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SUMMARY

The premature failure of copper-nickel seawater piping in nraval

.t A I s 2
et

ships being outfitted in a polluted estuary stimulated an ongoing research
program at SRI International, funded by the Office of Naval Research
(Contract NOOO14-77-C~0046). Specifically, the importance and role of
dissolved sulfide pollutants on the seawater corrosion of two copper-

:1 . nickel alloys--90:10 Cu:Ni (CA 706) and 70:30 Cu:Ni (CA 715)--are being

‘ investigated.

This report, which describes the progress we have made during the

second year of the program, is split into threc major sections, Each

section is a paper that has been submitted for publication in CORROSION,
and hence each section can stand alone, independent of the others., The
titles and authors of the three papers are:

(1) "The Validity of Electrochemical Methods for Measuring

Corrosion Rates of Copper-Nickel Alloys in Seawater,'
by B. C. Syrett and D. D. Macdonald,

1

(2) '"Corrosion of Copper-Nickal Alloys in Seawater Polluted
With Sulfide and Sulfide Oxidation Products," by B. C.
Syrett, D. D. Macdonald, and S, S, Wing.

(3) "Effesct of Flow on Corrosion of Cu-Ni Alloys in Aerated
Seawater and In Sulfide-Polluted Seawater,' by B. C.
Syrett and S. S. Wing.

- aimsn

The first two papers have already been accepted for pubiication and N

should appear in CORROSION during 1979. In addition, the second paper

will be presented at the Annual Conference of the National Association




of Corrosion Engineers (CORROSION/79) to be held in Atlanta, Georgia, in

March 1979,

The highlights of this work may be summarized as follows:

(1)

(2)

(3)

(4)

1

Electrochemical methods of monitoring the corrosion rate
of copper-nickel alloys in seawater give results that
correlate well with weight loss data as long as certain
precautions are taken,

The presence of sulilde, sulfur, polysulfides, or com-
binations of these species can turn essentially noncorrc-
sive deaerated seawater into a comparatively corrosive
enivironment. However, under the fairly mild flow con-
ditions used, corrosion rates in seawater polluted with
these sulfur species were not high enough to explain the
accelerated attack of the copper-nickel piping in the naval
ships.

Both copper-nickel alloys investigated corrode less rapidly
in sulfide-polluted (~ 0.2 mg [S]/dm®) deaerated seawater
than in aerated seawater at velocities up to § m/s. Thus
even under comparatively adverse flow conditions, the

mere presence of sulfide does not cause accelerated attack
of copper-nickel alloys.

When the velocity of the aerated seawater is increased

from 2 m/s to 3 /s (Reynolds number from 30,000 to
44,000}, 70:30 Cu:Ni undergoes a transition from fairly
uniform mild corrosion to accelerated localized corrosion.
This pitting type of corrosion is intensified at velocities
greater than 3 m/s. This breakaway corrosion phenomenon is
interpreted in terms of the relationship between the
corrosion potential and a ''breakaway potential,' defined

as the potential at which a sudden increase in anodic
current occurs on sweeping the potential in the active

to noble direction..
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THE VALIDITY OF ELECTROCHEMICAL METHODS FOR MEASURING
CORROSION RATES OF COPPER-NICKEL ALLOYS IN SEAWATER
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ABSTRACT

This work was stimulated by reports that electrochemical methods
for measuring the polarization resistance of copper, nickel, or copper-
nickel alloys in aqueous systems may lead to appreciable errors in the
estimates of the corrosion rate, In the present work, the polarization
resistance (Rp) of two copper-nickel alloys (90:10 Cu:Ni and 70:30 Cu:Ni)
was monitored as a function of time 1in flowing seawater that contained

0.045, 0.85, 6.6, or 26,3 mg/dm® dissolved oxygen. Rp values were

obtained using the linear polarization, potential step, and ac impedance
techniques. The total weight loss during the test period was calculated
from the area under the l/Rp versus time curve and compared with the
measured weight loss. The experimental data support the validity of
electrochemical methods for measuring corrosion rates of copper-nickel i
alloys in seawater, provided that a sufficient number of Rp measu. sments 1

are made during the first 24 hours, and provided that proper consideration

is given to the capacitive elements of the metal/solution interfacial 1

impedancr.. Previous reports that electrochemical measurements may lead to

underestimates of the corrosion rates are thought to have resulted primarily

from undetected (and very high) corrosion rates at short exposure times.

Reported overestimates of the corrosion rate are thought to have resulted
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from the use of a potential sweep rate that was too high (linear polari-
zation technique), a time for current decay that was too short (potential
step technique), or excitation frequencies that were insufficiently low

(ac impedance tecinique).
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INTRODUCTION

The application of electrochemical techniques for measuring corro-
sion rates of metals in condensed media is now well established.!’? The
most Irequently used technique is linear polarization, which makes use
of a linearized Butler-Volmer type of expression for the current within

a few millivolts of the corrosion potential (Ec . ). Experimentally,
orr

this tecinnique requires estimation of the polarization resistance (Rp)

equal to the slope (JE/3i) of the potential versus current curve at

3 (]

E = Ecorr' The Rp value obtained 1s inversely proporticnal to the

instantaneous corrosion current (icorr)’ as defined by the Stern-Geary
relationship.?

However, previous reports indicate that electrochemical methods for

measuring ‘he polarization resistarces of copper, nickel, and copper-

nickel alloys in aqueous systems may lead to values for the calculated

weight losses that are substantially higher*:® or lower%,%,7 than actual

weight losses. Assuming that the normal correctiones were made for the
IR drop between the Luggin probe of the reference electrode and the

specimen, there seems to be no valid theoretical foundation for underesti- ‘

matés of the corrosion rate. On the other hand, overestimates of the

corrosion rate can be explained, for instance, in terms of the nonspecific !
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nature of Rp measurements. Any electrochemical reaction, irrespective
of whether or not it leads to corrosion of the metal, will contribute
to the current flowing across the interface and muy lead to an overestimate
of the corrosion rate (or underestimate of Rp). For example the oxidation
of molecular hydrogen gives rise to an ancdic current that, undex some
circumstances,® cannot be distinguished from a metal oxidation (i.e.
corrosion) current on the basis of linear polarizition measurements
alone. As will be discussed later, there are also other satisfactory
explanations for the reported overestimates of the corrosion rate cal- !
culated irom Rp data,

The present work was initiated primarily to investigate the reports
that electrochemical measurements underestimate {(by as much as an order
of magnitude, or more) the corrosion rate of copper,’ nickel,® or copper-
nickel alloys? in aqueous systems of near neutral pH, However, some con-
sideration has alsc been given to the cause of corrosion rate overesti-
mates. In this work, polarization resistance data for Coppexr Alloy
706 (90:10 Cu:Ni) and Alloy 715 (70:30 Cu:Ni) in flowing seawater are
analyzed and are shown to be consistent with measured weight losses if

certain precautions are taken.
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EXPER IMENTAL

Five tutular specimens of each copper-rnickel alloy were tested in
tandem under weli-defined hydrodynamic and mass transfer conditions at
26 £ 2C in i recirculating seawater flow loop. The specimens consisted
of 2.54-cm lengths of condenser tubing (1.384 cm ID, 1,715 cm OD) separated
srom each other by thin Delrin(a) spacers, Each set of five specimens was
preceded by a 67-cm long approach seetion of copper-nickel tubing of identical
composition and internal diameter as the specimens; a 15-cm length of the
same tubing was placed immediately downstream from the test section to
serve as a counterelactrode. A saturated calomel reference electrode
(SCE) was placed in a side—-arm just upstream from each set of five speci-
mens., Full details of the chemical compositions of the alloys, specimen
preparation, seawater characteristics, flow locp design, and experimental

procedures are given in previous publications.¥-1!

In the present work,
the seawater velocity was held constant at 1.62 m/s., Thus, the Reynolds
number was about 25,000 (using the tube ID as the characteristic length),

and turbulent conditions prevailed in all experiments, In addition, the

long approach section ensured full development of the mass transfer and

(a)pelrin (polyformaldehyde) is a registered trademark of E, I, DuPont
de Nemoure and Cc., Inc.
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velocity boundary layers upstream firom the specimens, so that all specimens
wore tested under essentially identical conditions.

The oxygen concentration in the seawater was held constant at one
of four values in the range 0.045 to 26.3 mg/dm®, The oxygen concentra-

tion was determined by Winkler titration.'?

