steels discussed here are all welded with duplex filler metals, designed to
preserve optimal properties of the welded joints. The chemical composition of the weld mate-
rials are carefully developed to produce a high austenite content and a rapid austenite refor-
mation of the weld metal. This will provide for very good toughness and corrosion properties,
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not only for the weid itself but for the heat affected zone as well. The welding consumables
developed for the duplex steels discussed here are presented in Table 5.

The 22.8.3.L and 25.10.4.L are TIG-welding wires and the 25.10.4 and 22.9.3.LR and LB
variants are rutile-basic and basic covered electrodes respectively for the 25-7-4 and 22-5-3
steels. The basic electrodes are intended mainly for applications where higher impact
properties are required as compared to the rutile-basic electrodes.

The 23-4-0 alloy is normally welded with the 22.8.3.L. and 22.9.3.LR, LB consumables,
which will give a very corrosion resistant weld joint. Similarly, for the highest corrosion resis-
tance in very aggressive environments the 22-5-3 alloy can be welded with the super duplex
consumables 25.10.4.L, LR, LB. Detailed recommendations regarding welding parameters,
gas shielding, post-weld treatment and so on have been developed. Following given practices,
welding of duplex steels can be performed just as easily as for austenitic standard or special
grades.

Practical Experience - Examples

Amine Reclaimer. Tube side: steam, shell side: organic salts, oxalic acid, thiosulphates, thio-
cyanates, 18-22 % MEA, glycerine, sulphur residuals, T=140°C (285°F). Previously carbon
steel, Monel 400 and AISI 321 were used but all failed. The change to 23-4-0 duplex in 1987
has been successful and no corrosion is reported.

Fermentation of Hydrocarbons. T=40°C (104°F), T=120°C (248°F) 0,5 h/day, CI-=200-
500 ppm, pH=3,5-4,5. 316T1 has been tested but failed due to corrosion fatigue. 23-4-0
duplex was installed following excellent test results.

Train Seat Frames, Bottom Cross-Member Seat Support. Rail cars for Hong-Kong, where
local conditions are hot, humid and marine. 30 years guarantee. Originally AISI 316 was
specified but did not meet strength requirements. 23-4-0 duplex was chosen due to higher
strength, good corrosion resistance to a lower overall cost.

Refinery - Distillation. Tube side: water 28-45°C (82-113°F). Shell side: dichlorethane and
dichlormethane condensing at 120°C (118°F), inlet 200°C (392°F)-outlet 100°C (212°F).
Carbon steel lasted one year and 321 failed due to pitting and SCC after 0,5 year. 22-5-3
duplex in service since 198S.

Chemical Industry - Soda Ash. Tube side: sea water 12-60°C (54-140°F). Shell side: 57 %
NHj, 33 % CO,, 10 % H,0, H,S present but no oxygen. Outlet 66-70°C (150-158°F).
Welded and seamless titanium failed and 316 baffle plate eroded very quickly. 22-5-3 in
service since 1983 without failure.

Subsea Control Tubing. Instrumentation tubing in 25-7-4 duplex steel for remote hydraulic
control and transportation of service fluids to subsea templates in the North Sea Ten parallel
tubing lines are entwined with electric control cables The combination of high strength and
corrosion resistance gave considerably lower total cost than austenitic 6Mo+N grades
Approx. 1 000 000 metres delivered so far.

Chemical Industry 20 % NaOH, 6 % Amine (1/2 EDA 1'3 DETA 1/2 MS). 21 % NaCl.
0.2 % NH;, 52 % H,0, T=120-:40 C (2'8& "84 F). P:cviot .1y Inconel 600 and Nicke: 200
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failed due to general corrosion. 25-7-4 duplex with its high resistance to chlorides and good
properties in NaOH at moderate concentrations has solved the corrosion problem.

Refinery - Heat Exchanger. Tube side: Sea water. Shell side: Butane (T;,=80°C, T,,,=30°C
(176-86°F)). Titanium failed regularly after three months due to small amounts of fluorides in
the butane. Duplex 25-7-4 was installed and the process temperature could be raised from 40
to 80°C. The mantel piece is made in carbon steel and the use of duplex gives no problems
with thermal expansion. The life time of the process has increased dramatically and no corro-
sion problems have been reported after three years.

Several hundreds of documented references are available on the duplex steels discussed here.”
Life Cycle Cost Calculations

In evaluating the compatibility of different steels for a given application a number of technical
aspects will of course be considered, although in the end, the financial aspects may have a de-
cisive role. Naturally, the more advanced duplex steels are more expensive than carbon steel
or the 304L and 316L steels, and to estimate the overall operating cost of an application it is
necessary to consider not only the investment cost but the properties/cost ratio, expected
service lifetime, maintenance cost, reliability/safety, possible reductions in materials consump-
tion, reduction in use of inhibitors, etc. Realistic life-cycle cost calculations demonstrate the
economical advantages that can be found for duplex steels in many industrial applications8.

LCC - example 1: Refinery tube condenser.

In table 6 the real costs over a five-year period have been calculated for carbon steel (CS),
316L, and three duplex grades for various corrosion conditions (from Ref. 8). Although the
initial installation cost is lower for the carbon steel, the total cost after the five-year period is
much higher than for the duplex grades, due to the high corrosion rate of the carbon steel.

LCC - example 2: High pressure piping-system on offshore platforms.

In table 7 a total-cost comparison is made for a high pressure system (from Ref. 8). Compari-
son is made between CuNi90/10, austenitic 6Mo+N, carbon steel + concrete, and super
dupiex 25-7-4. The lower cost ot tiic dupiex 25-7-4 is due to high strength (reduction of wall
thickness), high resistance to erosion corrosion (higher flow rate with reduction of pipe dia-
meter) and very low down time costs.

Conclusion

Duplex stainless steels have found a widespread use in many industrial applications due to
their versatility. Modern duplex steels are characterized by very high strength and fatigue
resistance, pitting, crevice and stress corrosion properties as good as or better than for
austenitic grades. Duplex welding consumables have been developed, to provide very good
toughness and corrosion properties, and the welding of duplex steels can be performed just as
easily as for austenitic grades. In many cases the properties of the duplex steels will allow for
considerable design advantages and cost savings.

This paper is published with the approval of AB Sandvik Steel
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Table 1.
Nominal chemical compositions of the duplex steels (wi-%)

Steel C Si Mn P S Cr Ni Mo N

grade max. max.  max.

23-4-0 0,03 0,5 1,2 0,040 0,04 23 4 - 0,1
(S 32304)

22-5-3 0,03 <1,0 <20 0,030 0,02 22 55 3,1 0,18
(S 31803)

25-7-4 0,03 <08 <1,2 0,035 0,02 25 7 4 0,3
(§32750)

Table 2.

Mechanical properties of duplex stainless steels. Minimal values for up to
20 mm wall thickness of tubes. Considerably higher values are obtained for

thinner wall thicknesses.

Tube and pipe with wall thickness max. 20 mm (0,79 inch)

Steel grade Yield strength Tensile strength Elong. Hardness
0,2% offset 1,0% offset AS Vickers
N/mm? ksi Nmm? ksi N/mm2 ks %
min. min. min. min. min, approx.
UNS $32304 23-4-0 400 58 450 65 600-820 87-119 25 230
UNS S31803  22-5-3 450 65 500 73 680-880 99-128 25 260
UNS §32750 25-7-4 550 80 640 93 800-1000 116-145 25 290
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Table 5.

Nominal Chemical Composition of duplex welding consumables (weight-%4)

0

Table 3.
PRE calculated for different steels.
PRE=%Cr+33x%Mo+ 16x%N

Alloy %Cr %Mo %N PRE
25-7-4 25 4 0,3 43
6Mo+N 20 6 0,2 43
Sanicro 28(M 27 3,5 - 39
25Cr-duplex 25 3 0,2 38
22-5-3 22 31 0,2 35
AISI 904L 20 45 - 35
23-4-0 23 - 0,1 25
AISI 316L 17 2,2 - 24
Table 4.

Chemical compositions and PRE numbers of
individual phases of 25-7-4 quench-annealed at 1075°C.

Cr Ni Mo N PRE

Ferrite 265 58 45 006 425

Austenite 23,5 82 3,5 0,48 425

’

(PRE=%Cr+33x%Mo+ 16x%N)

(M) Trademark of Sandvik.

Sandvik Cmax Si  Mn Ppa. Spay Cr Ni Mo Others Application

grade

2283L 0020 05 16 0020 0015 225 9 3,2 N=0,16 Sandvik 22-5-3,
23-4-0 and similar
grades

2293 LR 0,025 10 08 003 0025 22 9 3,0 N=0,14 -"-

2293LB 0,04 <09 08 003 0025 22 9 30 N=0,15 -"-

25.104L 0020 03 04 0020 0020 25 95 40 N=0.25 Sandvik 25-74,
22-5-3 and similar
gradcs

25.104LR 0,03 0.5 07 003 0025 25 95 40 N=025 -

25.1041B 0,04 05 10 0030 0025 25 95 40 N=0.25 -t
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Table 6
LCC-calculations for a refinery tube condenser. The carbon steel is subjected to general
corrosion.

CS 316 23-4-0 22-5-3 25-74

Tube cost/set 1 6,5 5,5 7 9.5
Fabrication and installation, 3 35 3.5 3,5 4
cost/set
Total installed cost 4 10 9 10,5 13,5
Life time room temp. 10 mo >Sy >S5y >S5y >Sy

in CI°, up to 150°C <10 mo <ly >S5y >Sy >Sy

in CI°, up to 180°C <10 mo <ly <ly >5y >S5y

in CI°, up to 300°C <10 mo <ly <ly <ly >S5y
No. of changes/5 y, no CI 6 <1 <] <] <]
No. of changes/5 y, CI" (SCC) 6 5 <1,T<150°C <1,T<180°C <1, T<300°C
Costs/5 y, no CI” 28 10 9 10,5 13,5
Costs/5 y, CI" (SCC) 28 60 9,<150°C 10,5 <180°C 13,5 <300°C
Table 7

LCC-calculations for high-pressure piping systems on offshore platforms.

CuNi 90/10  Austenitic Carbon steel  25-7-4
6MoN + concrete

Density, g/cm3 8,9 8,0 7,9 7.8
Modulus of elast. kKN/mm? 132 200 203 200

0,2 Y.S., 20°C, N/mm? 90 300 241 550
UTS, 20°C, N/mm? 290 650 414 800
0,2 Y.S./weight 10,1:1 37,51 30,5:1 70,5:1
Erosion resistant No Yes No Yes
Replacements, 20 year period 1 - 4 -
Installed cost/m, high pressure 40 1,5 1 1,1
system
Total cost comparison 3 0,75 1 0,50
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Figure 1. Duplex microstructure of the
22-5-3 alloy. Dark phase - ferrite,
light phase - austenite.
Magnification 320X.

Carbon
steel

20
(x10 ¥/°C)

Figure 3. Thermal expansion coefficients of
different steels (20-100°C, 68-200°F)
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Figure 2. Comparison of minimum yield strength,
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Figure 4. Theoretical phase diagram calcula-

tions based on alloys with 25 % Cr
and 4 % Mo. Ni was varied to keep a
constant ferrite content.
PRE=Cr+3.3Mo+16N.
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Figure 5. Critical pitting and crevice temperatures
in 6 % FeCl;, 24 h (similar to ASTM
G48).
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Figure 7. Critical pitting temperatures (CPT) for
varying concentrations of sodium chlo-
ride, from 3 to 25 % (potentiostatic
determination at +600 mV SCE.
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3 9% NaCl for various pH (potentiostatic
determination at +600 mV SCE).
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Isocorrosion diagram, 0,1 mm/vear, in acetic acid.
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Abstract

With the objective of developing high temperature stable compounds for tribological
applications in Naval Aircraft Systems, studies are in progress on the design, synthesis and
characterization of chemically modified Schiff bases. A number of fluorine-substituted as
well as polyaromatic ring-based Schiff bases have been prepared and characterized by
Infrared spectral and differential scanning calorimetric methods. Some among the Schiff
base components are (i) fluoroanilines, diaminonaphthalenes, and diaminoanthraquinones and
(ii) fluorobenzaldehydes and fluorosalicylaldehyde. Results of wear tests on perfluoro-
polyalkylether-based lubricants containing the candidate Schiff bases as additives are
presented and discussed in terms of their chemical structure-stability characteristics and wear
protection properties at elevated temperatures. [Supported by Naval Air Warfare Center
under Contract No. N62269-91-0227].

Introduction

Recent studies'* aimed at investigating macrocyclic compounds for their application to
high-temperature lubrication have indicated the promising nature of the Schiff base class of
compounds. Lubricant formulations containing Schiff base additives were found to exhibit a
rather unique duality of wear-resistance and corrosion protection characteristics. The Schiff
bases are prepared by the condensation of an organic amine compound and an aldehyde
component. By virtue of their planar structure and metal binding affinities, they tend to
attach to the surfaces of metals through chemical bonds and thereby afford corrosion
protection and wear resistance. Further, they exhibit satisfactory thermal stability. Results
of our earlier studies have indicated that the Schiff base compound derived from salicyl-
aldehyde and 4,4'benzidine was found to exhibit several-fold improved wear-protection
characteristics when compared to the standard MILSPEC high-temperature lubricant.’
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It is entirely possible that through the substitution of fluorine into the component units
one could obtain modified Schiff bases with improved thermal stability. By the inclusion of
such modified Schiff bases, grease formulations with substantially improved lubricant and
corrosion protection properties at elevated temperatures could be obtained. Results of studies
undertaken along these lines are presented in this paper.