Corrosion Rate Measurements

The polarization resistance (Rp) at the metal/solution interface
was determined using three different electrochemical techniques: 1linear
relarization, ac impedance, and potential step. In each case, a poten~
tivietat was used in the potential-control mode and, a&s described pre-
viously,®~!! care was taken to ensure that the system response to a
time-dependent excitation did not result from instrumental artifacts,

Linear polarization data were generated by imposing a small-amplitude
(20 mV peak-to-peak) triangular potential excitation across the interface.
Voltage sweep rates over the range 0.1 mV/s te 50 mV/s were =mployed, and
the current/voltage curves were recorded with an X-Y recorder.

Surface impedance data were generated as a function of frequency
(1 x 107% Hz to 4 x 10% Hz) by imposing a 11 mV peak-to-peak sinuscidal
signal across the interface. The components of the impedance were cal-
culated from the dimensions of the steady-state Lissajous figures®,%,11,13

goener ted by simultaneously imposing the sinusoidal response current

i
i
1
1




and voltage excitation across the Y and X axes, respectively, of an

. oscilloscope (1 Hz to 4 x 103 Hz) or fast responsc X-Y recorder (1 x 103

! to 1 Hz),

The decay of current with time under potentiostatic conditions was
investigated by imposing a small-amplitude potential step(AE = ' 10 mV)
across the interface at zero time. The current was then recorded for
approximetely 5 minutes or until an apparently constant value was

|
! obtained.

The specimens were cloaned initially and were descaled after axpo-
sure to the seawater by immersion in HC1/H,S0, (ASTM Recommended
Practice Gl-72 for copper alloys).

i Each of the five specimens of a given alloy performed a single

function, One was used solely for linear polarization, one for ac

impedance, one for potential step, and the remaining two specimens were

T e

i used solely for weight loss measurements., Because the mass transfer
conditions were nominally identical for all five specimens, the results
obtained for one specim:n were expected to be entirely consistent with

those for any other specimen.
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RESULTS

Macdonald'* analyzed the transient response of an equivalent circuit
for an electrode/solution interface to the type of small-amplitude trian-
gular potential excitation used in the linear polarization method. He
demonstrated that the apparent polarization resistance value (Rapp)
obtained by the linear polarization technique can vary greatly
with potential sweep rate, particularly when the interface has & large
capacitive element, as in the present systems, Using some of the Ra
data genarated in the present work, Macdonald showed that the true polari-
zation resistance, Rp, could be obtained by extrapolating the curve of
1/thp versus potential sweep rate to zero sweep rate. In addition, his
analysis showed that Rapp’a Rp when the cyclic voltammogram recorded using
the linear polarization technique showed minimal hysteresis. 1In the
present work Rapp P Rp at the lowest potential sweep rate used (0.1 mV/s);
therefore, only these polarization resistance values are reported below,
For similar reasons,? care was taken to aliow adequate time (up to 15
minutes) for current decay when the potential step technique was used,
and to reach sufficiently low excitation frequencies (as low as 1073 Hz)

when the ac impedance technique was used. In this way, valid Rp data

were obtained.
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Much of thke electrochemical data obtained in this study has been
reported in previous publications,?!,!? but the data have been roevaluated
and plotted in Figures 1 to 4 as l/Rp versus time curves to facilitate
& direct comparison of the electrochemical measurements with the weight
loss data, It wili e seen that there is generallv good agreemont between
the 1/Rp values obtr‘uned by the linear polarization, potential step, and
ac impedance techniques.

According to the Stern-Geary treatment of electrochemical corrosion,3
the corrosion current (icorr) is proportional to the reciprocal of the

polarization resistance as shown in Eq. 1:

1corr = a‘ac/z.sos Rp(sa + Rc) (1)

where B. and Bc are the Tafel coefficients for the anodic and cathodic
reactions, respectively.. Thus, if Ba and Bc are assumed to be constant, the
data plot. 4 in Figures 1, 2, 3, and 4 reflect the corrosion rates of the

two alloys as a function of time in seawater containing 0.045, 0.85, 6.6, and
26.3 mg/dm3 oxygen, resppctively. Equation 1 may be integrated over

time, t, to yield the charge, Qcorr’ associated with metal loss,

t

Q. = (8,8,/2.303 (8 +p)] I 1/np dt (2)

provided that no parasitic charge transfer reactions occur, For given

values of B‘ and ac, Eq. 2 becomes

Qcorr = BAt/2.303 (3)

et Tt i .
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where B is a constant [=8 ¢ /(8 + B )] with units of volts, and A
t a'c =a c t

t@:l l/Rp dt] 18 the area under the l/Rp versus time curve in units of

coulomb/volt. Application of Faraday's law then ylelds the weight loss,

AW, in units of grams, as

W o= nF =M 2,303 n 4 )
A chorr/nr MBAt/ nF (4) .

where M and n are the conposition averaged atomic weight and change in

oxidation state, respactively. M and n are given by Eq. (5) and Eq. (6)

| in terms of the mole fractions of copper (xCu) and nickel (xNi)’ and
the molecular weights of copper (MCu) and nickel (MNi):
M=

5)
Xowou ¥ *ya My (

and

_ 6
n = xcu + 2 xNi (6)

It 1s assumed that the copper and nickel components are oxidized to the

e N Lt

+ 1 (cuprous) and + 2 (nickelous) states, respectively., For 90:10 Cu:Ni, ' i

M is 63.04 g and n is 1,107, whereas for 70:30 Cu:Ni, M is 62,03 g and é i

- % .!

n is 1,317, Substituting these values in Eq. 4 gives » !

g

AW = 2.563 x 10™% B A, for 90:10 Cu:Ni &)) l i

B

and . i

. i

i

AW = 2,120 x 1074 B At for 70:30 Cu:Ni . (8) ! :

| ! |\1
| 14 I
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The values of At, obtained by graphic integration of the curves
shown in Figures 1 to 4, are listed in Table 1. The mecasurements of

Ba and 8. needed for the calculation of B, requires large deviations of

the potential from Ecorr' and hence significant changes *n the mor-
phology and nature of the specimen surface. Accordir ly, direct evalu-
ation of these coefficients was not considered practical in this work.
instead, the value of B needed to bring the calculated value of total

weight loss in line with the measured value was determined (see Table 1l}.

With one exception, these values of B lie in the range 0.058 to 0.083
volt, with an average of about 0.07 volt. Values of B quoted in the
literature!® for copper-nickel alloys in seawater are consistent with

the present values, ranging from 0.041 to 0.124 volt. Consequently,

all the calculated weight loss values shown in Table 1 have been obtained

assuning B = 0,07 volt in Eq. 7 and Eq, 8. Because cathodic control of

the corrosion reaction is likely for low cxygen concentrations and

short exposure times, whereas anodic control is likely for high oxygen

concentrations and longer exposure times,!! a value of B = 0,07 volt

can be interpreted in terms of the two limiting cases of Ba =0,07 vV,

Bc = o (pure cathodic controi), and Ba =, Bc = 0,07 V (pure anodic
control). Other combinations of Tafel coefficients can be selected that
yield a value of B = 0.07 volt, but the precise value of Bn and Rc are

not critical to the interpretation of our results.