Experimental Methods and Results

A number of fluorine-substituted Schiff base compounds were designed and
synthesized. The aldehydic compounds used in the preparation were (1) benzaldehyde (B),
(2) Salicylaldehyde (S) and, (3) fluorobenzaldehyde (FB). The primary amines used for
derivatizing the Schiff bases consisted of the following: (1) aniline (AN), (2,3-fluoroaniline
(3-FA), (3) 4-fluoroaniline (4-FA), (4) ethylenediamine (ED), (5) 1,2-phenylenediamine
(1,2-PD), (6) 1,4-phenylenediamine (1,4-PD), (7) 4,4’-benzidine (BNZ), (8) 2,6-
diaminoanthraquinone (2,6-DA), (9) 2,3-diaminonaphthalene (2,3-DN), (10) 1,8-
diaminonaphthalene (1,8-DN), (11) 1,2-diaminocyclohexane (1,2-DC), (12) 1,5-dihydroxy-
4,8-diaminoanthraquinone (1,5-DH-4,8-DA). All the aldehydes and the primary amines
listed above were obtained from commercial sources in the United States.

Synthesis of Schiff Bases

All the Schiff bases investigated in this study were prepared by the condensation of
each of the aldehyde components with the amine component under anhydrous conditions.
The procedure developed by us (which is generally applicable to each one of the Schiff base
compounds) is described below.

A three-necked flask of suitable capacity is fitted with a condenser and a pressure-
equalizing separatory funnel. The third neck is fitted with a calcium chloride guard tube. A
known quantity of the aldehyde component is taken in the flask to which required amounts of
dimethylformamide (DMF) is added and stirred. Calculated quantity of the diamine (2 moles
of aldehyde per mole of the diamine) is dissolved in DMF separately and is added dropwise
to the agitated (using magnetic stirrer) aldehyde in the reaction flask at room temperature.

At the end of the addition, the reaction mixture is warmed to 60°C and maintained at this
temperature overnight. The reaction mixture is allowed to come to room temperature and
the resulting solid (Schiff base) is filtered into a Buchner funnel. The solid product is
washed with small amounts of ether and dried under vacuum.

The molecular structures of the different Schiff bases synthesized in this research
along with those of their component aldehydes and amines are illustrated in Figure 1.

Thermal Stability
The thermal stability characteristics of a number of Schiff bases prepared in this
research were determined by means of the differential scanning calorimetric (DSC) method

using Perkin Elmer DSC-1B unit. Experiments were conducted under the following
operating conditions: Sample Size = 1 to 2 mg; temperature range = 40 to 320°C;
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Sensitivity Range = 16 m. cal/sec; scan speed = 10° min; Recorder Range = 10 mv, full
scale; chart speed = 10 mm/sec.

Ten Schiff base compounds were selected for the DSC analyses. Duplicate runs were
made of each of the ten materials. Each sample was sealed in a vented pan and placed in the
DSC head. Gas (either N, or air) was passed through the DSC head at a constant rate of 20
mL/min. The basic thermal stability of each material was determined by testing it under
nitrogen. The thermal trace of the sample exposed to air was compared with the
corresponding sample run under nitrogen in order to characterize possible oxidative
exothermic behavior. Each sample was weighed before and after each DSC run and the
weight loss during the analysis was determined. The performance of the instrument was
checked daily by running an indium calibration standard. The results of the DSC analysis on
the ten samples are summarized in Table 1. An examination of the thermograms indicates
that the thermal behavior of all the compounds vary similarly when exposed to atmospheres
of nitrogen and air, indicating that in the temperature range studied (i.e., ambient to 320°C)
they did not undergo any oxidation. However, the sharp endotherms shown by samples
(#21, #22, #23, #24, #25, #28 and #30) at the temperatures indicated in Table 1 probably
correspond to the materials melting phase transition. In Figure 2 are presented the DSC-
thermograms of samples #21 and #22 to illustrate the sharp endotherms obtained. All of the
samples showed some evidence of weight loss during the heating cycle. Samples #25 and
#30 showed relatively low melting points, i.e., approximately 78°C and 48°C, respectively,
compared to the other samples, i.e., melting points in excess of 200°C. Samples #26 and
#27 did not show any well-defined sharp endotherm characteristic of a simple melting point,
but did show rather broad endotherms indicative of possible simultaneous melting and
sublimation/evaporation. Sample #29 did not exhibit any sharp or broad endotherm and its
melting point would appear to be above 320°C.

Preparation of Greases with Schiff Base Additives

A perfluoroalkylpolyether grease conforming to MIL-G-27617D, Type III was used to
prepare the Schiff base grease which we have designated as Bensalox-K (5% 4,4’ Benz). In
particular, a Krytox 240 AC gre.se, which contains a perfluoroalkylpolyether fluid (Krytox
143) thickened with fluorocarbon telomer solids (Vydax 1000) was used. The Schiff base
compound was added to the "as-received" grease and thoroughly mixed by hand for
approximately 0.5 hours. It was then passed through a three-roll mill (3 times) and
recovered. Other brand name greases meeting the specification could have been used.

Instrument Bearing and Wear Tests

R-4 instrument bearing tests were performed on the perfluoropolyalkylether grease
preparations containing the Schiff bases as additives. These tests were conducted in
accordance with ASTM Method, D-3337 under the test conditions given below.

Bearing Size: R-4 (6.35 mm bore diam.) stainless steel; Load: 2.2N radial, 22 N
axial; Speed: 12,000 rpm; Temperature: 204°C; Grease weight: 75 mg.
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Results of the bearing tests carried on grease samples containing each one of five
different Schiff base preparations are summarized in Table 2. A consideration of the data
indicated the promising nature of all the salicylidene Schiff base-containing grease samples.

Four ball wear tests were carried out on a number of grease preparations containing
Schiff bases with and without fluoride substitution into their molecular structures. These
tests were performed in accordance with ASTM Method D-2266 under the conditions given
below.

Ball composition: A1S1 52100 Steel; Load: 40 Kg; Speed: 1,200 rpm;
Temperature: 75°C.

Results of the four ball wear tests are summarized in Table 3 and the data plotted in
Figure 3. A consideration of the data presented in Table 3 and Figure 3 indicates that the
inclusion of 4-fluorobenzaldehyde-based Schiff bases into the grease preparations has resulted
in considerable improvement in their wear characteristics. Significant reductions in the wear
scar diameters of the four balls were observed in the cases of the greases which contained the
fluorinated Schiff bases as the additives (see Figure 3 and Table 3).

Thin Films of Schiff Bases on Metal Surfaces
and Infrared Spectral Characterization

Results of the differential scanning calorimetric analyses of Schiff base compounds
have indicated the stability of these compounds up to 300°C. This finding suggests the
possible deposition of thin films of the Schiff bases onto metal surfaces. Infrared
spectroscopic examination of such films was conducted in order to gain an insight into the
mechanistic basis for the high temperature lubricant properties of the Schiff-base-included
greases. By using a matrix isolation cryostat (set up at IIT Research Institute), their films of
the Schiff base derived from 4,4’-benzidine and 3-fluorosalicylaldehyde were deposited on a
cesium iodide (Csl) optical window (as the matrix) and on a steel coupon held at 10K. A
KBr pellet of the Schiff base was also made separately. The infrared (IR) spectra of the
Schiff base (1) deposited on the CsI matrix and (ii) in KBr pellet were recorded in the
transmission mode at 10K on a Perkin Elmer Model 283 Spectrophotometer in the
wavelength range 2.5 to 50 um (Figures 4-6). The steel coupon containing the Schiff base
film was brought to ambient temperature and the IR spectra recorded in the reflectance mode
using a Perkin Elmer reflectance attachment (Figure 7). A comparison of the IR Spectra of
Figure 4 and S (taken at a temperature of 10 K) with those of Figure 6 taken at ambient
temperature indicates the stability of the Schiff base film. The reflectance IR Spectra of the
Schiff base film on steel surface (Figure 7) did not change when subsequently recorded after
heating at 110-120°C for 14 days indicating the oxidative stability of the film.

Summary
A number of modified Schiff bases have been designed and prepared in which

fluorine has been substituted into the molecular structures of either the aldehydic or the
amine component. Results of the differential scanning calorimetric (DSC) analysis have
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indicated enhanced thermal stability for the fluorine-substituted Schiff bases. Infrared
spectral analyses have indicated the stable film forming characteristics and the enhanced
thermal stability of the fluorine-substituted Schiff bases. Further, surface-binding of the
Schiff bases through their nitrogen and hydroxyl functionalities appears to be taking place.
R-4 instrument bearing tests (at 204°C) on Schiff base-containing greases have shown
bearing performance life of 277 to 864 hours. This amounted to an improvement factor of
4.2 to 13.3 over the baseline grease. Further, test data from the four ball wear tests on
greases containing fluorine-substituted Schiff bases in accordance with ASTM Method D-
2266 have shown that the effect of the fluorinated Schiff bases on reducing wear scar
diameters is dramatic. On the basis of the results obtained in this research, it may be stated
that in addition to an effective surface coverage by the planar-structured Schiff bases,
substitution of fluorine into their molecular structure appears to have helped in enhancing
their thermal stability and wear protection characteristics.
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Caorrosion Inhibition of Calcium Chloride Brines

Kaveh Sotoudeh
Nalco Chemical Company
Naperville, Illinois

Paul rR. Cote
Eastman Kodak Company
Rochester, NY

Abstract
Today’s rec uirement for low-temperature industrial process cooling utilizes a number of
brines. They include aqueous solution of inorganic salts, aqueous solution of organic
compounds and, chlorinated or fluorinated hydrocarbons. The most popular of the brines,
ca!>ium chloride (CaCl,) is the most economical. Furthermore, it is low on toxicity and easy
to handle. The corrosive nature of this brine has traditionally been managed using chromate.
The ever increasing environmental constraints on the use of chromate, has encouraged a
search for non-chromate alternatives.

This paper details development of a calcium chloride corrosion inhibitor formulation free of
chromate and all other heavy meta's. It also discusses some intermediate formulations which
ultimately led us to the final version. Within the temperature range of -30°F to 180°F, the
final prnduct is compatible with 0 to 35 wt% (specific gravity 1.00 to 1.35) brine. Its flexible
operating pH (6.5-11), eliminates the need for frequent caustic addition. This inhibitor is
designed to protect mild steel, copper and, to eliminate fouling within the above operating
parameters.

Key terms: brine, calcium chloride, corrosion inhibition, chromate, phosphate, molybdate,
zinc

Introduction
The requirement for low temperature industrial process cooling media has led to development
of a number of brines. In refrigeration terminology, a brine 1s any liquid-cooled refrigerant
which is circulated as a heat-transfer fluid. Operating temperature of the cool-side of these
brines range from 32° to -90° F'. The brines may be:

1. An aqueous solution of inorganic salts, such as sodium chloride and calcium
chloride.

2. An aqueous solution of organic compounds, such as alcohols (methanol or ethanol)
or glycols (ethylene or propylene).

3. Chlorinated or Fluorinated hydrocarbons which include methylene chloride and
trichloroethylene.

The selection of a brine for a given application depends on factors such as:
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Corrosiveness: For proper operations, the construction material of the system requires
protection against brine.

Cost: Cost of the initial charge and its makeup requirements should be reasonable.

Freeze-Point: The brine must have a freeze-point sufficiently below that of the lowest
operating temnperature of the system.

Safety: Toxicity and flammability are two important considerations in the brine
application.

Thermal Performance: The heat-transfer properties of the brine are crucial to the
performance of the evaporators and process heat-exchangers.

The availability, low cost, ana low toxicity of calcium chloride has made it the most popular
brine. At high concentrations, this water soluble inorganic salt can lower the freeze-point to
about -35°F. Use of salt brines for freeze protection (freeze-point depression) was once
prevalent. The technique was even used in the cooling systems of diesel and gasoline
engines’. It was only later when corrosion forced ~ "ny such systems to switch away to the
less corrosive alcohol/water *, then to glycol/water compositions. Systems that continue to
use salt solutions have managed to control corrosion by using the low cost chromates®.

Traditionally, chromates have been used to curtail the corrosiveness of the salt brines. A
potential problem associated with the use of chromate is its tendency to induce pitting when
present below the threshold concentration**, Keeping chromate above the threshold
concentration in the brine (800 ppm chromium), has been the way to minimize this shortfall.
However, this high concentration has contributed to the current difficulty, namely its
toxicity®’. In the past, many chromate users managed the toxicity issue by reducing the
hexavalent chromium. Before disposing, the hexavalent chromium containing solution was
reduced to Cr*? using ferric chloride. Since efficiency of this technique is less than complete,
environmental restrictions have increased disposal costs of the incompletely reduced sludge.
This along with the potential for brine leakage into the process or surrounding plant
environment, has encouraged users to turn away from chromate as the choice corrosion
inhibitor of salt brines.

A search of commercial litcratire revealed a number of water-treatment companies claiming
to possess chromate-free technology for brines. All of which are based on one or two of the
following: nitrite, phosphate, molybdate or zinc. A search of the scientific literature revealed
much the same as the commercial literature. A few newer inhibitors were identified namely

alkanolamine (substituted), benzotriazole, citric acid, maleic acid. polyacrylates, saccharate,

silicate, thiocyanate, and triethanolamine.