15 ‘




Table 1
COMPARISON BETWEEN MEASURED AND

CALCULATED WEIGHT LOSS

b
{021 Exposure Ay Weight Loss (mg) B( )
(mg/dm3) Period (h) (coulomb/V) Measured Calculated (8) v)

90:10 Cu:Ni

0,045 336,5 380,23 5.92 % 0.3 6,82 0,061
0.85 246,5 316,62 6.00 = 0,1 5.68 0,074
6.60C 189 364,90 7,78 £ 0,1 6,55 0.083
26.3 196 157,82 3.18 £ 0,1 2,83 0.079

70:30 Cu:Ni

0.045 336.5 118,12 1,65 £ 0,35 1,75 0,066
0.85 246.5 123,73 2,10 £ 0.1 1,84 0.08¢
6.60 189 360,18 4,45 £ 1,5 5.34 0.058
26.3 196 07.88'® 9.33 + 0,03 1.45'9 0,450
(a)Weight 108s calculated assuming B= 0,07 volt (Eq. 7 and Eq., 8)
(b)Vulue of B (Eq. 7 or Eq, 8) to give measured weight loss,
(c)

This value is probably underestimated (see text)

16
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‘. Even though the Tafel coefficients were not measured directly and

the true values of B could differ by * 50% (possibly more) from those
assumed, excellent agreement 1s obtained between the weight loss measured
directly and that calculated using Eq. 7 or Eq. 8, with the exception

of the 70:30 Cu:Ni alloy in the oxygen saturated system ([0,] = 26,3 mg/dm?).
In the latter case, both the corrosion potential and the polarization

resistance exhibited large fluctuations at short exposure times,

Unobserved fluctuations of Rp to low values could have resulted in large,
”g but undetected corrosion currents, Thus, the difference between the

measured and calculated welght losses listed in Table 3 for this system

is not considered & serious breakdown of the validity of electrochemical

techniques,

17
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DISCUSSION

The suggestion®~® that the linear polarization and related techniques
tenst to underestimate corrosion rates of copper, nickel, and their alloys
does not seem justified on the basis of the present results. It is con-
sidered likely that the previous poor correlations between electrochemical
measurements and weight loss data result primarily from undetected (#nd
very high) corrosion rates at short exposure times. As shown in Figures
1 and 4, in many instances, the bulk of the weight loss (area under the
curve) occurred during the first 24 hours,

A full discussion of the implications of the effect of oxygen is

given elsewhere,®:!!

The primary intent of this paper is to demonstrate
that linear polarization, potential step, ac impedance, and other methods
of measuring Rp can give calculated weight losses that are entirely
consistent with measured weight losses if Rp data are obtained at short
exposure times. Without these short-term data, corrosion rates calculated
from electrochemical measurements may be grossly underestimated.

It is also important to realize that the generally high capacitance
of the metal/solution interface in these copper-nickel/seawater systems®,'1,14
can lead to overestimates of the corrosion rate unless proper precautions

4

are taken. As mentioned in the results section and elsewhere,'® such

18




overestimates would arise iI too high a potential sweep rate were used
for the linear polarization measurements. In *hese cases, the small
amplitude cyclic voltammograms recorded would shew significant hysteresis,
and the apparent polarization resistances (Rapp) would be lower than the
true Rp values, In the present study, this source of error was circum-
vented by using a low enough sweep rate (0.1 mV/s) so that hysteresis was
ninimal and Rapp’% Rpo However, in other instances, the capacitance of
the interface may be so high that the sweep rate needed to give minimal
hysteresis is impractilcally low, Here, Rapp should be determined at
several potential sweep rates and the true Rp value determined by extrapo-
lating the curve of I/Rapp versus sweep rate to zero sweep rate.14
Similarly, it is essential that sufficient time be given for the
polarizing current to decay to a steady state value when the potential
step technique is used. In the present study, decay times of at least
% minutes and as mich as 15 minutes were needed., Likewise, valid R
values can be obtained using the ac impedance technique only if the low
frequency semicircle in the complex plane impedance diagram is ensentially
complete.’! 1In the present study, excitation frequencies down to 1073 Hz
were used,; but in a few Instances, even these low frequencies were not

low enough to allow a reasonable estimate of the Rp value, and the data

had to be discarded.
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One of the major advantages of in situ electrochemical measurements

oy

is that the kinetics of the corrosion reactions are clearly defined no

matter what the total test period, Thus, in ths present work, exposure

periods ranged from 189 hours to Z36.5 hours. Average corrosion rates

during these periods can be determined from weight loss data (Table 2),

but because of the strong iime dependence of the corrosion rate during
the first few days, the corrosion rates s¢ obtained do not reflect the
true nature of the corrosion kinetics. In contrast, the corrosicn rate
can be calculated from the Rp data after any selected exposure period

(see Figure 5 and Table 2), and these values accurately reflect the

{

corrosion kinetics.

For instance, it is clear from the l/Rp data that

.
ot

the corrosion rate of 90:10 Cu:Ni after an B8-~day exposure iz inversely

S

U

i related to dissolved oxygen content (Table 2). The weight loss data

4
7
b

3

suggest the opposite is true in the oxygen range 0.045 to 6,60 mg/dm®,
Similarly, the loss in the superiority of the high nickel alloy at the

highest oxygen concentration is much more graphically demonstrated when

the Rp data are used than when the weigh: loss datz are used {(sce Teble 2

¢ and Figure 5),
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Table 2
COMPARISON BETWEEN THE MEASURED AVERAGE

CORROSION RATE AND THE CORROSION RATE CALCULATED
FROM THE Rp VALUE OBTAINED AFTER AN 8 DAY EXPOSURE

a
[0_] Measured Average Calculutcd( ) Corrosion

(mg/gma) Corrosion Ratc (mg/day) Ratc After 8 Days (mg/day)

90:10 Cu:Ni

0,045 0.42 £ 0,02 0.20
0,85 0.58 = 0,01 0.12
6,60 0.99 £ 0,01 0,10
26.3 0.39 £ 0,01 0.10

70:30 Cu:Ni

0,045 0.12 £ 0,02 0.022

0,85 0.20 £ 0,01 0.019

6.60 0.57 £ 0,19 0.022
26.3 1.14 £ 0,00 0.160
(a)

Calculated assuming B = 0,07 (Eq, 7 and Eq, 8)

\\J
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CONCLUS IONS

The experimental data support the validity of electrochemical methods
for measuring corrosion rates of copper-nickel alloys in soawater,

Furthermore, slectrocuamical measurements made over a 1l- to 2-week

period facilitate a more accurate and much more detailed examination of
corrosion kinetics than is possible from a single weight loss measuroment

made over the same period.
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CORROSION OF COPPER-NICKEL ALLOYS IN SEAWATER
POLLUTED WITH SULFIDE AND SULFIDE OXIDATION PRODUCTS

by

i B. C. Syrett, D. D. Macdonald, and S. S. Wing

SRI INTERNATIONAL
Materials Research Center
333 Ravenswood Avenue
Menlo Park, California 94025

ABSTRACT

The corrosion rates of Copper Alloys 706 (90:10 Cu:Ni) and 715 (70:30
Cu:Ni) were measured, using rotating cylinder specimens in seawater that
contained oxygen, sulfide, sulfur, and polysuliide, either singly or in
combination. In addition, a control test was performed using unpolluted
deaerated seawater. Corrosion rates were monitored for over 24 hours,
using linear polarization and potential step techniques., The work has shown
that copper-nickel alloys can corrode quite rapidly in deaerated seawater
if these normally ''passive’ alloys are made active by the presence of sul-
fide, or if sulfur is available as an oxidant.
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CORROSION OF COPPER-NICKEL ALLOYS IN SEAWATER
POLLUTED WITH SULFIDE AND SULFIDE OXIDATION PRODUCTS

by

B, C., Syrett, D. D, Macdonald, and S. S. Wing

SRI International
Materials Research Center
333 Ravenswood Avenue
Menlo Park, California 94025

Accelerated corrosion and premature failure of copper-nickel seawater
piping has recently become a problem in naval ships operating in polluted
seawater. From the outset, sulfide pollution was suspected as the cause of
the unusually high corrosion rates. Sulfide levels as high as 0.27 mg/dm3
were reported in the vicinity of the naval ships,! and it is well known?~1?
that sulfide can be aggressive toward copper alloys.

Macdonald, Syrett and Wing? demonstrated that the presence of sulfide in
seawater induces a loss in the passivity of both 90:10 Cu:Ni (CA 706) and
70:30 Cu:Ni (CA 715). Furthermore, the accelerated corrosion in sulfide-
poliuted secawater appeared to arise from a shift in the corrosion potential to
values active enough so that hydrogen evolution became a viable cathodic
process, In ''deaerated" seawater (dissolved oxygen content ~ 0.045 mg/dm3),
the corrosion potential was always more noble than -0.3 V (SCE), oxygen reduc-
tion was the only possible cathodic reaction, and therefore, the corrosion
rates were low.?:'? On the other hand, in deaerated water containing as little
as 0,85 mg/dm® sulfide, the corrosion potential dropped to values in the range
0,45 to 0,72 V versus saturated calomel electrode (SCE), hydrogen ion reduc-
tion became possible, and the corrcsion rates increased by about an order of
nagnitude. The overall anodic reaction changed from cuprous oxide formation
in the sulfide-free system to cuprous sulfide formation in the sulfide-polluted
system, In effect, therefore, sulfide ion converts the two copper-nickel
alloys from an essentially passive state (protective corrosion product) into
an active state (nonprotective corrosion product) that also involves an addi-
tional cathodic process (hydrogen evolution),
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i While sulfide is responsible for a significant increase in the corrosion

{1 rate in deaerated seawater, the polarization resistance (Rp) values given by
Macdonald, Syrett, and Wing? indicate that, even in sulfide-polluted seawater,
the corrosion rate is ouly of the order of 10 mg/dnz/day at a seawater velocity
of 1.62 m/s., 1t is possible, of course, that corrosion rates are much increased
at somewhat higher seawater velocities, or in regions of high turbulence, or if
2z localized corrosion processes (such as erosion-corrosion or pitting) are initiated.
Such possibilities are currently being investigated in our laboratory, but
another explanation of the premuture failures of the shipboard piping system

! is now advanced. The sulfide-pollutad seawater causing the problem is almost

' certainly not oxygen free. Thus, the dissolved oxygen can homogeneously
oxidize the sulfide, possibly producing a species more aggressive towards
copper alloys than sulfide.

Available data indicate that dissolved sulfide is oxidized fairly rapidly
in seawater. Ostlund and Alexander!® showed that for air-saturated seawater
with a sulfide concentration of 3.3 mg/dm®, the half-life of hydrogen sulfide :
is about 20 minutes. Avrahami and Golding,'* in a detailed mechanistic study |
of this reaction, showed that elemental sulfur, sulfite (S03}7), sulfate SO%™), |
and thiosulfate (S,037) are reaction products and that the oxidation of sul- '
fur to the oxyanions is slow. Kemp, Hyne, and Rennie!® confirmed the latter ;
finding and also showed that the oxidation of sulfur to sulfurous and sul- !
furic acid is catalyzed by ultraviolet radiation. Aerobic oxidation of
sulfur by thiobacillus thiocoxidans is also possible in aqueous systems,!®
producing sulfate concentrations as high as 1 mol/dm®. Finally, sulfides
nay be oxidized by dissolved oxygen to a variety of polysulfides
(8375» x =1 to 4),'7 which are well known to be particularly active forms of
sulfur,!8

The primary objective of the present work was to investigate the possi-
bility that seawater containing one or more of these sulfide oxidation
products is more aggressive than either sulfide-free aerated seawater or sul-
fide-polluted deaerated seawater. To this ¢ id, rotating cylinder experiments
were performed on 90:10 Cu:Ni and 70:30 Cu:Ni in seawater containing oxygen,
sulfide, sulfur, and polysulfide, either singly or in combination. In addi-
tion, a control test was performed using unpolluted oxygen-free seawater,

EXPER IMENTAL

Rotating Cylinder Assembly

Tubular specimens of 90:10 Cu:Ni and 70:30 Cu:Ni alloys were cut from
annealed copper-nickel alloy tubing with internal and external diameter of X
1,35 ¢cm and 1,71 cm, respectively. The chemical compositions and mechanical
properiies of the two alloys are given in Table 1. The specimens 1,27 cm in
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length, were abraded with 600 grit SiC paper, degreased in acetone, rinsed
with methyl alcohol then deionized water, and dried in warm air, One
specimen of each alloy was then flushesd-mounted into the rotating cylinder
assembly shown in Figure 1. The tapered central section of the assembly
fitted snugly into the central ground-glass opering of a conventional polari-
zation cell, equipped with a platinum counterelectrode and a Luggin probe/

) ) electrolytic bridge to an external SCE. Sufficient seawater (~ 2 liters) was
introduced into the test chamber to ensure that both specimens were well

) covered even when rotating, and to ensure that there was minimal buildup of

: soluble corrosion products during the 1~ to 2-day test period. Well-defined
turbulent flow conditions were obtained by controlling the rotational speed
to 800 rpm in all experiments (peripheral velocity = 0.716 m/s; Reynolds

i Number =~ 10,200 using the tube OD as the characteristic length).

e

Test Environments

) The seawater used in all experiments was filtered Pacific Ocean water
: supplied by Steinhart Aquarium, San Francisco, California. Details of pH,
salinity, and turbidity are given elsewhere.!?

Each test environment was prepared in one or more preconditioning cham-
F bers, linked to the main test chamber by appropriate gravity-feed tubes

P fitted with shut-off valves. Any gases used to sparge the seawater in the

2 preconditioning chambers flowed on into the initially empty test chamber,
before finally being vented to a fume hood. In this way when the seawater

i‘ was allowed to flow into the test chamber at the start of a test, the liquid
: and gaseous phases were relatively compatible,

i

P Seawater containing sulfide (primarily as HS™) was prepared by sparging
;* first with high purity nitrogen to remove dissolved oxygen, then with a

v

nitrogen/hydrogen sulfide gas mixture; the partial pressure of the hydrogen
sulfide was chosen to be in equilibrium with the dissolved sulfide content
required, in accordance with Henry's Law,.

ﬂ Colloidal sulfur was formed by adding sulfuric acid to a seawater solu-
;* tion of sodium thiosulfate until a pH of about 2.0 was reached. This solu-
§ tion, containing a suspension of colloidal sulfur, was flushed with air for
30 minutes to oxidize the sulfite that was also produced. The pH was
adjusted to normal seawater values (8.2 f 0,1) by making additions of sodium
hydroxide, and the solution was then diluted with fresh seawater to give the
desired . l1fur level. Finally, this seawater was introduced into a precon-
ditioning chamber for deaeration by sparging with high purity nitrogen.

Polysulfides, added to deaerated seawater as Na,Sx+1 (x =1 to 4), were
’ prepared from sodium sulfide and sulfur. Anhydrous sodium sulfide was made
by heating Na,S.9H,O crystals in a vacuum at 300 °C for about 16 hours.
After cooling and backfilling the vacuum system with argon, elemental sulfur
was added to give a weight ratio of Na,S5:5 of 78:64 (that is, a gram i
molecular ratio of 1:2). By melting this sulfur-sulfide mixture and subse-
quently cooling, a mixture of polysulfides was formed centered on Na,S,. ?
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This polysulfide mixture was dissolved in a small volume of deaerated seawater,

filtered, and diluted to the required concentration with deaerated, nitrogen-
sparged seawater. When any solid polysulfide is dissolved in an aqueous
solution, it disproportionates to give free sulfide (H,S, HS™, or 52-) and a
mix of polysulfides. Several authors!?,1%~21 hyve shown that, in aqueous
solutions of pH ~ 8.2, the polysulfides SS8*~, §,8%-, 5,52-, and 5,5?" may
e..st, but that only SJS" and S‘S" are present in significant quantities.
Polymerization is thought not to exceed the S S®~ stage.?® At equilibrium,
data provided by Chen and Gupta'’ indicate that the molar ratio at pH 8.2 is
[HS™]3(8,8%2~]:[S,8%"] = 1:0,0263:0.126; or, in terms of the weight ratio of
divalent to zero~-valent sulfur, S(-2):5(0) = 1:0,506. However, in view of
the difficulties inherent in any study of polysulfide chemistry, this weight
ratio should be regarded as approximate. In addition, the present experiment
was probably performed under nomequilibrium conditions with regard to the
disproportionation reaction.

Before aerated seawater (6.60 mg/dm® oxygen) was iri-oduced into the
test chamber, it was held in a preconditioning chamber in contact with labor-
atory air but was not sparged with aix,

In most tests, the total initial concentration of active species (oxygen
or sulfur species) was in the range 6.5 to 6.8 mg/dm®. However, a control
test was also performed in which deaerated seawater containing no sulfur
species was used. The initial compositions of the various test environments
are given in Table 2,

Since gas flowwas halted when the seawater was introduced into the test
chamber, and since the active species were replenished during only one of the
tests, the level of each species in seawater dropped as it reacted with the
copper alloys. In addition, in seawater doped with colloidal sulfur, surface
charge effects caused a significant fraction of the sulfur to cling to glass
and plastic components of the apparatus and to the electrode surfaces. In
Test No. 4, an attempt was made to counter this fairly rapid "loss" of sulfur
by making intermittent additions of colloidal sulfur throughout the test, but
the sulfur suspended in the seawnter was never allowed to exceed a level of
6.8 mg/dm3.