This paper describes our attempt in developing an effective non-chromate inhibitor program

for CaCl, brines. It also reports on performance of conventional vater-treatment programs
relative to a brine-specific, novel inhibitor program.
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Experimental
Electrochemical approach was the first screening method utilized. This was decided solely
based on the fact that such methods are faster and less laborious than the conventional
gravimetric methods. Promising candidates identified electrochemically, were then
reexamined using gravimetric techniques.

Electrochemical Test

For the most part we relied on the linear polarization technique. The perturbation wave
chosen started at -20 mV and ended at +20 mV of the open-circuit potential; scan rate was
0.1 mV/sec. Because the linear polarization technique can be considered nondestructive, the
same sample and test solution were used to determine the Tafel slopes. The Tafel test started
at -110 mV of the open-circuit potential and ended at +110 mV. The calculated slopes
replaced the detfault values in the linear polarization program, allowing a more accurate
reporting of the corrosion rates.

Gravimetric Test

The glassware test was a modified version of the ASTM D-1384 used to evaluate coolant
corrosiveness®. The metals varied between two mild steel coupons or one mild steel and one
copper coupon. Copper coupons were CDA 110. The test solution consisted of a given
concentration of calcium chleride to which the experimental additive was added. The brine
was maintained at 125°F + 4°F for two weeks while stirring it at about 1.5 feet/sec.

Mild steel and copper coupons were precleaned by grinding to 600 grit. Post cleaning
consisted of scrubbing mild steel coupons with a Nylon abrasive pad until all corrosion
products were removed. Copper was cleaned by rinsing under running DI-water. The non-
corrosive nature of the post cleaning procedures eliminated the nesed for correction factors.

Candidate Inhibitor Selection

Utilizing the scientific literature, 4 number of corros.on inhibitors were identified as potential
CaCl, corrosion inhibitors. A closer examination raised questions or viability of some of the
reported inhibitors; the inost notable question was on calcium tolerance. To ensure CaCl,
compatibility of the final fermulation, we ran the following test on each candidate prior to
thc corrosion testing. The candidate inhibitor was added to a 25% CaCl, solution at 80°F and
stirring for two hours. In absence of cloudiness, the brine was then heated to 110°F for 30
minutes. Complete solubility and abscace of precipitation/cloudiness was the criterion for
acceptance of the candidate for further testing.

Calcium Incompatibie Caadidate Inhibitors

Inorganic_Phosphates-have long been recognized as effective ferrous metal corrosion
inhibitors’. They have been used widely in both closed and open recirculating systems'. The
mechanism of protection can be anodic'' or cathodic!'? depending on the phosphate. The
cathodic mechanism involves formaton ot insoluble calcium phosphate at cathodic sites
where hycroxyl anion is formed. This affinity for calcium became the major hindrance for its
use tn calcium brines as, precipitation formed upon addition of ortho and polyphosphates to
the brine.
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Phosphonates-are commonly referred to as the organic phosphates. Many
phosphonates can function as both corrosion inhibitors and sequestrant agents. Many others
are also scale inhibitors. The mechanism of corrosion inhibition by phosphonate is
cathodic'™"; it forms insoluble calcium phosphonatc'®. The sensitivity to calcium led to drop
out of some phosphonates in the compatibility test, e.g. 1-phosphono glycolic acid. One such
phenomenon has previously been reported'®. HEDP (hydroxyethylidene-diphosphonic acid)
and, PBTC (phosphonobutane tricarboxylic acid) were the only phosphonates compatible with
the brine.

Citrate-is a ferrous corrosion inhibitor?* and has widely been used for cleaning
boilers and cooling towers®. It has also been shown to protect other metals*, Citrate was
compatible with room temperature brine. However, the brine turned hazy at 110°F and did
not clear up when cooled.

Molybdate-is the least toxic of the metal-inhibitors. The most prominent members of
this class of inhibitors are chromates!’, dichromate™ ", arsenites??' and, zinc. In calcium

brines however, molybdate formed an insoluble calcium molybdate.

Synthetic Polymers-with acrylic backbone were also investigated for their
compatibility with the brine. Irrespective of their molecular weight and their branching, they
were not soluble in the brine.

Promising Candidate Inhibitors

Borate-is a buffer® suited for closed system applications where pH control is
important”2*, To a lesser degree it can protect ferrous metals in aerated”’” and deaerated
conditions’,

Mercaptobenzothiazole and tolyltriazole-are both known for their excellent protection
of copper and its alloys. Their synergism gives protection to high lead solder” and, to a

fesser degree, to steel and gray cast iron*¥,

Nitrite-kas been extensively used as a ferrous corrosion inhibitor™. It is almost always
the first candidate of choice to replace phosphate. Aside from being economical, nitrite is an
effective corrosion inhibitor. It can be added to most non-chromate inhibitors including
phosphate’. It has demonstrated ability to inhibit corrosion of other metals™.

Tricthanolamine-is a recognized ferrous corrosion inhibitor®

. It s also an aluminum
corrosion inhibitor' and is compatible with other inhibitors*?**_ Because of its buffering

capability it is used with phosphate in many closed system formulations®.

Zinc-a metal-inhibitor has long been recognized as an effective mild steel corrosion
inhibitor. It has been used as sacrificial anode’, coating on steel??, or as soluble zinc'®, The
mechanism of protection is by cathodic inhibition. At cathodic sites were oxygen reduction
produces hydroxyl 1ons, zinc reacts with the hydroxyl anion to form msoluble zinc hydroxide
which blocks and deactivates the site.
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Results And Discussion

Calcium Chloride Corrosiveness

Prior to evaluation of the candidate inhibitors, the corrosive nature of the brine was
determined. The data is shown in Table I-I,I[,III. As expected, our test showed inverse
relationship between brine corrosiveness and its concentration. However, the overall
magnitude of mild steel corrosion was smaller than anticipated. We believe the low corrosion
rate is due to the limited solubility of oxygen. Oxygen solubility is continuously reduced as
brine concentration is increased, lowering the corrosion rate. The authors believe this is the
same phenomenon reported first by H.H. Uhlig* and later by Trivedi et.al”’. Even at 70°F
calcium chloride brine remained very corrosive and caused significant fouling (Table 1-

VII, VIIL,IX). Production of insoluble corrosion products are highly undesirable because when
settled in low flow areas or attaching to the heat-exchangers, they will lead to underdeposit
corrosion. Settled insolubles will also insulate the metallic substrate from coming in contact
with corrosion inhibitors. The corrosiveness of the brine toward copper is shown in Table 1-
IV,V,VI. However, the dissolution of the copper appears to be independent of brine
concentration in the range of 20 to 30%. Presence of soluble copper in brine leads to
increased mild steel corrosion and needs to be addressed. The information obtained from
testing the uninhibited brine provided the baseline from which we determined effectiveness of
the candidate inhibitor programs.

Chromate

Chromate inhibited brines have traditionally been the least corrosive brines. Therefore before
seeking a suitable non-chromate formulation, we evaluated performance of a chromate
inhibited brine. It was used to benchmark optimum inhibitor performance. The data is shown
in Table 2-1,1I,111. At 800 ppm chromium greater than 95% of the coupon surfaces were
protected. The remaining area was covered with adherent corrosion products. After removal
of the corrosion product, mild steel penetration was measured at ~6 mpy by an optical
micrometer. Because of the localized nature of corrosion, we abandoned the general
corrosion method (weight loss technique) for the more appropriate direct measurement
technique (optical micrometer). For more information on corrosion rate measurements
consult NACE Standard RP0775-91, item No. 53031. Despite localized penetration,
chromate performed well on steel by totally eliminating fouling. This characteristic was
highly desirable since, upon accumulation of corrosion products new modes of corrosion
would appear (e.g. underdeposit corrosion, erosion corrosion and, cavitation).

Nitrite

After quantifying the chromate performance on steel, the first non-chromate formulation was
then tested. Nitrite was added at 4000 ppm to two brine solutions. Unlike the uninhibited
brine which resulted in general-type corrosion, the mild steel loss turned intensely localized
(Table 2, 1V,V). Furthermore. unlike the chromate inhibited brine, fouling was significant.

Since nitrite has been recommended for this application, the poor performance of nitrite was
unexpected. To elimmate trace copper s the culprit, another formulation consisting of nitrite
and tolyltriazole was tested. Dissolved copper is a trace element common to commercial
grade calcium chloride brines and, tolyltriazole is capable of curbing its adverse eftect on




ferrous metals. Intensification of mild steel corrosion persisted in presence of TT (Table 2-
VI). Variations in type and concentration of the copper inhibiior did not alter nitrite’s
undesirable performance. In a final attempt to make nitrite work, we increased its
concentration by 25% and added nitrate to the formulation. Protection of mild steel by nitrate
in ferric chloride brines is an arcane prior art'™. This final attempt was also unsuccessful
(Table 2-VII). From the above results we unequivocally concluded that nitrite is to be
avoided as calcium chloride brine inhibitor. Mercer* has eluded to this phenomenon in
passing, however, until now no experimental evidence has been offered in its support.

Phosphonate Treatments

Incompatibility of inorganic phosphates and the ineffectiveness of nitrite to inhibit calcium
chloride corrosion led us to evaluate organic phosphates. The only two which passed the
compatibility test were HEDP and, PBTC. By themselves they showed no corrosion
inhibition (Table 3-1,1I). Failure of the organic phosphates to protect steel by themselves did
not come as a surprise. In practice phosphonates are always used in combination with other
inhibitors. Such combinations include inorganic phosphate'?, molybdate' or zinc'®. In an
attempt to enhance the effectiveness of HEDP and PBTC, we formulated them with each of
the following: molybdate, orthophosphate, polyphosphate and zinc. Although all but zinc had
failed the brine compatibility test, we hoped the calcium sequestering capability of
phosphonates would increase their calcium tolerance thus, preventing precipitation. The ortho
and pyrophosphate formulations once again dropped out of solution. The molybdate
formulation also resulted in a precipitate but, it redissolved after 15 minutes of continuous
stirring. This precipitation did not redissolve when brine concentration was >28%. In light
of this handicap, we still tested the HEDP/molybdate formulation in 25% brine. Not only
was the corrosion inhibition of steel nonexistent (Table 3-III), but a voluminous solid deposit
had also accumulated by the end of the test. This testified to inadequacy of molybdate-based
formulation as CaCl, brine inhibitor.

The final test of phosphonates were done with zinc. They were fully compatible with CaCl,
brines so long as the pH was maintained below 8. Zinc/phosphonate formulations began to
turn hazy at pH=28.0. Indeed, we detected a buffer region which started at pH=8 where
haziness first appeared, to 8.4 where haziness reached maximum. We postulate that the
buffering capacity was due to Zn*? transformation to zinc hydroxide. Because of the pH
handicap we evaluated the zinc/phosphonate formulations at 8. Corrosion inhibition was
nonexistence (Table 3-VI,VII) and fouling increased due to zinc hydroxide formation.

A Novel Calcium Chloride Brine Inhibitor

To develop a viable calcium chloride inhibitor treatment we screened a host of potential
inhibitors. Several multicomponent corrosion inhibitor treatments were identified. Amongst
them only one could be prepared in a concentrated form. Stability of the concentrate
exceeded three-month storage at 0°, 20°, 40° and 120°F, eliminating shelf-life concerns. To
ensure that the concentrate preparation did not adversely effect performance, the treatment
was tested gravimetrically using the concentrate (Table 4-1). Having confirmed excellent
metallic protection without fouling, the next step became stress testing of the formulation.
The following tests were designed to simulate scenarios common to actual field operations.
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Dependence of Performance on pH

The previous test showed satisfactory performance within a narrow pH range (9.0 to 9.5). To
determine effect of pH, intermittent pH adjustments during the test were halted allowing a
gradual drop in pH. The natural drop in pH was induced by continuous forced aeration. Even
when pH dropped down to 6.4, copper and steel protection were undisturbed (Table 4-
ILIII). In another test we simulated a pre-acidified brine. Although pH of most commercially
available brines are basic, there are some exceptions. To simulate two such cases, pH was
adjusted to a lower value with concentrated HCl. No adverse effect was observed (Table 4-°
IV,V). Yet to simulate an acid process leak, pH of two inhibited brines were adjusted to 2.
The first brine housed two mild steel samples. After 12 hours, pH of both brines were
adjusted using 50% caustic. At this time two mild steel coupons were immersed in the
second brine. Once again performance remained unaffected (Table 3-VI,VII). The above
demonstrated the formulation’s ability to give protection in acidified brine and, to completely
recover from a pH shock.

Exposure to_Chlorine

To investigate the susceptibility of the inhibitor ingredients to formation of
chlorohydrocarbons, a literature search was conducted. Not finding any corroborating
evidence, a chlorine leak was simulated by adding 5 wt% household bleach to an inhibited
brine. The brine was heated to 140°F for 2 hours and then cooled. No FT-IR detectable
chlorohydrocarbon species were identified.

Oxygen Dependence

Performance dependence of some corrosion inhibitors on availability of oxygen has been
documented™*!, Since all the results reported here have been in aerated conditions, an
electrochemical attempt was made to ensure proper performance in absence of oxygen.
Utilizing linear polarization, mild steel corrosion in argon saturated brine was measured at
1.4 mpy. A potentiodynamic scan of the same electrode exposed a passive region. This
passive region was the only one observed amongst the inhibited and uninhibited brines
(Figure 1).