In Test No. 6, the initial oxygen and sulfide contents were controlled
by delivering, from separate preconditioning chambers, equal volumes of air-
saturated seawater containing 6.60 mg/dm?® of oxygen and of deaerated seawater
containing 6.84 mg/dm® sulfide. Mutual dilution resulted in initial oxygen
and sulfide contents of 3,30 mg/dm® and 3.42 mg/dm®, respectively (see Table
2). A similar procedure was adopted in Test No. 7, where sulfide and sulfur
coexisted.

In all rotating cylinder experiments, the initial pH was adjusted to
8.2 £ 0.1 (when necessary) with hydrochloric acid or sodium hydroxide,
4
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Chemical Analysis

Seawater samples could be drawn from the preconditioning or test chambers
chambers for chemical analysis. Intermittent measurement of the level of
active species dissolved in the seawater often provided information on the
rates of reactions at the copper alloy surfaces,

Oxygen content was measured by Winkler titration?? only &t the beginning
and end of Test 1 and 6 (see Table 2).

Sulfide level was measured by delivering a 75 cm® seawater sample into
25 cm? of a sulfide antioxidant buffer (SAOB) solution of high pH. This
mixture was then titrated against lead perchlorate [Pb(Cl0,),] solution,
using a S?- ion electrode to determine the end point. The high pH of the
SAOB soluiion (20 g/dm?® sodium hydroxide, 80 g/dm3 sodium salicylate, 18 g/
dm® ascorbic acid) ensured that the sulfide was present as S®~, and the

Jr-sence of the ascorbic acid ensured that air oxidation of the sulfide was
minimal,

To determine the concentration of colloidal sulfur suspended in the
seawater, it was first necessary to extract the sulfur in n-hexane by vigor-
ously agitating a two-phase hexane/seawater mixture. The sulfur level in
the n-hexane was determined using UV-visible light spectrometry. The height
of the absorbance peak at a wavelength of 260 nm was measured and compared
with a calibration curve of peak height versus sulfur content,

The polysulfide content of the seawater was estimated using two methods.
In each case, the polysulfides in solution as stz- were broken down into
zero-valent sulfur [S(Q)] and free sulfide [S(-2)]. The solution was then
analyzed for sulfur and total free sulfide (existing sulfide plus polysulfide-
derived sulfide).

In the first method, 50 cm® of the seawater were delivered into a
closed chamber containing 10 cm® of concentrated hydrochloric acid that had
previously been flushed with argon., The resulting low pH of the acidified
seawater caused decomposition of the polysulfides:

sxs’- + 2H* ~ H,S + xS (1)

In addition, any HS™ ions that had coexisted with the polysulfides were
converted to H,S.

HS™ + HY — H,8 (2)
The total free sulfide content (H,S from Eq. 1 and Eq. 2) was determined by

flushing the acidified seawater with argon. The resultant H,;S/argon gas
)
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mixture was passed through a column of diluted SAOB sclution (1 part SAOB:

3 parts water) to strip the H,S, then this solution was titrated against lead
perchlorate solution as described above. The colloidal sulfur that remained
suspended in the acidified sulfide-freec seawater was extracted with n-~hexane
and the concentration of sulfur was determined, as before, by UV-visible
light spectrometry.

The second method was somewhat more convenient and gave almost identical
results. Here, a 50 cm® sample - of seawater was delivered into a separatéry
funnel that had previously beeu flushed with argon and into which 15 cu® of
n-hexane had been placed. During the subsequent vigorous agitation of the
two phase hexane/seawater mixture, the n-hexane caused decomposition of the
labile polysulfides by providing a sink for the zero-valent sulfur.

stz- + Bt = HS~(aq) + xS (hexane) &)

The total free sulfide content (HS™ from Eq. 3 plus preexisting HS~™) was
determined by drawing a 37.5 cm? seawater sample from the separatory funnel,
mixing this with 12.5 cm® of the SAOB solution, then performing the usual
lead perchlorate titration. The sulfur content was determined by performing
UV-visible light spectrometry on the n-hexane.

Some insight into the distribution of polysulfides in solution in the
seawater was obtained by exawining the complete UV~visible light spectrum in
the wavelength range of 250 to 500 nm.2?!

Ccrrosion Rate Mzasurements

Previous work!?:%23 nas shown that in situ electrochemical techniques
are eminently suitable for monitoring corrosion rates of copper-nickel alloys
in seawater environments, provided that certain precautions are taken. Two
tachniques (linear polarization, and potential step) were used in the present
study. Linear polarization measurements were made by potentiodynamically
sweeping the specimen poteatial hetween the limits Egopy + 3 mV and Egory -
3 mV and recording potential versus polarizing current. These small ampli-
tude cyclic voltammograms were obtained at potential sweep rates in the
range 0.01 to 0.5 mV/s so as to define the sweep rate dependence of the
apparent polarization resistance, Rapp° The true polarization resistance,
Rp- wag then obtained by plotting l/Rapp versus potential sweep rate and
ertrapolating the curve to zero sweep rate, as described in detail by
Macdonald.?* The corrosion rate is inversely proportiocnal to the polariza-
tion resistance, as defined by the Stern-Geary relationship.2®

The potential step technique involves recording the decay of the polar-
izing current after potentiostatically imposing a small step change in the
specimen potential (AE). The steady state current (Ai) is then used to

6

el b




determine the polarization resistance (Rp = AE/Ai). In the present study,
AE values of both + 2 mV and - 2 mV were uged, and Rp was calculated as the
average of the resulting AS/AlL values. Decay times of at least 5 minutes,
and up to 15 minutez, were found to e necoessary to establishk the values of
the steady-state polarizirg current.

RESULTS

Rotating Cylinder Experiments

The corrosion rates of the two copper-nickel alloys in the various compoc-
seawater environments are shown as & function of tiwe in Figuras 2 tec 9.
The rates of removal of the active species dissolved in the seawater are
also indicated in these figures. It is important to note that the sulfur
levels given 1in Figures 4, b5, and 8 refer to the colloidal sulfur actually
in susrension and that no allowance has been made for the sulfur clinging to
glass, plastic, and metal surfaces within the test chamber. Because sulfur
clung to the copper-nickel alloy surfaces during each of these tests (Nos. 3,
4, and 7), the local concentrations of sulfur were very much higher than
those indicated in Figures 4, 5, and 8. It is very unlikely that the local
concentration of sulfur ever reached zero at every location on the surface
of a copper-nickel alloy specimen.

Ir Figure 6, the polysulfide content is expressed in terms of the compo-
nents, sulfide [S(-2)] and sulfur [S(0)] (Eq. (1) to (3)) and also in terms
of the total sulfur [S(~2) + S(0)]. The UV-visible light spectra for the
seawater present 230 minutes and 1331 minutes after starting the test are
shown in Figure 10, together with the spectrum for the stock seawater solu-
tion. This stock solution [S(-2) = 5.61 mg/dm®, S(O) = 3.78 mg/dm3] was
diluted with fresh deaerated seawater just before starting the test to give
an initial total sulrur [S(~2) + S(0)] content of 6.57 mg/dm®. The presence
of any polysulfide in the seawater gives rise to a set of peaks or shoulders
in the spectrum at the wavelength ranges indicated at the top of Figure 10.%°
It can be seen that the spectra are consistent with the earlier suggestion
that S,8%~ and $,S7 are the only polysulfides present in significant
quantity, but the spectra do not prove the absence of other polysulfides.

The spectra have been plotted in terms of log I,/I, where I, is the incident
light intensity and I is the transmitted light intensity at a particular
wavelength. It has been showm'7:!? that log I,/I at 290 nm is proportional
to the S(0) content. The present data are in good agreement with the pie-
vious studies, in that a plot of log I,/I at 290 nm versus S(O) content
yields a straight line passing through the origin (Beer's law),

The corrcosion potentials for 90:10 Cu:Ni and 70:30 Cu:Ni have been
plotted in Figures 1l and 12, respectively, as a function of time and
environment. Bearing in mind that the levels of the active species changed

7
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with time, it can be seen that sulfide plus sulfur environments gave rise to
the most active potentials [< -0,70 volt (SCE) ], aerated seawater gavo the
most noble potentials (> -0.23 volt), and deaerated seawater and environments
containing sulfur oxr polysulfides gave intermediate potentials (~0.40 to
-0.60 volt) . Seawater containing sulfide resulted in active potemtials for
the 90:10 Cu:Ni alloy but gave rise to intermediate potentials for the 70:30
Cu:Ni alloy.

Surface Exsmination

After each test, the suriaces of the copper nickel alloy specimens were
examined by scanning electron microscopy (SEM). Surface topography was found
tc be dependent on the environmental conditions experienced during the test
(see Figures 13 to 26). In seawater containing ao sulfur species, the speci-
men surfaces showed little obvious sign of corrosion products (Figures 13, 14,
25, and 26) and the initial polishing scratches were plainly visible. In
contrast, specimens that had been exposed to emvironments containing sulfide,
sulfur, or polysulfides showed clear signs ¢f corrosion and the surfaces were
covered, &t least ia part, with a porous layer of small particles or crystal-
lites. These particles appear light colored in Figure 15 to 24, but the
corrosion products are bluck when viewed opticaily. Such crystallite layers
would be eéxpected when the corrosion product has precipitated from solution,

Energy dispersive X-ray (EDX) analyses of the surface corrosion products
are also included in Figures 13 to 26. These analyses show that the corrosion
products on specimens exposed to aerated or deaerated seawater may contain
traces of sulfur (Figures 13, 25 and 26). The source of the sulfur is unknown,

but it is possible that, under anaerobic conditions, sulfate reducing bacteria
were sometimes present in the seawater and that the traces of sulfide produced
were scavenged by the copper alloys. An EDX analysis does not detect oxygen,
80 the spectra shown in Figures 13, 14, 25, and 26 are unot inconsistent with
our expectation that the primary corrosion product is Cu,O on specimens exposed
to seawater free of sulfur species. The corrosion products on all specimens
exposud to seawater containing sulfur, sulfide or polysulfide (Figures 15 to
24) contained a substantial amount of sulfur, probably as stoichiocmetric and
substoichiometric cuprous sulfide.? In addition to sulfur, there was often
evidence of significant quantities of silicon in these corrosion products, the
silicon prcobably originating from the Pyrex test chamber. In previous work? in
which the same copper-nickel alloys were exposed to flowing seawater contaminated
with sulfide, the flow loop was fabricated almost completely from plastic, and
silicon was not detected in tho corrosion products. It is considered unlikely
that the presence of silica or silicates had a significant effect on the corro-
sion mechanisms or corrosion rates, but this possibility cannot be entirely
precluded.

In some instances, chlorine was also detected (Figures 13 and 17), pre-
sumably as copper hydroxychloride.
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DISCUSSION

Mechanisms

This study has investigated a variety of seawater environments, ranging
from those that are plainly oxidizing to those that are reducing in nature.
Pertinent to the study are the thermodynamically possible mechanisms of
corrosion in the various environments. In discussing these, reference will
be made to the potential-pH diagrams derived by Verink?€ for copper in
sulfide-polluted soawater and in sulfide-free seawater at 25°C, 'Fizure 27
presents modified versions® of these diagrams.

In seawater containi:g no sulfur species, E;qpp for both allc . lies on
the noble side of the equilibrium line for hydrogem evolution [about -0.54
volt (SCE) at p{ 8.2 and a partial pressure of hydrogen of 10-% atm.]. Thus,
HY ion (or water) reduction is not a viable cathodic reaction, and corrosion
is possible only in the presence of dissolved oxygen;

Cu - Cut + e~ (Anodic) (4)
0, + 2K,0 + de~ — 40H™ (Cathodic) (5)

The Cut ions hydrolyze at the surface tc form a fairly protective Cu,0 film.
Thus, in the absence of sulfur species and oxygen, corrosion will not occur

to any significant extent because there is no viable cathodic reaction. This

is illustrated in Test No. 8 where the small amount of corrosion that did
occur can be attributed to traces of residual oxygen in the seawater.

In the presence of sulfide, however, the corrosion potentials gensrally
shift to more active values (see Figure ll), and hydrogen evolution then
becomes a possible cathodic partial process.

2HY + 2~ - H,t (6)
2HS™ + 26" - Hyt + 287 (7)
2H,0 + 207 — Hp !t + 20H~ (8)

The Cut ions formed at anodic sites react, in this instance, with the HS™ ions

in solution to form a cuprous sulfide film, as described previously by
Macdonald, Syrett, and Wing.? It is interesting to note that in Test No. 2,

in which the alloys were exposed to seawater containing sulfide, the potential

of the 90:10 Cu:Ni alloy remained well below the -0.54 volt (SCE) level nec-
essary for significant hydrogen evolution, whereas the potentlal of the

9
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70:30 Cu:Ni alloy was more active than -0.54 volt (SCE) for the first three
hours and more noble thereafter (see Figures 11 and 12). Predictably, the

" corrosicn rate of the 90:10 Cu:Ni alloy was relatively high throughout the
test, whereas the rate of the 70:30 Cu:Ni alloy was high only for the first

3 hours and then dropped sharply. These observations are entirely consistent
with our previous suggestion? that hydrogen evolution is a possible cathodic
| reaction because the presence of sulfide causes a shift in the potential of

L the deminant anodic process (formation of Cu,S versus Cu,;0) to more active

: values. It is important to note that the HS™ ions themselves canunot be
reduced and hence are not directly involved in the electron exchange reactions
that occur at the metal-solution interface.

: In contrast, elemental sulfur can be reduced to sulfide. Thus, in

' deaerated seawater environments containipg colloidal sulfur or dissolved sul-
fur (as polysulfides), cathodic reactioa involving the reduction of sulfur
becomes feasible:

] S 4 HyO + 20~ — HS™ + OH~ (9)
or

sxs’- + HyO + 2~ - HS™ + sx_ls" + OH™ (10)

Again, the HS~ ions may then react with the Cut lons to produce a cuprous
sulfide surface film at active potentials (Figure 27).

Thus, in Test No. 7, the presence of sulfide resulted in active poten-
tials [< -0.7 volt (SCE)] for both copper-nickel alloys, and the cathodic
evolution of hydrogen was a viable cathodic partial reaction. Since colloidal
sulfur was also present in this system, a second partial process, sulfur
reduction, was also possible. At least two cathodic reactions were also
possible in Test No. 6, in which oxygen and sulfide coexisted initially.

Under these conditions, some of the sulfide 1s probably homogeneously oxidized
to sulfur!* or polysulfides.!? Thus, in addition to oxygen reduction, reduc- |
tion of sulfur is also a viable cathodic partial reaction. The catastrophic L
attack by elemental sulfur or carbon steel in aquesous systems has been pre-
viously demonstrated by Macdonald, Roberts and Hyne.?7,2¥ It is interesting
to note that the HS™ ions produced during the reduction of S or S S2~ may be
homogeneously reoxidized to sulfur or polysulfide ions by the disgolved

oxygen. Thus, the HS™ & S reaction can be regarded, in this instance, as an i
indirect oxygen reduction process. !

i
1
|

Other reactions are undoubtedly possible. For example, Syrett!? found :
that during the corrosion of copper in aqueous solutions containing oxygen |
and dissolved sulfide, Cu,S formed at low oxygen/sulfide ratios, but CuS pre-
dominated when the oxygen/sulfide ratio was high. In addition, Mor and
Beccaria® report the formation of Cu, s and Cu,S;, as well as Cu,S and CuS,

10




o copper exposed to artificial seawater contalning sulfides.

lrrespective of the exact roles of the sulfide oxidation products in the
corrosion process, the various reactions outlined above appear to oxplain
why normally nopcorrosive deaerated seawater may become highly corrosive when
sulfur-containing specios are present. Furthermore, these mechanisms offer an
explanation for accelerated corrosion in aserated pollutad seawater, because
alternative cathodic reactions become possible that could increase the rate
of charge transfer across the_interiace.