Reducing Nitrite Aggression

Two gravimetric tests evaluated performance of the final formulation in nitrite contaminated
brines. In the first test nitrite was added to an inhibited brine and in the second test, a field
sample actually containing nitrite was used. As can be seen in Table 5, at recommended
concentration, the adverse effect of nitrite on mild steel was significantly reduced. To gain
insight in the above phenomenon, two anodic cyclic polarization scans were run, the results
of which are presented in Figure 2. Addition of nitrite caused 190 mV noble shift in
corrosion potential. This coupled with the gravimetric results indicated that nitrite shifted the
rest-potential of mild steel to above the critical pitting potential. The scan also revealed pit-
repassivation tendency on the part of the formulation. The pits formed on the anodic scan
repassivated as the scan changed direction by, descending line crossing over the ascending
line. This tendency is absent when nitrite 1s added.
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"Long-Term" Corrosion Rate and Chromate compatibility

The gravimetric data reported above were the result of 2-week tests. Such a relatively short
experimental time would require a fast acting inhibitor treatment. However, a 2-week test is
not necessarily indicative of a durable protection®, To ensure lasting protection, the
formulation was tested at 130 F for 2 months. Result showed even a smaller loss as the
inhibitor established itself more firmly on the surface (Table 6-1,11). Finally, to ensure that
the formulation was fully chromate compatible, it was tested with four chromate inhibited
brines. Such a compatibility would allow chromate treated units to gradually deplete the
chrome in the system without resorting to direct disposal of the laced brine. Test results were
favorable (Table 6-111,1V,V,VI). Indeed, there existed a synergistic interaction between
chromate and the formulation. The few localized sites on the coupons were measured
significantly shallower than those exposed to chromate inhibited brine.

CONCLUSION
An effective non-chromate brine corrosion inhibitor has been formulated. This
multicomponent corrosion inhibitor formulation is capable of protecting carbon steel and
copper in calcium chloride brines with wide concentration and pH range. It is immune to
extreme pH, chlorine exposure and, is fully compatible with chromate.
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GLOSSARY

ASTM American Society for Testing and

Materials
MBT Sodium Mercaptobenzothiazole
HEDP Hydroxyethylidene-Diphosphonic Acid
PBTC Phosphonobutane Tricarboxylic Acid
Na-TT Tolyltriazole (sodium salt)
TT Tolyltriazole
mV Millivolt
Sec Second
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Table 1. Calcium Chloride Corrosiveness

% Calcium Chloride Concentration

30 25 20 30 25 20 30 25 20
Temperature
120°F 70°F
I 11 441 v \" VI Vil VIII IX
Test Metal Weight Loss (MPY)
Copper (CDA 110) - - - 6.5 69 6.1 - - -
Mild Steel Corrosion
General 6.2 10.1 19.6 - - - 5.1 9.5 15.1
Localized - - - - - - - -
Fouling H H H S S S H H H
pH 82 81 79 80 79 8.1 7.8 80 8.0
Table 2. Effect of Chromate and Nitrite (120°F)
% Calcium Chloride Concentration
30 25 20 25 20 25 25
Inhibitor Inhibitor Concentration (ppm)
1 11 III IAY \" VI VII
Chromium (Cr) 800 800 800 - - - -
Nitrite - - - 4000 4000 4000 4984
Tolyltriazole - - - - - 20 20
Nitrate - - - - - - 360
Test Metal Weight Loss (MPY)
Mild Steel Corrosion
General - - - - - - -
Localized 5.3 7.2 6.8 70 100 65 50
# of Sites 1 2 2 Il 17 13 9
Fouling N N N H H H H
pH 8.4 8.7 8.8 9.5 9.4 9.6 9.5

H= Heavy, M= Moderate, S= Slight, N= None
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Table 3. Phosphonate Inhibition (120°F)

% Calcium Chloride Concentration

25 25 24 25 25
Inhibitor Inhibitor Concentration (ppm)
I 11 I v \Y
HEDP 150 - 150 150 -
PBTC - 150 - - 150
Molybdate - - 500 - -
Zinc - - - 300 300
Test Metal Weight Loss (MPY)
Mild Steel
General 20.4 12.1 14.4 18.9 16.6
Localized - - - - -
Fouling H H H H H
pH 8.8 8.9 8.8 8.0 8.0
Table 4. Effect of pH On Performance (120°F)
% Calcium Chloride Concentration
25 25 25 25 25 25 25
I II 11 v \% VI VII
Test Metal Weight Loss (MPY)
Copper (CDA 110)  0.25 - 0.20 0.21 0.23 0.41 0.3
Mild Steel Corrosion
General 1.3 1.5 - 1.7 1.6 1.6 1.3
Localized - - - - - - -
Fouling N N N N N N N
Initial pH 9.5 9.0 9.2 8.0 7.1 2.0! 2.0?
Final pH 9.0 6.4 6.7 6.2 5.9 6.2 6.3

'. Readjust pH to 9 after 12 hours, samples already immersed.

2. Readjust pH to 9 after 12 hours, samples to be immersed.
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Table 5. Effectiveness on Nitrite Contamination (120°F)

% Calcium Chloride Concentration

25 25 25 25
Lab Samples Field Samples
I I I IV
Nitrite (ppm) 4500 4500 ~ 1800 ~ 1800
Formulation (ppm) - 15200 - 15200
Test Metal Weight Loss (MPY)
Copper (CDA 110) - - 1.4 0.5
Mild Steel Corrosion
General 12.7 11.8 13.3 5.0
Localized 70 20 78 18
Fouling M M M M
Initial pH 8.4 9.1 9.1 9.5
Final pH 9.7 5.4 9.3 8.8

Table 6. Long-Term Performance and Chromate Compatibility (120°F)

% Inhibited Calcium Chloride Concentration

25 20 25 20 25 20
I 1§ M1 4% \Y VI
Chromate as Cr (ppm) - - 400 400 800 800
Test Metal Weight Loss (MPY)
Copper (CDA 110) 0.12 0.2 - 0.2 0.19 -
Mild Steel Corrosion
General 0.7 1.3 - - - -
Localize - - 3.0 3.2 2.9 3.0
Fouling N N N N N N
Initial pH 8.7 9.1 8.9 9.0 9.0 9.1
Final pH 6.0 6.2 6.9 7.1 7.0 6.9

H= Heavy, M= Moderate, S= Slight, N= None
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ABSTRACT

Ammonium chloride precipitation is a serious problem in many oil refining processes.
The precipitation of ammonium chloride deposits is possible in every hydrocarbon
stream where nitrogen, hydrogen and chloride are present. The normal practice to
avoid or to remove ammonium chloride deposits is to add water into process stream.
This may result to acid chloride solutions and severe corrosion problems if the
equipment are not constructed of proper materials. In this paper the pitting corrosion
resistance of different stainless steels in ammonium chloride environment is studied.
The pitting resistance equivalent (PRE) values based on the nominal analysis of the
material are compared to the electrochemical behaviour of these materials.

Key terms: ammonium chloride, pitting corrosion, austenitic and duplex stainless
steels, oil refining.
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1. Introduction

Fouling caused by ammonium chloride is a very common phenomenon in many processes
in oil refining and petrochemicals industry. The precipitation of ammonium chloride is
possible in every hydrocarbon stream where nitrogen, hydrogen and chloride are
present. This precipitation can cause problems in process equipments, for example
clogging of heat exchangers and column trays or vibrations of turbines or erosion in
high turbulent flow etc. Being very soluble in water but almost insoluble in almost all
of the hydrocarbons, the ammonium chloride deposition is a problem, even if there is
only little water in the process stream. In the presence of moisture, ammonium
chloride can form hydrochloric acid causing pitting or underdeposit corrosion of alloy
steels or rapid general corrosion of carbon steel.

Ammonium chloride precipitates usually with decreasing temperature. The
temperature where the precipitation starts can be easily estimated, when the
dissociation constant of ammonium chloride is known!. The temperature dependence
of solid ammonium chloride formation is shown in Figure 1.

The normal practice to avoid precipitation of ammonium chloride or to remove these
deposits, is to add water into process stream. The amount of the water has to be high
enough to avoid low pH in the water and/or the water has to be pretreated with
neutralizing agents. If the amount of added water is too low or if it exists only as
moisture or as impurity in the process stream, the pH of the water can be very low.

The chloride content in a process stream after a debutanizer of a reforming unit is
normally between 100 and 1000 ppm“. During the normal operation also some salt
deposits are formed inside the process units causing operational problems. When these
deposits are washed during operation, the chloride content of draw-off water may rise
to as high as 100 000 ppm. Continuing the washing procedure decreases the chloride
content after a couple of days back to the hundred ppm level. Typical iron and chloride
contents and pH of draw-off water during the washing procedure are presented in
Figure 2.

As stated above, the addition of water is a good solution to remove ammonium chloride
scales. This simple solution is not possible in process units, where draining system is
not designed to handle excess water or in units, where water is considered as an
impurity element. Furthermore, when using impure or chemically treated water, extra
attention must be paid, so that this water will not cause any other problems, like
caustic embrittlement or stress corrosion cracking of copper based alloys by ammonia
or stress corrosion cracking of stainless steels with oxygen etc. Water which is warmed
and cooled with process stream causes also loss of energy. Therefore, selection of a
material that will withstand also the corrosive environment outside normal operation
is sometimes the most economical solution.

The aim of this work was to help materials selection in a gasoline reforming unit,
Process description and corrosion problems of this unit are presented in earlier
papersz'3. In this investigation some guidelines are given to materials selection to
ammonium chloride environment with different chloride contents and temperatures.
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11. Experimental

This investigation was made in order to compare the corrosion rates of different
materials by electrochemical methods and give some guidelines for the materials
selection. The corrosion behaviour was also compared to the PRE-value of various
materials: The PRE-values were calculated by using equation (1), where element
symbols Cr, Mo and N refer to the nominal alloy composition in wt-%. Nitrogen is
commonly known to improve the localized corrosion resistance of austenite phase and
the constant for the effect of nitrogen on PRE varies between 13 to 30%°°. In this
investigation the most usual value for N content (16) was used.

PRE = Cr + 3.3*Mo + 16*N (1)

The compositions of experimental materials are given in table 1. The criteria for
selecting the materials to laboratory tests is that they have to have reasonably good
resistance not only to general corrosion but also to localized and stress corrosion.

The pH of the solution was kept constant and only chloride content and temperature
were varied. As known, the chloride content and temperature of the solution affect
mainly to the pitting corrosion and pH to the general corrosion of stainless steels. The
pitting corrosion behavior of material will also give some approximation on the crevice
corrosion resistance, although one has to remember that crevice corrosion will begin
already at 20 - 80 °C lower temperatures than pitting.

According to analysis made of deposits of one process heat exchanger, the ammonium
salt precipitates consists of 99.5 % of ammonium chloride and less than 0.01 % iron.
The test solutions of electrochemical tests were thus prepared of pro analysis pure
ammonium chloride and distilled water. pH of the test solutions was approximately 6.
The tests were carried at temperature range of 25 to 85 °C and with chloride contents
100-35000 ppm. The test solution was purged with nitrogen gas for at least 45 minutes
before start of the experiment and purging was continued during the experiment.

Electrochemical tests were made with EG&G PARC 273 potentiostat and M342
SoftCorr software. The test cell was a so called Avesta-cell, which has been developed
to improve the reliability of pitting corrosion tests by eliminating possible crevice
effects7. For that reason the increase of current density at high potentials indicates
either transpassive dissolution or pit propagation and growth. To avoid local
concentration variations near the specimen the test solution was also circulated during
the test. Prior to electrochemical tests the materials were first polarized cathodically
at -1000 mV vs. SCE for 5 minutes. After this cathodic cleaning the test materials
were left unpolarized until the change of free corrosion potential was less than 0.2
mV/s. When this steady state was reached the cyclic polarization curve tests were
started. The iR-drop was corrected after the experiment by using solution resistance
measured with EIS. Corrosion potential, pitting potential and repassivation potential
of test materials were estimated from these curves.

1280




1. Results

The experiments were made to determine the pitting resistance of a material by
polarization curves. The presence of a hysteresis loop on the polarisation curves
indicates possible pitting corrosion. Examples of both kind of polarisation curves are
shown in Figure 3. When the pitting resistance of a material was determined not only
the repassivation potential but also the shape of the hysteresis loop and the difference
between pitting and repassivation potentials were used. After the tests all the test
samples were investigated with optical microscope to ensure the pitting and absence of
possible crevice effect.

The results of polarization measurements were used to construct pass-fail charts for
the tested materials with differcnt temperaturcs aid chioride contents. Examples of
these charts are shown in figures 4 and 5. Solid marks in the charts indicate no pitting
(pass) and open marks indicate pitting corrrosion (fail).

Figure 6 shows a combined result of pass-fail charts for test materials Polarit 757 (UNS
S$31603), Polarit 772, SAF 2304 (UNS S$32304) and SAF 2205 (UNS S31803). The pitting
corrosion behavior at different temperatures with different chloride concentrations is
estimated by fitting a log(T) vs. log[Cl'] curve to the border points of pass and fail
areas. The fitted curves in figure 6 present the maximum temperature for a chloride
content where the material showed no pitting in our experiments, The safe area for
each material is thus located below these curves. The PRE values of different
materials are also presented in figure 6. The pitting resistance of materials with
different microstructure and with same PRE values differs in the areas of low chloride
content. But when the chloride content of the eiectrolyte increases, the difference in
pitting resistance of austenitic and duplex steels with same PRE values decreases. This
might be due to the different corrosion resistances of ferrite and austenite phases. The
ferrite is enriched in chromium and molybdenum and the austenite is enriched in nickel
and nitrogens. However, this unequal distribution of alloying elements is not so strong,
so that at high chloride contents also ferrite will show pitting despite the higher
chromium and molybdenum content in it.