Corrosion Raie Data

The corrosion rate data in Figures 2 to 9 are given in terms of I/Rp
values. Stern and Geary®® have shown that 1/Rp 13 directly proportional to
the corrosion current (iggopy)

— o
Loer = 1/3p fBch/~-3°3(B‘ + sc)] (1)
or
Lorr = a/ap a2
B = 5‘36/2.303(3a + sc) (13)

where 3 and Bc are the ¢nodic and cathodic Tafel coefficients, respectively.
The welght loss per unit time (dW/dt) 1s deiermined by Faraday's Law

aw/dt = ¥ 1 /96,500 n (14)
corr

where M and n are the atomic weight and change in oxidation state, respec-
tively, suitably averaged for alloy conpogition." Combining Eq. 11 and
Eq, 13 yields

.dW/dt = (M B/96500 n) 1/np (15)

Thus, the corrosion rate is related to the 1/Rp value througa a "constant'
that is dependent on both alloy camposition and the values of the Tafel
coefficients; these coefficients are in turn, dependent on the environmental
conditions. Nevertheless, the range of likely values of M B/96500 n is
limited and, for many purposes, it is convenient to compare 1/Rp values
directly for different alloys in different environments. In the copper-nickel
alloy/seawater systems congidered 1n_the present work, it is most unlikely
that the higheat value of M B/963500 n differed from the lowest value by more
than a factor of five. Since the main objective of these experiments was to
11
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define environmental conditions that resulted in corrosion rates considerably
higher than those obtained in unpolluted seawater, a direct comparison of the
I/Rp values seems justifiable.

On this basis, the corrosion rates in all but the deaerated seawater
environment (Test 8) were cuite similar: the 1/Rp values for 7M:30 Cu:Ni were
generally in the range 0.3 tc 3.0 kilohms~!, whereas the l/Rp values for
90:10 Cu:Ni were gererally in the range 0.5 to 5.0 kilohms=!. The corrosion
rate for the 90:10 Cu:Ni alloy was unusually high during the first two hours
in the polysulfide enviromment, but thereafter the l/av values dropped to the
“normal" range. Similarly, the 70:30 Cu:Ni alloy experienced above average

corrosion rates when first exposed to aerated water. However, it is emphasized
that only semiquantitative camparisons of these l/Rp values can be made because

of the uncertainty ir the values of B (Equation 14),

As expected, the l/Rp values in deaerated seawater were more than an
order-of-magnitude lower than in any other test enviromnment. This finding
supports previous atudies by Macdonald, Syrett and Wing,? in which the corro-
sion rate of copper-aickel alloy tubing in flowing deaerated seawater was
very low in the absence of dissolved sulfide, but ilncreased dramamtically when
0.85 mg/dm® of sulfide was added to the system.

The present experiments clearly confirm that the presence of sulfide,
colloidal sulfur, polysulfides, or combinations of these species can turn
essentially noncorrosive deaerated seawater into a comparatively corrosive
environment, However, these corrosion rate data (Figures 2 to 9) do not
explain the accelerated corrosicn of the copper nickel seawater piping systems
in naval ships, because the 1/np values in aerated seawater are approximately
the same as those obtained in the environments containing sulfur species.
However, these results can be compared with those obtained in previous experi-
ments?,*? that were performed for substantially longer periods. In these
experiments, seawater flowed through 90:10 Cu:Ni and 70:30 Cu:Ni alloy tube
specimens at 1.62 m/s, and Rp values were monitored intermittently for more
than a week inboth unpolluted aerated seawater and sulfide-polluted deaerated
seawater. Although the hydrodynamic conditions were significantly different
from those in the present test systeam, l/Rp values for the two alloys were of
the same order as those shown in Figure 2 to 9 during the first 24 hour period.
However, after several days under test, it became clear that corrosion rates
in the sulfide-polluted seawatr. were either constant or increasing with time,
while corrosion rates in the a-rated seawater wers decreasing. We believe
that the apparent lack of accelerated corrosion in the present system may
reflect the short time over which the experiments were performed, and that
the deleteriocus nature of sulfide (and other sulfur species) would have become
increasingly appareant with time of immersion.

Although the corrosion rates messured in polluted and in aerated seawater
did not differ significantly during the l-day test period, examination of the
specimen surfaces by scanning electron microscopy indicated, as described
earlier, that the presence of the sulfur species has a marked effect on the
12
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physical and chemical charazcteristics of the surface corrosion products. The
cuprous oxide films formed in unpolluted seawater were generzlly smooth, non-
porous, and adherent (Figures 13, 14, 25 and 26), while the sulfur-containing
films were relatively thick, porous, and appeared to be composed of small
crystallites (Figures 15 to 24). (The precipitation of cuprous sultide would
be expected as the anodically produced Cu't ions reacted with the HS™ ioas.)
These crystallites could be scraped off the specimen surfaces fairly easily,
and therefore it seems reasonable to suggest that, under somewhat more adverse
flow conditions than those in the present work, the surface film may break
down and rapid attack of the underlying metal may result. Film breakdown may
be electrochemical or mechanical in mature?? and will occur preferentially,
as observed,! in regions where the hydrodynamic and mass transfer boundary
layers are thirnest--for ipstunce, in elbows, tees, and near small surface
projections.

If the ramoval of pourly adherent corrosion-~product films is indeed the
primary cause of the acceleyated attack, it can be speculated that the
presence of polysullides will accentuate this attack, since the highest 1/Rp
values recorded were obtained in the presence ol polysulfides (see Figure 6).
Under the hydrodynamic conditions of the present work, the copper sulfide
film was observed to form rapidly on the specimen surface, and corrosion rates
after the first two or three hours were comparatively low. However, under
more adverse hydrodynamic conditions, the high corrosion rates might will have
been maintained for long periods. There seems little doubt that polysulfides
exist for at least short periods in polluted seawater, because sulfide has
been detected! and homogeneous oxidation of sulfide by dissolved oxygen to
polysulfides is likely.!7,19=21 The role of polysulfides in the accelerated
attack of seawater piping should perhaps be studied in more detail in the
future.

CONCLUS IONS

A study of the corrosion of 90:10 Cu:Ni and 70:30 Cu:N1 alloys in various
gseawater environments indicates that the presence of sulfide, sulfur, or
polysulfides can turn essentially noncorrosive deaerated seawater into a com-~
paratively corrosive environment, It is speculated that poilution of the
seawater with sulfur species can cause accelerated attack if the formation
of the loosely adherent copper sulfide corrosion product is coupled with
adverse hydrodynamic conditions.
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Table 1

CHEMIC/.L. COMPGSITION AND MECHANICAL PROPERTIES
OF 90:10 Cu:Ni (Alloy 706) and 70:30 Cu:Ni (Alloy 715)

Composition, wt%

Element Alloy 706™) Alloy 71597
E Cu 87.9 68,7
\
Ni 10.2 29,7
Mn 0.24 0,61
Fe 1.34 0,53
P <0.02 0.001
Pb 0.01 0,007
S <0,02 0.016
Zn 0.28 0.45 (
Mechanical Property Alloy 706(8) Alloy 715(b)
Yield Stress, MPa (ksi) 148 (21.4) 152 (22.0) g
Tensile Stress, MPa (ksi) 312 (46.2) 420 (60,9) ; 5
Elongation, % (in 5.08 cm) 45,6 45.3 | ,
B
(a)chemical composition and mechanical properties of Alloy 706 were

supplied by The Anaconda Co., Brass Division,Los Angeles Plant, ‘ ]
Paramount, California. . L
(b)Chemical composition and mechanical properties of Alloy 715 were l ;
supplied by Phelps Dodge Brass Co., Los Angeles Tube Division, !.i
Los Angeles, California. l\
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R Table 2 ; i
| INITIAL CONCENTRATIONS OF THE ACTIVE SPECIES IN THE VARIOUS '
SEAWATER TEST ENVIRONMENTS 5 ‘a
.
Test Cxygen sylfide Sulfur Polysulfide | ‘
Number mg/dm? ng/dm3(8) mg/dm? (8) mg/dm’(a) L j
1
1 6.60 0 0 0 L
o
2 0 6.67 0 o P
3 0 0 6.80 0
4(®) 0 0 6,50 0
S5 0 0 0 6,57 3
6 3,30 3.42 0 0 i
7 0 3.39 3.35 0 ,
i
8 0 0 0 0 '
|
(a)calculated as [S]
(b Intermittent additions of sulfur (see text). '
!
I
|
|
|
I
|
|
\
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FIGURES

Rotating Cylinder Assembly

Corrosion Rate Versus Time for 90:10 Cu:Ni and 70:30 Cu:Ni Alloys
in Aerated Seawater

Initial oxygan content = 6.60 mg/dm3; final oxygen content

= 5,99 ﬂ‘/dl:) .

Corrosion Rate and Dissolved Sulfide Content Versus Time for
90:10 Cu:Ni and 70:30 Cu:Ni Alloys in Seawater.
Initial sulfide content = 6.67 mg/dm?

Corrosion Rate and Colloidal Sulfur Conatent Versus Time for
90:10 Cu:Ni and 70:30 Cu:Ni Alloys in Seawater
Initial sulfur content = 6.80 mg/dm?

Corrosion Rate and Colloidal Sulfur Content Versus Time for 90:10
Cu:Ni and 70:30 Cu:Ni Alloys in Seawater

Initial sulfur content = 6.50 mg/dm® and sulfur added intermittently
throughout test

Corrosion Rate and Polysulfide Content (Expressed as Sulfide and
Sulfur Components) Versus Time for 90:10 Cu:Ni and 70:30 Cu:Ni
Alloys in Seawater

Initial sulfide content = 3.93 mg/dm®; initial sulfur content

= 2.65 mg/dm®

Corrosion Rate, Sulfide Content, and Oxygen Content Versus Time for
90:10 Cu:Ni and 70:30 Cu:M¥i Allcys in Seawater

Initial sulfide content = 3.42 mg/dm®; initiali oxygen coantent
=3.30 I‘/dﬂa

Corrosion Rate, Dissolved Sulfide Content, and Colloidal Sulfur
Content Versus Time for 80:10 Cu:Ni and 70:30 Cu:Ni Alloys in
Seawater

Initial sulfide content = 3.39 mg/dm3; initial sulfur content
= 3.35 mg/dm?

Corrosion Rate Versus Time for 90:10 Cu:NXi and 70:30 Cu:Ni Alloys
in Deserated Seawater

UV¥isible Light Spectra for Stock Seawater Solution and for the
Test Solution 230 Minutes and 1331 Minutes After Initiation of the
Experiment
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Corrosion Potantial for 90:10 Cu:Ni in Seawater Containing

Various Species

Corrosion Potentials for 70:30 Cu:Ni in Seawater Contalnirg Various

Species

SEM Micrographs and EDX Analyses of Surface of 90:10 Cu:Ni After
Exposure to Aerated Seawater (Test No, 1)

SEM Micrographs

and EDX Anslysis of Surface of 70:30

Exposure to Aerated Seawater (Test No. 1)

SEM Micrographs
Exposure to the

SEM Micrographs
Exposure to the

SEM Micrographs
Exposure to the

SEM Micrographs
Exposure to the

SEM Micrographs
Exposure to the

SEM Micrographs
Exposure to the

SEM Micrographs
Exposure to the

SEM Micrographs
Exposure to the

SEM Micrographs
Exposure to the

SEM Micrographs
Exposure to the

SEM Micrographs

and EDX Analyses of Surface of 90:10
Sulfide Environment (Test No. 2)

and EDX Analyses of Surface of 70:30
Sulfide Environment (Test No. 2)

and EDX Analysas of Surface of 90:10
Sulfur Environment (Test No. 3)

and EDX Analyses of Surface of 70:30
Sulfur Environment (Test No. 3)

and EDX Analyses of Surface of 90:10
Polysulfide Enviironment (Test No. 5)

and EDX Analyses of Surface of 70:30
Polysulfide Environment (Test No. 5)

and EDX Analyses of Surface of 90:10

Cu:Ni After

Cu:Ni After

Cu:Ni After

Cu:Ni After

Cu:Ni After

Cu:Ni After

Cu:Ni After

Cu:Ni After

Oxygen Plus Sulfide Ervironment (Test No. 6)

and EDX Analyses of Surface of 70:30 Cu:Ni After

Oxygen Plus Sulfide Environment (Test No. 6)

and EDX Analyses of Surface of 90:10

Cu:Ni After

Sulfide Plus Sulfur Environment (Test No. 7)

and EDX Analyses of Surface of 70:30

Cu:Ni After

Sulfide Plus Sulfur Environment (Test No. 7)

and EDX Analysis of Surface of 9¢:10

Exposure to Deaerated Seawater

SEM Micrographs

and EDX Analysis of Surface of 70:30

Exposure to Deaerated Seawater
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S Figure 27 Potential-phi Diagrams for Copper in Seawater at 25°C

The equilibrium lines for hydrogen evolution [line (@) ] and
oxygen evolution [line (B)] have been drawn for gas partial
2 pressures of 10~% atm.
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TIME — minutes

& Linear Polarization, 90:10

A Linear Polarization, 70:390

@ Potential Step, 90:10

(] Potential Step, 70:38 SA-6077-50 ‘

FIGURE 2 CORROSION RATL VERSUS TIME FOR 9C:10 Cu:Ni AND 70:30 Cu:Ni ALLOYS IN
AERATED SEAWATER

{Initig} oxygen contént = 6.60 mg/dm3; final oxygen content = 5.99 mg/dm3). i
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AND 70:30 Cu:Ni ALLOYS IN SEAWATER.
Initial sulfide content = 6.67 mg/dm’
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SULFUR COMPONENTS) VERSUS TIME FOR £ 10 Cu:Ni AND 70:30 Cu:Ni ALLOYS
IN SEAWATER

Initial sulfide content = 3.83 mg/dm3; initial sulfur ¢« tent = 2.65 mg/dm3.
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initial sulfide content = 3.42 mg/dm?2; initial oxygen content = 3.30 mg/dm3
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{c) BASE SCALE (d) SURFACE PARTICLES

SA 65077-64

FIGURE 13 SEM MICROGRAPHS AND EDX ANALYSES OF SURFACE OF 92:10 Cu:Nu
AFTER EXPOSURE TO AERATED SEAWATER
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FIGURE 14

(a) WIDTH OF PHOTOGRAPH = 45 um

(c) SURFACE TARNISH

SA-6077-65

SEM MICROGRAPHS AND EDX ANALYSIS OF SURFACE QF 70:30 Cu'i\i
AFTER EXPOSURE TO AERATED STAWATER
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{(b) WIDTH OF PHOTOGRAPH 18 um
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{b) WIDTH OF PHOTOGRAPH 18 um

(c} BASE SCALE {d) SURFACE PARTICLES
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{c) BASE SCALE {d) SURFACE PARTICLES
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FIGURE 17 SEM AICROGRAPHS AND DX ANALYSES OF SUREACE
OF 90 10 Cu Ny AFTER EXPOSURE 10 THE SULEUR
ENVIRONMENT (TEST NO 3)
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{c) BASE SCALE (d) SURFACE PARTICLES

SA-607) H4
FIGURE 18 SEM MICROGRAPHS AND tDX ANALYSES OF SURFACE

OF 70:30 Cu:Ni AFTER £ XPOSURE TO THE SULFUR
ENVIRONMENT (TEST NO. 3)
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(a) WIDTH OF PHOTOGRAPH = 90 um

(c) BASE SCALE (d) SURFACE PARTICLES

SA 6077 66

FIGURE 19 SEA AHCROGRAPHS AND FDX ANALYSES OF SURFACE OF 90 10 Cu N
AFTER EXPOSURE TO THE POLYSULFIDE ENVIRONMENT (TEST NO H)
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FIGURE 20 SEM MICROGRAPHS AND tDX ANALYSES OF

(c) BASE SCALE (d) SURFACE PARTICLES

SA 6077 67

SURFACE OF 70 30 Cu Ny

AFTER EXPOSURE TO THE POLNYSULHIDE ENVIRONMENT (TEST NO. 6)
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(c) BASE SCALE (d) SURFACE PARTICLES
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FIGURE 21 SEM MICROGRAPHS AND EDX ANALYSES OF SUREACL
OF 90:10 Cu:Ny AFTER EXPOSURE TO THE OXYGEN
PLUS SULFIDE ENVIRONMENT (1851 NO. 6)
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(c) BASE SCALE (d) SURFACE PARTICLES

SA-6077-56

FIGURE 22 SEM MICROGRAPHS AND EDX ANALYSES OF SURFACE
QF 70:30 Cu:Ni AFTER EXPOSURE TO THE OXYGEN
PLUS SULFIDE ENVIRCNMENT (TEST NO. 6}




(c) BASE SCALE (d) SURFACE PARTICLES

SN GO Y

FIGURE 23 SEAAICROGRAPHS AND EDX ANALYSES OF SUREACE
OF 9010 Cu.Ni AFTER EXPOSURE 1O THE SULEIDE
PLUS SULFUR ENVIRONMENT (TEST NO /)




(¢} BASE SCALE (d) SURFACE PARTICLES

SA-BOT77-58

FIGURE 24 SEM MICROGRAPHS AND EDX ANALYSES OF SURFACE
CF 70:30 Cu:