The highly alloyed materials 254 SMO (UNS S31254), 654 SMO and SAF 2507 (UNS
S32750) did not show pitting corrosion at 80 °C and 35 000 ppm chlorides. When the
temperature was increased to 85°C in the same solution all these materials had a clear
hysteresis loop in the polarization curves. However, when studying these samples with
microscope after the experiment, it was not possible to say, if the hysteresis loop was
a result of pitting or general corrosion.
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V. Discussion

Process equipment are generally fabricated of low cost carbon steel and, depending on
the corrosive environment, with extra corrosion allowance. In ammonium chloride
environment carbon steel apparatus have typically a corrosion allowance of 6 mm. For
example in heat exchanger tubes this extra corrosion allowance is not possible or
economical. Therefore the corrosion resistance is most critical in components with
small wall thicknesses.

Because the precipitation of ammonia salts causes different problems in the process
equipment they have to be removed. The most effectivc way of doing this during
operation, is to wash them off with water addition to process stream. In this case
proper materials selection is the only effective way to keep the equipment operational.
According to the laboratory tests made in near neutral ammonium chloride solutions,
only highly alloyed austenitic and duplex stainless steels are resistant enough to pitting
corrosion. The PRE value is a useful approximation on the corrosion resistance of a
material, although the pitting resistance of duplex stainless steels was a little better
at low chloride contents than that of austenitic stainless steels with same PRE values.
On the other hand, the scatter of duplex stainless steel results was significantly higher,
so the border of the safe area is not so sharp as for pure austenitic steels.

Although the aim of this study was to evaluate the pitting corrosion resistance of
different materials, the pitting corrosion resistance is not the only factor that has to
be taken on account in materials selection. When choosing the material for an
equipment in a complicated process environment, also the possibilities of crevice
corrosion and stress corrosion cracking must be estimated. Materials may fail due to
crevice corrosion at temperatures remarkably lower than the critical pitting
temperature. When there is a possibility to stress corrosion cracking it is also much
safer to select duplex stainless steels instead of pure austenitic stainless steels with
same nominal composition.
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Table 1. Nominal composition of test materials, wt-%.

Material PRE | Type Cmax | Ni Cr Mo | Others
Polarit 757 27 austenitic | 0.03 13 17.5 | 2-3

(UNS S31603)

Polarit 772 34.5 austenitic | 0.02 13.5 17.5 | 4.5 0.17 N

Avesta 254 SMO | 43 austenitic | 0.019 | 18 20 6 0.7 Cu, 0.2 N
(UNS S31254)

Avesta 654 SMO | 54 austenitic | 0.02 22 24 7 0.4 Cu, 045N

SAF 2304 25 duplex 0.03 4 23 0.1 N
(UNS S32304)
SAF 2205 38 duplex 0.03 5.5 22 3 0.14 N

{UNS S31803)

SAF 2507 43 duplex 0.019 | 7 25 4 0.27 N
(UNS §32750)
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Abstract

Quasi~-equilibrium potentials have been measured for an AISI
316L stainless, an AISI 309 weld butter and a low-alloy steel in
deareated, phosphate / hydrogen phosphate / sulphite / sulphate
doped water. Measurements have been made from room temperature
up to 250°C under static and flowing solution conditions. The
rest potentials observed under flowing conditions were cathodic
to those observed in a static solution.

The result of galvanic coupling of AISI 316L and low alloy
steels was to produce a rest potential value similar to that of
the low-alloy steel alone under the same conditions.

The effect of 1 ppm copper contamination upon the rest
potential of the stainless steel was to shift it anodically by
up to 200 mV. A much smaller anodic potential shift was observed
for the low-alloy steel.

Key terms: rest potential, stainless steel, low alloy steel,
refreshed loop
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Introduction

One method of cxygen scavenging in steam generating systems
is to use sodium sulphite and this leads to a significant
sulphate burden in the water over a period of service. The water
can also be maintained at a high pH for corrosion control by
phosphat«:/hydrogen phosphate pH buffering. It is now becoming
accepted that a major factor in mitigating stress corrosion
cracking of steels in high temperature water is to ensure that
the materials have an adequately cathodic electrochemical
potential, ECP, during their 1life. Thus, the measurement of
electrode potentials is emerging as a necessary adjunct to plant
operation.

Although the water chemistry used in the power generating
industry 1is carefully monitored and controlled, there are
occasions such as during shut-down and start-up when the water
chemistry may alter and induce a change in the ECP of the
materials exposed to the environment. Thus, the effect of
variations in electrolyte composition upon ECP are of interest
with respect to the life span and integrity of high temperature
pressurised systems.

It is also known that environment assisted cracking of
alloys, particularly in connection with weldments, can occur in
high purity water systems [1,2] and that such corrosion is highly
potential dependant [3]. The present research was aimed at
measuring the rest potentials of alloys, or alloy couples, in
water chemistries relevant to power generating systems.

There are a variety of problems inherent in measuring rest
potentials for stainless steels and other alloys in high
temperature water. These are related to the low reactivity of the
alloys in the electrolyte, film formation upon the alloys and the
magnitude of the solution resistance. Further difficulties arise
in trying to control the oxygen content of the electrolyte, which
has a significant effect upon the potentials being measured [2].
The existing data exhibits some degree of scatter arising from
variations in the experimental methods used and to the long
equilibration time required to establish stable potential
conditions in such systems [4].

We have examined the requirements for achieving stable,
reliable, electrode potentials over the temperature range 20°C
to 250°C. Measurements have been made on a wrought austenitic
316L stainless steel, a AISI 309 stainless steel weld butter and
a ferritic chromium/molybdenum, CrMo, low alloy steel taken from
a weldment.

Experiments have been performed to assess the effect of
solution flow upon the ECP's of the alloys by comparing data from
a refreshed 1loop and static autoclaves. 710 determine the
potentials 1likely to be found close to weldments, where
environment assisted cracking may occur, the effect of galvanic
coupling of the steels has also been examined.

Tt 1is possible that contamination of the electrolyte by
copper 1is likely in high temperature water systems and we have
examined the affect of such off-water chemistry conditions and
compared the rest potentials observed with those found in a
'good' chemistry environment.
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Experimental

The compositions of the three alloys, as determined by EDAX,
are shown in table 1. It may be noted that the composition of the
309 weldment exhibits signs of alloy depletion, caused by the
welding, when compared with the nominal composition, also given
in the table.

The alloys were examined as solid cylindrical specimens, of
2 sq.cm surface area, drilled and tapped at one end to allow
electrical contact via a steel rod which was isolated from the
electrolyte by PTFE shrink wrap. The specimens were polished to
a 4/0 emery finish, degreased and rinsed with deionised water
just before use.

For experiments below 100°C, saturated mercury/mercury
sulphate reference electrodes were used and temperature
corrections were made to convert values to the SHE scale ([5].
These electrodes were selected because the bulk solution
contained sulphate so any leakage of electrolyte from the
reference electrode would be of little consequence.

For tests conducted above 100°C, silver/silver chloride (0.1
M KCl) electrodes were used which are basically of the Andresen
design [6]). The silver/silver chloride junction of the electrode
was external to the autoclave and was kept at ambient
temperature. Correction for the thermal liquid junction potential
generated between the internal and external portions of the
electrode was performed using data from Macdonald et al.[7].

Potential measurements have been reported in the literature
in a variety of water chemistries and at quite high temperatures
but it is acknowledged that the stability and life span of the
reference electrodes used can be unsatisfactory. Autoclaves with
large chambers require reference electrode probes of a sufficient
length for the electrode tip to reach into the vicinity of the
specimen, particularly if potential control is to be applied.
Such electrodes have a tendency to fail due to gas bubble
formation inside the probe which breaks the electrical contact
between the silver chloride/electrolyte junction and the porous
frit junction. To help mitigate this effect, silica or zirconia
grit was used as a filler material within the probe. In later
experiments a carbon fibre thread was inserted into the electrode
as an alternative safe-guard, so that even if a large gas bubble
did form across the diameter of the probe, the conductive nature
of the carbon fibres would help to prevent loss of electrical
contact between the electrolyte on either side of the cavity.

All potential measurements were made using high input
impedance digital voltmeters or with buffer amplifiers linked to
pen chart recorders. The reference electrodes were checked before
and after each test. The pH, conductivity, oxygen concentration
and chloride content of the solutions were also monitored before
and after each experiment.

Table 2 shows the composition of the electrolyte. The
solutions were prepared using "Analar" grade chemicals and
distilled and deionised water. The solution was purged with
"white spot" nitrogen to deoxygenate the electrolyte before the
sodium sulphite was added. The electrolyte oxygen concentration
was monitored using a Clarke cell probe (8] and purging with
nitrogen was maintained throughout each test. The electrolyte was
deemed suitable for use if the oxygen concentration was < 5 ppb.

'Off water' chemistries containing copper ions were prepared
by the addition of copper sulphate to the electrolyte.
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Static solution experiments below 100°C were performed in
glass cells which were placed in thermostatically controlled
water, or oil, baths. The cells contained three ports in the neck
through which the electrodes and the gas bubbler were sealed. A
small vent allowed gas to leave the cell via a condenser tube.

Static solution experiments above 100°C were performed in 1.5
litre autoclaves. Three separate test specimens could be inserted
into the chamber along with the thermocouple and reference
electrode probes. The chamber was purged with nitrogen before the
head was tightened down at the start of each test. The potential
of the chamber body was monitored during the experiments to
identify any fault due to shorting-out of the specimens to the
body.

Refreshed 1loop experiments were performed in a 75 ml
autoclave which could be used with two alloy samples and two
reference electrodes, as illustrated in figure 1. The tests were
performed using a flow rate of approximately 10 ml per minute and
an operating pressure of 500 psi (3.45 MPa). The autoclave
temperature was only increased incrementally when the electrode
potential had stabilised at the previous temperature.

At the end of each experiment the test specimens were examined
optically. In some cases the specimen film and substrate were
then examined by scanning electron microscopy. The oxide film and
other crystalline deposits could be removed from samples, with
minimum damage to the substrate, by cathodic stripping in an
alkaline "de-rusting" solution. Energy dispersive analysis by x-
rays was performed on some samples of bulk material and on some
oxide films generated during the tests.

Results
Static Solution Data

Figure 2 illustrates typical trends in open circuit potential
with time for the steels at room temperature. The alloys
initially exhibit large changes in open circuit potential and
then tend to some quasi-equilibrium value, or rest potential,
after several days of exposure to the environment.

The initial changes in potential for each steel may be
explained by considering the surface reactivity of the alloys.
The 316L stainless steel has a protective chromium oxide coating
which 1is not affected to any extent by immersion in the
electrolyte and thus does not show an initial potential minimum.
The CrMo steel has a thin, air-formed, oxide layer which is
readily broken down causing a cathodic potential shift. The
alkaline electrolyte then stimulates film growth and the
potential of the CrMo specimen returns to a more noble value
associated with the equilibrium between iron (II) and iron (III)
oxyhydroxides [9]. The 309 stainless steel samples exhibited an
initial film break-down, probably due to the alloy depletion
effect mentioned previously, then re-passivated. The final
potentials of the stainless steels are likely to be associated
with the equilibria between chromium oxide and oxyhydroxide
species. The rest potentials observed become less cathodic across
the range from CrMo to 309 to 316L.

Figure 3 shows the data from the first 100 hours of testing
in a static autoclave experiment at 150°C. The alloys exhibit an
initial potential minima associated with break-down of the
surface oxide layer followed by re-passivation. The effect of
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increased temperature upon the specimens is thus to decrease the
stability of their air-formed oxide layers, which is in agreement
with thermodynamic considerations, and to reduce the time taken
for equilibration to occur, which is reasonable in terms of the
reaction kinetics. The 316L and 309 specimens were found to be
tarnished at the end of test while, at temperatures of 75°C and
above, the CrMo specimens were coated with a thick, black, film
of magnetite and phosphate salts. The formation of magnetite at
temperatures above 75°C upon CrMo steel may be explained by
examining the potential/pH diagrams for the iron - water system
[9] which show that a region of mixed oxyhydroxide stability
develops in alkaline environments near to this temperature.

The effect of temperature upon the quasi-equilibrium
electrode potentials of the alloys is shown in figure 4. The data
in this figure was obtained by averaging at least three results
at each temperature for each steel. The typical scatter band for
a potential measurement under a particular set of conditions was
approximately 50 mV. The scatter band for the stainless steels
was larger than that for the CrMo steel under all conditions
examined and the scatter was observed to decrease with increasing
temperature. From figure 4 it can be seen that the 316L material
passivates in the electrolyte and shows a nearly linear potential
/ temperature relationship of approximately 3 mV/°C. The 309
specimens show a similar trend although there is a slight change
in slope at about 70°C indicating a change in the nature of the
surface film. The CrMo material maintains a fairly constant
potential at temperatures up to 75°C and then generates
increasingly cathodic potentials as the temperature rises. The
change in gradient arises from the formation of a predominantly
magnetite film on the surface at temperatures above 75°C. The
potential versus temperature lines for the three alloys can be
seen to converge with increasing temperature. All the data lies
within the region of water stability, ie. between the oxygen and
hydrogen evolution lines, which are shown as dashed lines in
figure 4. The rest potential gradients observed are of similar
vi.lue to the gradient of the oxygen evolution line (approximately
2.4 mv/°C) and it 1is probable that they are related to
metal/oxide/hydrated oxide equilibrium reactions.

The effect on potential of galvanic linking a CrMo specimen
to a 316L specimen is shown in the figure 5. The open circuit
potentials observed across the temperature range are similar to
those for a single CrMo sample and thus indicate that the
potential of the 316L steel has been moved cathodically by
coupling. The observed potentials may be explained by the
application of "mixed potential" theory [10]. The CrMo
dissolution is the major anodic process and as such its tafel
line intersection with the cathodic reductiocn of oxygen line
dominates the mixed potential of the galvanic couple.

Figure 6 shows the averaged free corrosion potentials
obtained in both C%Pper free and 1 ppm copper environments. It
can be seen that cu?* addition has no consistent effect upon the
potential of CrMo steel but that it does cause an anodic
potential shift in both the 316L and 309 data, particularly at
the lower temperatures where shifts of approximately 250 nV were
observed. The magnitude of the potential shift was found to
decrease with decreasing copper ion concentration. Thus, at 10
ppb Cu?*, an anodic shift of approximately 100 mV was observed
for 316L steel. Stainless steel specimens were found to be
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slightly tarnished after test while the CrMo samples were
observed to have copper deposited upon then as well as an inner
layer of magnetite at temperatures above 70°C. The copper film
was found to be approximately 0.75 um thick.

Refreshed Loop Data

Figure 7 shows the averaged free corrosion potentials for the
three alloys under refreshed and static solution conditions. It
can be seen from figure 7 that the general effect of solution
flow is to cause a cathodic shift in the free corrosion
potentials observed for the alloys.

The time required to generate stable rest potential values
was considerably shorter in the refreshed autoclave than under
stagnant solution conditions. For example, at 150°C equilibration
of the potential of a 316L specimen occurred in about 10 hours
in the refreshed loop but after approximately 50 hours under
static conditions. Niedrach and Stoddard [12] have previously
reported an equilibration time of 8 to 16 hours for 304 stainless
steel under refreshed conditions in simulated BWR electrolyte.

Figure 8 shows the quasi-equilibrium potentials of the alloys
in 1ppm copper poisoned electrolyte across the temeprature range.
The effect of the Cu?' addition is to cause an anodic shift in
the free corrosion potentials and this shift was greatest for the
stainless steels. The general behaviour 1is similar to that
observed under static solution conditions, if allowance is made
for the cathodic shift in the results obtained in the refreshed
autoclave. After testing, the low alloy steel specimens were
observed to have a thin magnetite film with areas of a copper
coloured hue, while 309 and 316 specimens were slightly tarnished
with some discolouration due to copper deposition. The quasi-
equilibrium potential of a solid copper specimen was determined
from 25°C to 250°C, for comparison with the copper-filmed steel
values, and this data is also presented in figure 8. The specimen
was coated in a thin black film after test, probably a mixed
copper oxide under these potential/pH conditions (13]. The rest
potential values of the copper sample suggest that the film
formed on CrMo steel specimens is porous and that the resultant
potential observed for the steel in copper poisoned solution is
a "mixed-potential" arising from the cathodic reaction rate for
copper deposition and the anodic reaction rate for corrosion of
the steel. The shift in potential of the stainless steels with
copper addition is more difficult to explain [11]} and may be
related to the formation of copper complexes.

Discussion
The experiments performed have established the free corrosion
potential behaviour of the three steels in doped water over the
temperature range 25°C to 250°C. The results are consistent and
show trends which are essentially complementary to results in the
known literature.
Lin [11] has examined the effects of copper contamination
in BWR water on the free corrosion potentials of 304 and 316
stainless steels. Although BWR water chemistry is quite different
from that used in the present study the trends in behaviour with
copper addition were similar, allowing for the 600 to 700 mV
potential off-set in the relatively high oxygen, and low
conductivity, BWR environment.
The effect of solution flow upon rest potentials of stainless
steels has been discussed in the literature in connection with
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BWR systems [11,14,15,16]). The results indicate that solution
flow will increase the magnitude of any potential shift caused
by chemical additives, for example copper, and that the film
formed wunder flowing electrolyte will be thinner, more
homogeneous and more protective than that formed in stagnant
water. There are no reports of cathodic shifts in potential with
solution flow, as seen in this work, but this may be related to
the changes in electrolyte pH. Initially, BWR simulant solutions
are approximately neutral while the water used for the present
tests was quite alkaline. During static solution tests the
electrolyte became less alkaline while the literature indicates
that the BWR water became slightly more alkaline. The rest
potential shift caused by change in static solution pH, as
determined from the Nernst equation, could be as much as 100 mV
in the positive direction in our experiments. Thus, 1if a
correction for pH change is made to the present results, the
effect of solution flow on the rest potentials 1is 1less
significant.

The potential changes observed in the experiments are related
to film formation or removal and the changes in the film
properties with temperature. The extent of the change in
potential was most significant for the relatively un-reactive
stainless alloys. The CrMo steel oxidised during the high
temperature tests and a layer of magnetite mixed with the
phosphate inhibitor was generated on the steel surface.

Conclusions

1. The test duration required to obtain reliable rest
potential measurements for stainless and 1low alloy
steels was of the order of 10 hours in a refreshed water
loop and 100 hours in a static autoclave. Some scatter
exists in the results but averaging not less than three
experiment data points allows consistent trends in the data
to be revealed.

2. The rest potentials determined in flowing electrolyte were
cathodic to those found under static conditions, but this
is considered to be partially related to the maintenance of
a more alkaline pH in the flowing system than in stagnant
water.

3. Copper ion contamination of the electrolyte causes an
anodic shift in the rest potentials, which in the case of
the low alloy steel is consistent with mixed-potential

theory.
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Table 1. Approximate Alloy Compositions,
EDAX; the balance iron.

ELEMENT

Cr
Ni
Mo

Mn

0 N N N o

Si

316L

16.9

11.5

309 (nominal)

22 - 24
12 - 15
1.0 max

wt%, as determined by

309 (welded) Cr /Mo
20.9 1.1
10.7 -

0 0.5
1.9 0.6
0.9 -

Table 2. Electrolyte composition and properties.

Chemical

Sodium Phosphate

Sodium Hydrogen Phosphate

Sodium Sulphite

Sodium Sulphate

Resultant pH =

and

conductivity = 1400 uS/cm.

Quantity
g/l

0.220

0.164

0.128

0.740

Concentration
ppm

55

110

81

500

10.6 due to phosphate/hydrogen phosphate
buffering, oxygen concentration < 5 ppb
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potentials for the alleys in ‘'copper free' (closed
symbols) and 1lppm copper doped (open symbols) water
with < Sppb oxygen and under static conditions.
Where O®=3.-L A A = 3 7% c<u O @= CrMo.
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potentials for the alloys under static (closed
symbols) and refreshed (open symbols) conditions in
doped water with < Sppb oxygen.

Where O w = 316L, A A = 309 and O @ = CrMo.
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symbols) water with < Sppb oxygen and under
refreshed conditions. Data for a solid copper
specimen is shown for comparison.

Where O = 316L, A = 309, QO = CrMo and ¢ = Cu.
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Managing Galvanic Corrosion In Waters

Arthur H. Tuthill P.E.
Tuthill Associates, Inc.

PO Box 204

Blacksburg, Virginia 24060

Abstract

This paper summarizes 30 case history solutions to severe galvanic corrosion problems the author has
encountered in heat exchangers, condensers, valves, pumps, steel and copper alloy welds, fasteners, coated
hulls, ballast tanks, electrical connectors, propellers, and partially lined tanks. Guidelines are developed to
assist engineers in managing galvanic corrosion problems they may encounter.

Galvanic Corrosion

When two different materials are welded, bolted or otherwise joined together in an electrolyte, the
uncoupled corrosion rate of the least noble (anodic) is increased, and the uncoupled corrosion rate of the more
noble (cathodic) is decreased. Inco’s familiar galvanic series, Figure 1, shows which material of a couple in
seawater is anodic and which is cathodic. Wesley and Brown's chapter in Uhlig’s Corrosion Handbook
provides an excellent description of the various reactions that can occur within a galvanic couple, (). For the
purpose of understanding the reactions occurring in these 30, cases the following provides sufficient
background.

Anodic Reaction

The oxidation (corrosion) which occurs at the anode is represented thusly:
M° = M‘+e

Where MP° is a metal atom, Fe, Cu, Ni, Cretc.

M?* is the metal ion in the electrolyte.

e is the electron from the metal atom.

Cathodic Reactions

In the vast majority of situations the cathodic reaction occurring in galvanic corrosion is oxygen
reduction or hydrogen evolution or both.

The hydrogen evolution reaction is represented by 2H* + 2¢ =H,
The reduction of oxygen occurs as follows

0, +4H* +4e = 2H,0 (acid solutions)

0, + 2H,0 +4e = 40H" (alkaline solutions)

In oxygen containing waters at near neutral pH the oxygen reduction is of primary importance. The
extend of corrsion is frequently controlled by the area of the cathode and the rate at which oxygen can reach
its surface (mass transfer). However, under certain conditions the hydrogen evolution reaction can become
important. This is primarily when the potential becomes cathodic such as in the case of CP being applied or
very active metals such as aluminium or zinc being involved. Figure 2 shows the anodic and cathodic reactions

(")Uhlig, HH., “Corrosion Handbogk” , John Wiley and Sons, 1947.
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inside surface foras much as 40 feet from the inletend was effective cathodic surface. This meantthe cathode
to anode ratio could approach a 1000 to 1, not 3 to 4 to 1 as originally supposed. (*)

Figure 3 shows a half section of a copper alloy condenser or heat exchanger with titanium tubes. The
differences in potentials for the various tubesheet materials coupled to titanium are shown. The potential
difference between nickel copper alloy 400 and titanium is about 25% of the potential difference between
naval brass or aluminum bronze and titanium suggesting nickel copper alloy 400 might perform better.
However the effective cathodic area of the titaniumis so large that it tends to overwhelmthe lower difference
in potential. All tubesheet materials shown have suffered accelerated corrosion when coupled to titanium
tubes.

Solutions: The principal solution to corrosion of copper alloy tube sheets in power plant condensers
tubed with titanium, 6% Mo austentic or superferritic stainless steel has been installation of a well designed
impressed current cathodic protection system in the waterbox. The potential and the potential distribution
must be controlled so as to prevent hydryding of titanium or hydrogen embrittlement of superferritic tubing.

[ron anodes ar also used for this purpose. Many of the Middle East MSF unit reject sections have
titanium tubes, CA 614 or 630 tubesheets with copper alloy waterboxes (sometimes 90/10CuNi or cast
nickel aluminium bronze) with orin anodes to protect the copper alloys.

4) Problem: Waterboxes and Tubing: The early nuclear submarines were fitted with nickel copper
alloy 400 waterboxes (the higher strength allowed a weight saving) and C71500 copper nickel tube sheets
and tubes. The copper nickel tubing was anodic to and corroded preferentially to the nickel copper, alloy
400 waterboxes.

Solution: The cathodic surface area was reduced by solder wiping the nickel copper waterboxes with
a 50:50 lead tin solder. Later the nickel copper waterboxes were redesigned and changed to C71500
accepting a slight weight penalty.

5) Problem:  Waterboxes and tubing: Maintenance forces at one of the Office of Saline Water’s
desalination plants observed that there was considerable general corrosion of the bare steel waterboxes
facing the copper nickel tube sheet and tubes. It was decided to epoxy coat the steel waterboxes. Figure 4
shows the deep pitting that occurred after the next 6 months operation. The coating failed locally at surface
irregularities exposing the substrate steel to deep localized corrosion in saline water.

Since most of the coating was still intact all of the oxidation reaction, corrosion, had to occur in the
very small area of steel exposed.

Solutions:

1 Epoxy coat the tubesheet and tube ends to reduce the cathodic area. This was the option chosen.

2 Install supplemental cathodic protection.

3 Increase anodic area by removing the coating from the waterbox allowing corrosion of the steel
waterbox to continue over the whle surface area rather than at the localized areas where coating
breakdown occurs. This is a last resort option as the steel corrosion products can, and have, of and
failure to copper alloy tubing.

6) Problem: Waterbox waster plates: One shinowner outfitted his vessel with a complete C70600
copper nickel cooling water system and found that biofouling growth in the waterboxes was quite heavy
despite the antifouling characteristics of coppernickel. Investigation revealed that the shipowner hadretained

(®) Gehring, G.A. Jr., Kucster, C.K. and Maurer, J.R. "Effective Tube Length - A Consideration on Galvanic Corrosion
of Marnine Heat Exchanger Matcrials” NACE Corrosion/80 Paper No. 32, 1980
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and the electron flow from the anodic to the cathodic site (Ti tubes) for a copper alloy heat excharniger with
titanium tubes. Superferritic and 6% austenitic stainless stecl tubes would behave as titanium in this
arrangement.

Uhlig states that the penetration (corrosion) follows this equation:

P=P,(1+B/A)
Where P is the penetration (corrosion) of the anodic metal of area A coupled to the cathodic metal of area
B.

P, is penetration of the anodic metal without coupling

From these basic reactions, it can be seen that the amount of dissolved oxygen available at the cathode,
the surface area of the anode and the surface area of the cathode can have a major influence on the extent of
galvanic corrosion that will occur. A small anodic surface will suffer much deeper corrosion than a large
anodic surface. The lack of dissolved oxygen, as in deaerated solutions, will limit the reduction reaction to
the formation of hydrogen which tends to be adsorbed on the cathodic surface thus reducing the cathodic area.
A large cathodic area will resultin more corrosion of the anodic metal than a small cathodic area. The engineer
can reduce the cathodic area by painting the cathodic metal.

These are the principal factors on which solutions to the following 30 case histories were based.
Case History Solutions To Galvanic Corrosion Problems

Condensers And Heat Exchangers

1) Tube to Tubesheet Copper Alloy Svstems: The common copper alloy tubing, admiraity, alumi-

num brass and copper nickel are cathodic to naval brass, muntz metal and aluminum bronze, the common
copper alloy tube sheet alloys. The galvanic effect is not large but is in the desired direction - protection
of the more critical component, the tubing. For copper nickel , C71500 tubing can be used with C70600
or C71500 tubesheets, with a beneficial or neutral galvanic effect. C70600 tubing should be used with
C70600, naval brass, muntz metal or aluminum bronze tubesheets where the galvanic effect is neutral or
beneficial. Were C70600 tubes to be used with C71500 tubesheets, the galvanic effect would tend to
accelerate corrosion of the inlet end. This combination is generally avoided. The author’s experience has
been that the galvanic effect is small, does not significantly affect performance and is generally neglected
for all these copper alloy combinations except for C70600 tubes in C71500 tubesheets which is best
avoided.

2) Problem: Copper Nickel Plate Type Heat Exchangers: A naval flat plate type heat exchanger of

C71500 was subject to inlet end erosion-corrosion due to the turbulence pattem at the inlet end. The inlet end
of the plates eroded-corroded down to a knife edge.

Solution; Plates were redesigned in a C70600-C71500-C70600 roll bonded clad plate configuration.
As the C70600 eroded-corroded, the C71500 was galvanically protected achieving the desired life.

3) Problem:  Siainless sieel and titanium fubes: copper alloy tubesheets: When copper alloy

condensers were first retubed with 6% Mo and titanium tubes, it was thought the effective cathode area would
extend only a few diameters down the tubes. Surprisingly severe corrosion of copper alloy tube sheets
occurred. Several studies revealed that titanium and 6% Mo tubing were so easy to polarize that the whole
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the steel waster plates which had been required i1 b~ former coated waterbox - aluminum brass tubed
systems. The galvanic protection afforded the copper alloy waterbox negated its inherent antifouling
characteristics allowing the waterboxes to foul.

Solution: Removal of the steel waster plates allowed C70600 to regain and retain its natural antifouling
characteristics.

Valves

7 Problem: Stainless steel valves in copper alloy piping: The question of how stainless steel valves
in a copper nickel piping system will perform frequently is asked. One answer has been supplied by the long
term performance of alloy 20 (CN7M/Carpenter 20C63) valves installed in C70600 piping on a Gulf Coast
cargo vessel.

Solution: The copper nickel piping adjacent to the stainless steel valves was inspected after several
years in service. Slightly more pipe wall metal loss occurred adjacentto the stainless steel valve than several
diameters from the alloy valve. The galvanic effect was spread over such a large area of pipe that no threat
to the 20 year life of the piping system was indicated. Refer to Figure 5.

In a controlled test, May and Weldon, found the weight loss for C70600 pipe coupled to a CN7M
valve was 3.2x as great as for C70600 pipe insulated from a CN7M valve in a 2 year controlled experiment.
Flow rate was 3.7fps (1.1ms) (?)

8) Problem: Butterfly valves: The crude oil - ballast copper nickel piping system on a large tanker was
fitted with a style of butterfly valves where the rubber seat was held in place with stainless steel keeper rings
and did not cover the full carbon steel face of the valve. While this construction was appropriate for crude
oil service, when the ballast tanks were filled with sea water the copper nickel, to steel area ratio was >20:1.
Galvanic corrosion undermined the keeper rings, leading to failure and leakage.

Solution: The corroded area was machined out and rebuilt with alloy 625 filler metal which is
cathodic to the copper nickel piping. After one year the rebuilt valves were in pristine condition and no
increase in copper nickel piping corrosion could be detected.

Pumps

9) Problem: Saline water intake pumps: Stainless steel internals in vertical turbine intake pumps are
quite resistant to the severe erosion - corrosion conditions when the pumps are operating but are vunerable
to under deposit corrosion and microbial influenced corrosion when these pumps are placed on extended
standby as is normal practice.

Solution: The inlet and diffuser sections, sometime the case, are made of austenitic nickel grey or
dictule iron which provides sufficient galvanic protection to prevent corrosion of the stainless steel impeller
and shaft while on standby.

In several cases where the inlet bell and diffuser section had been made of stainless steel depriving
the impeller and shaft or protection, seve. z impeller and shaft corrosion occurred within the first year. Such

(“YMay, T.P.and Weldon, B.A .. "Copper-nicke' ailoys for service in scawater” 24th International Congresson Fouling
and Marine Corrosion, Cannes, France func 8 13 1964,
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corrosion could have been prevented by replacing the inlet section with austenitic nickel iron. The users
elected to use steel anodes in the stainless steel inlet section which were effective, but required periodic
renewal.

Welds

10) Problem; Icebreakerhull welds: Welds onsteel hulls and offshore oil structures are normally coated
and/or cathodically protected. When coated and/or protected, little difference in the corrosion behavior of the
weld metal and the base metal has been reported. Icebreakers however, abrade off coatings and strip off
anodes, as they move through the ice. In the early 1960’s severe weld corrosion of icebreaker hulls was
reported. Investigation by International Nickel’s marine corrosion laboratory indicated the matching
composition filler metal normally used was anodic to and corroded preferentially to the hull plate, Figure 6.

Solution: The weld metal was changed to one contining 1% Ni insuring that the weld metal would
be cathodic to the hull.

11) Problem: Rudder welds: Inthe 1980’s the authorencountered weld metal corrosion of a large steel
rudder where the coating and cathodic protection were ineffective apparently due to highly turbulent
conditions around the rudder.

Solution: In this case the shipowner elected to use an even more cathodic filler metal, alloy 625, to
provide greater insurance of good performance under the highly turbulent conditions surrounding this
particular rudder.

12) Problem: Filler metal for copper nickel: Standard practice is designed to avoid most galvanic
corrosion problems. The higher nickel content alloy, 70-30 copper nickel, C71500 is welded with a near

matching composition filler metal which has a slightly higher alloy content making it cathodic to the C71500
base metal. Monel filler metal which is strongly cathodic to C71500 is also used as a filler metal for C71500
and for copper nickel to steel welds.

The lower nickel content alloy, 90-10 copper nickel, C70600, is welded with C71500 filler metal
which is quite cathodic to the lower nickel content alloy. Most welding rod suppliers do not offer a matching
composition filler metal for the leaner C70600 alloy fearing it might inadvertently be used on C71500 with
catastrophic resulits.

13) Prob'em: Filler metal for alyminum bronze: C63000 and C954000, 8% aluminum bronzes, are
welded v.‘th 4 higher aluminum content to weld metal to prevent stress corrosion cracking. The higher

aluminum content weld metal in slightly anodic to the base metal. Experience has shown the slightly anodic
weld metal performs well in fabricated waterboxes, pumps and column pipes. However, some fabricators
advocate using a matching composition filler metal for the final bead. While it is desirable to have the weld
metal cathodic to the base metal, it is not always possible to do so as in the case of aluminium bronze.
Experience is the best guide.

14) Problem: Filler metal for other copper alloys: Silicon and phosphor bronze alloys are generally

welded with a matching composition filler metal. Preferential corrosion of such welds, when it occurs, is an
indication that a more noble filler metal, such as copper nickel or nicke] copper should be used.

15) Problem: Filler metal for stainless steels: Stainless steels do not exhibit the tendency towards
galvanic corrosion of the weld metal found in steels and copper alloys. Stainless stecls can be sensitized to

intergrannular corrosion (IGA) if the older 0.07 or 0.08% carbon max. grades are sclected for welded
fabrication in lieu of the more common 0.03% carbon max. grades. The 4 1/2% and 6% Mo grades are
fabricated using a higher Mo conten filler metal to avoid weld metal corrosion that can occur with amatching
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composition filler metal. The reduction in corrosion that occurs when matching composition filler metals
are used in welding the higher molybdenum filler metals is due to segregation of molybdenum in the cast
weld metal structure. Solution annealing (SA) at 2150F (C) will homogenize molybdenum. When SA is
impractical a higher molybdenum content filler metals such as 625, C276 or C22 are used. Neither IGA or
molybdenum segregation are due to galvanic factors, however.

Fasteners
16)  Problem: Stainless steel fasteners were used to secure the aluminum awning to the store front of a

building in a coastal city. The aluminum bolt holes were enlarged by galvanic corrosion allowing the awning
to drop, Figure 7.

Solution: Pack the bolt holes with alubricant that will adhere to and displace moisture from metallic
surfaces atassembly. Inspect and repack as necessary. Anadherentlubricantinsulates the dissimilar metals,
not completely, but sufficiently to markedly reduce the aluminum hole enlargement. Most lubricants are not
adherent and may promote rather than mitigate such galvanic corrosion.

17)  Problem: The steel stuffing box bolts in the bilge of a copper nickel hulled work boat were covered
by sea water and failed by galvanic corrosion allowing water to enter nearly sinking the vessel.

Solution: The steel bolts were replaced with nickel copper alloy 400 bolts which are cathodic to
copper nickel as originally specified.

18)  Problem: Stainless steel fasteners in FRP hulls below the waterline fail by crevice corrosion for lack
of the galvanic protection a steel or aluminum hull would have provide.

Solutions: 1) Enbed the fasteners more securely in resin so sea water will not wick into the fastener
recess.
2) Use nickel copper alloy 400 bolts.

19)  Problem: Brass screws holding a steel port hole fitting on a steel hulled boat failed by dezincification
in heavy seas flooding the head and nearly sinking the boat before the port hole opening could be closed.

Solution: Use nickel copper alloy 400 screws.

20)  Prohlem: Nickel copper alloy K500 and other high strength fasteners have failed in cathodically
protected strucutres in sea water from the hydrogen released by the cathodic protection system on cathodic
surfaces.

Solution: Avoid fasteners with > 100,000 psi tensile strength in cathodically protected structures.
Use nickel copper alloy 400 fasteners.

The foilowing guidelines are helpful in selecting fasteners
1 Select fastener material that is cathodic to all other metals in the assembly.

2 Avoid use of fasteners with >100,000 psi tensile strength in structures that are, or may be,
cathodically protected at sometime in their useful life.

3 Avoid brass screws that are subject to dezincification.  Although steel will galvanically
protect copper and bronze, steel 1s not alway effective in preventing dezincification of high zinc brasses.
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4 Good performance of stainless steel fastener materials is dependent upon galvanic coupling
with steel or similar anodic substrates to prevent crevice corrosion.

5 In the atmospheres or low conductivity fluids such as fresh water where galvanic effects are
limited to the immediate area of the junction between the fastencr and substrate, failure by hole enlargement
can be just as serious as failure of the bolt itself.

Hull Related Cases

21) Problem; Deep corrosionoccurred in the steel hull adjacent to the weld joining the nickel copper alloy
valve body to the hull in the bell shaped inlet of an older type submarine hull cooling water intake, Figure 8.
The hull cathodic protection system was not effective in preventing localized corrosion in this deep recess and
could not easily be modified to do so.

Solution: The coating was removed from the bell mouth by sandblasting, enlarging [hc anodic area
and spreading the corrosion over a larger area thus reducing the depth of attack.

22) Problem: A nickel copper alloy pipe passed through a well coated steel ballast tank on an older type
submarine. Deep corrosion of the steel bulkhead occurred adjacent to the nickel copper pipe to steel weld
where the coating tended to fail over the rough pipe to bulkhead weld. Rewelding and recoating of the repaired
area only moved the problem to the area just beyond the repair weld, Figure 9.

Solution; Coating the nickel copper alloy pipe reduced the cathodic area and extended the yearly
inspection for repairs to a more acceptable 5 plus, year period. This is a classic case of coating the more
durable cathodic material to reduce galvanic corrosion.

Note: The 1981 Edition of the Naval Technical Manual "Preservation of Ships"” Chapter 631 Section 7.107
now requires "Monel, copper nickel and other alloy pipes to be coated so as to minimize galvanic corrosion
of steel at alloy pipe to steel bulkhead welds.”

23) Problem: Electrical connectors: Electrical connectors are required to supply power to the winches
and other equipment extemnal to the hull and under the shroud of submarines. This equipment operates in sea

water. Type 316 through hull connectors are standard for this service. Each is welded to the hull to maintain
hull tightness and integrity. The steel hull and its cathodic protection system prevent crevice corrosion of the
type 316 electrical connectors that would occur in the absence of protection.

24) Problem: Stainless steel propellers; Stainless steel is subject to crevice and under biofouling
corrosion in coastal waters. Type CF3 propellers have, nevertheless, been used successfully since 1952 and
are standard for coastal tugboats, towboats and workboats in the U.S. Blades are straightened and weld
repaired routinely. Stainless steel is quite resistant to velocity and turbulence while these work boats are in
operation. The steel hull and its cathodic protection system provide sufficient galvanic protection to prevent
crevice corrosion of the stainless steel propellers while these craft are in port and idle. The low carbon permits
weld repair without sensitization.
Partial Linings

Partial stainless steel linings are installed in steel tanks and vessels by weld overlay, metal spray or
sheet lining. The author has encountered galvanic corrosion at the termination of the lining and at piping that
passes through the lined area. The nature of the electrolyte modifies the galvanic effect.

Galvanic corrosion has occurred at

I The termination of lining above the liquid in the vapor zone.
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II The termination of lining below the liquid level.
II Carbon steel piping passing through the stainless stcel lined section of tank. Refer to
Figure 10 and sections A, B & C.

25) Problem: I VaporZone: Termination of lining above the liquid in the vapor zone. Galvanic corrosion
results in a groove in the steel adjacent to the alloy termination weld, Figure 10 Section A. The anode to
cathode area is approximately 1:1. The groove deepens slowly with time.

Solution; Yearly monitoring and rewelding when the depth of groove warrants is the normal remedial
measure.

26) Problem: III  Liquid zone; Carbon steel pipe penetrating the lined portion of the tank wall.

Galvanic corrosion leads to corrosion of the steel pipe at the junction with the alloy lining. Figure
10 Section B.

Solutions: 1) Replace with stainless steel piping.
2) Coat the stainless steel liner to reduce the cathodic surface and minimize corrosion
of the steel piping.

27) Problem: II A.1 Liquid zone; Termination of lining below the liquid level in a poorly conducting
electrolyte such as fresh water. Tank uncoated below lining.

A deep groove forms in the steel just below the alloy to steel weld, Figure 10 Section C-A.

Solution: Yearly rewelding of the groove is often necessary. The groove reforms just below the
rewelded area if alloy filler metal is used; in the rewelded area if carbon steel filler metal is used.

28) Problem: I1 A.2 Liquid zone: Termination of lining below liquid level in alkaline paper mill
liquor.
Tank wall coated below partial lining.

Deep localized corrosion can occur in areas where the coating may be scratched, damaged or where
localized coating failure occurs over weld metal or surface irregularities. Through wall corrosion and leakage
can be anticipated at breaks in the coating within a year or so. Figure 10 Section C-B.

Solution: 1) Supplemental cathodic protection in the lower portion of the tank will prevent corrosion at breaks
in the coating.

2) Coat the cathodic surface, the stainless steel liner, to reduce the cathodic surface and minimize
corrosion at breaks in the coating.

29) Problem: I1 A3 Liquid zone: Termination of lining below the liquid level in an alkaline paper mill
liquor, a highly conductive electrolyte. Tank uncoated below the partial lining.

Metal loss is spread out over a large area of the carbon steel. It is difficult to measure the slightly
greater metal loss adjacent to the lining, Figure 10 Section C-C.

Solution: Yearly monitoring is normally all that is required.
Carbon - Graphite
30) Problem: Graphite or carbon filled gaskets and packing: Severe pitting corrosion of stainless steel

and copper alloy valve stems, pumps shafts and flange faces in contact with graphite/carbon filled non metallic
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packing, gaskets and lubricants.

Most black or dark packings, gaskets and lubricants contain graphite/carbon which is quite noble
(cathodic) to copper alloys and stainless steels. In saline waters severe pitting corrosion has occurred where
such materials come in contact with copper alloy or stainless steel valve stems, pump shafts or flange faces.

Solution; Ban graphite filled non metallic packing and gaskets in brackish and saline waters. Only
occasional problems have been reported in fresh waters.

Summary

1 When two dissimilar metals are in contact, corrosion of one will be increased and corrosion
of the other will be retarded. Galvanic corrosion can be successfully managed and made to works towards,
rather than against, durability of the assembly by understanding and utilizing the principles that govern
galvanic corrosion.

2) Increasing the anodic area (by removing any coating) will allow the corrosion to be spread
overalargerareabelow the liquid level in aconductive fluid. Increasing the anodic areain a poorly conductive
fluid or above the liquid level is ineffective.

3) Painting the cathodic area will reduce the effective cathodic area and reduce corrosion of the
anode in a conductive fluid.

4) Selecting cathodic materials, often highly cathodic materials, for fasteners, for weld filler
metals and for the critical component of an assembly such as a pump or valve will take advantage of the
galvanic effect, making the assembly more durable.

5) The cathodic member of a couple can initiate damaging corrosion of bolt holes, tubesheets
and coated anodic surfaces.

6) The cathodic member can be damaged by the hyrodgen released on cathodic surfaces in
cathodically protected structures and in some galvanic couples.

7 Avoid use of graphite filled packing and gaskets in brackish and saline waters.
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CORROSION - POTENTIALS IN FLOWING SEA WATER
{8 TO 13 FT./SEC.) TEMP RANGE 50° - 80°F
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.0 cadmium
Mild Steel, Cast lron
| |
Low Alloy Steel

Auslamlic Nicke! Cast lron

{ Aluminum Bronze

Naval Brass, Yellow Brass. Rad Brass

Pb-Sa Solder (50/50)
Admirailty Brass, Aluminum Brass
Manganese Bronze
a Silicgm Bronze

Tin Bronzes (G & M)
tainless Steel—Types 410, 416
3 Nickel Sitver .

[ m-lo'CODnLr-Nincl

[} 80-20 Cogper-Nickel

) tainless Stesl—Type 430
Lead
70;30 Coppsr-Nick

Nickei-Aluminum Bronze

O Nickel-Chromium alloy 600
Silver Braze Allolys
Nickel 200|
] Stiver
E _Szalnless Steel—Types 302, 304, 321, 347

] Nickel-Capper zlloys 400, K-

|
Stainless Steal—Types 316, 317

Alloy "2?" Stainless Steels, cast and wrought
|
Nickol-lr'on-Ch'romium alloy 82
) ]
[ Ni-Cr-Mo-Cu-Si alloy B

|
T lniuT
: Ni-Cr-Mo alioy C

C] Plltinum

Graphite
1

Alloys are listed in the order of the potential they exhibit in flowing sea water. Certain
alloys indicated by the symbol: [l in low-velocity of poorly aerated water, and
at shielded areas, may become active and exhibit a potential near -0.5 volts

Figure 1 Galvanic Series - Flowing Seawater (INCO)
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Figure 3 Upper half of waterbox and inlet end of a titanium tubed copper alloy
condenser of heat exchanger. The adverse area ratio overwhelms the differences in potential.
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Figure 4 Deep pitting in coated steel waterbox in a desalintion heat exchanger with C70600 tube
sheet and tubes - 6 months
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Figure 5 Metal loss patgtern in CuNi pipe adjacent to SH. SH. valve (seawater)
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Figure 6 Corrosion of hull plate weld with CP  (seawater)
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Combination of acoustic emission and electrochemical techniques
in erosion-corrosion studies of passive stainless steels
in acidic media.

L. RENAUD
Creusot-Loire Industrie, BP 56
71200 LE CREUSOT- FRANCE

B. CHAPEY, R. OLTRA
URA CNRS 23 Réactivité des Solides
BP 138 21004 DIJON- FRANCE

Abstract

This study has been conducted to investigate the ability of acoustic emission techniques
(AE) to measure the frequency of the mechanical impacts of slurries flowing in aqueous
solution, their distribution in energy and the total mechanical wear.The mean idea is to be
able (during erosion-corrosion experiments) to separate the two individual contributions.
RMS AE signals are used to obtain the integrated value of the mechanical wear and the
instantaneous rate of abrasion. The integrated RMS AE signals give an estimation of the
total mechanical wear during the abrasion experiments in corrcsici niedia and cnable i@
study the synergy between the corrosive damage and abrasive wear. It can be concluded that
RMS AE signals provide a new tool to measure the rate of mechanical abrasion in a slurry
jet test apparatus. The experimental results concern the behavior of passive stainless steels
in acidic media (sulfuric acid).

Concerning materials behaviour, it is shown that :

- an austenitic, a superaustenitic and a duplex grade have almost the same pure erosion rate.
- corrosion rate is directly dependant on erosion rate

- corrosion resistance of stainless steels is mainly due to corrosion resistance i.e. the ability
for a material to repassivate after high impact fluxes and subsequent local depassivations.

Key terms : erosion-corrosion, stainless steels, acoustic emission, sulfuric acid.
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INTRODUCTION

Degradation of the materials due to the combined effects of erosion by particles and
corrosion, has an enormous economical impact. There are indeed a great number of
industries that are subjected to this type of degradation. For example : hydrometallurgy and
phosphoric acid production plants which necessitate an attack step where ores are dissolved
in hot concentrated sulfuric acid, mining industries, oil and marine industries and also all
the chemical industries which are handling corrosive fluids containing abrasive particles
coming either from the reactants or from a precipitation due to chemical reactions.

A lot of equipement are subjected to erosion-corrosion such as : vessels, agitators, pumps,
impellers and all the pipes and tubes that handle these fluids. Product forms are also of
various types such as plates, tubes and forged or cast pieces.

It has to be mentionned that erosion-corrosion phenomena are not well understood today.
As a consequence, most of the people have the tendancy to choose a "hard” material as
resistant material. It will be shown in fact that, under erosion-corrosion, the higher the
corrosion resistance, the higher the resistance to erosion + corrosion. Another consequence
of this misunderstanding of erosion-corrosion phenomena is the great difficulty to choose
the right material for a given application. This leads to the fact that these equipments are
considered as "consumable equipments”. A lot of money could be saved by an adequate
selection of the materials.

These behaviors are to be attributed to the high complexity, of erosion-corrosion
phenomena which falls itself from the great number of parameters governing
hydrodynamic, mechanical, metallurgical, chemical and electrochemical aspects of erosion-
corrosion.

In previous works, it could be shown that the corrosion of a given material is governed by
the erosion rate (1,2). This can be easily understood if one considers that the resistance of a
material under erosion and corrosion is mainly related to the ability of its passive film to be
restored after local breakdowns.

Two important parameters arise from this approch : the frequency of impacts which
influences the depassivation rate and the energy of the impacts which controls the volume of
matter affected by each impact. The knowledge of the erosion regime is then very important
but not easy to achieve. This paper presents the development of a new technique based on
Acoustic Emission (AE) which allows the quantification of the erosion regime through the
measurement of the kinetic energy fluxes of particles in a flowing corrosive fluid.

EXPERIMENTAL

Erosion setup

The slurry jet apparatus used in th:. study is based on an "impinging jet" device.The flow
velocity of the corrosion electrolyte (9 m.s-1) is controlled by the pressure in the loop.The
impinging jet is designed so that the main impact angle of the abrading particle (SiC 500
pm) is 90°,

The mechanical damage is estimated in a non-aggresive environment : NaySOy4 0.1 M under
cathodic protection (-1900 mV/SSE). The mechanical damage is a function of various
physical characteristics of the slurry-jet as determined by the frequency of the impacts and
the energy distribution of the particles.

Materials
T'he erosion experiments were performed on various stainless steels : a classical 3161
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austenitic grade, an economical duplex grades (UNS S32304) containing 23 % Cr-4 % Ni
and superaustenitic grades : the reference one 904L (UNS NO08904) and a high corrosion
resistant grade (UNS NO08932). The chemical compositions are given in table 1. All the
erosion experiments in corrosive environment were conducted in a NapSOy4 1M solution at

25¢C.

Development of an acoustic emission device

The use of an acoustic sensor is not largely widespread for abrasion experiments with a
flowing slurry suspension. Some attempts have been proposed to characterize the abrasive
wear in lubricated sliding contacts (4).

Acoustic emission (AE) was also previously proposed as a method of monitoring hard
particle impact on metallic surfaces by analysing AE signals (burst emissions) with a broad
bandwith piezoelectric transducer positioned on the opposite face of the target. Quantitative
analysis of the AE signals allowed to size the particles (5).

This study deals with the measurement and the subsequent signal analysis of acoustic
emission from impinged metallic target in aqueous corrosive environment.

It has been assumed that mechanical stresses induced by the impact of a particle in
suspension in the flowing fluid, generates an ultrasonic wave. Then for each particles
impact, the AE signal consists of a single burst emission. During erosion experiments, the
summation of the counts, which is achieved by counting the number of times the AE signal
crosses a preset trigger level voltage, can be correlated the erosion rate.

Fig.1 summarizes all the possibilities offered by this technique. Fig. 1a shows two particles
impact AE signals and Fig. 1b shows the corresponding electrochemical response of the
material (current density under polarization).

By recording these signals during all the experiments, we should be able to quantify the
erosion regime (frequence of the impacts, energy of the impacts) and the "harmfulness" of
the impacts (corrosion current).

As the erosion can also be considered as a pseudo-continuous phenomenon, the RMS AE
signal might be expected to provide information about the total mechanical erosion.

A Europhysical Acoustic ( bandwidth 350-1200 kHz) sensor is coupled with PTFE grease
to the stainless steel target (Fig. 2a). The output signals can be amplified if necessary. The
signal is transmitted directly to a digital oscilloscope to trigger the electrochemical transient
response. On the other hand it is transformed by a RMS device the output of which is
connected to a Digital Audio Tape recorder (sampling rate 48 kHz).

After recording 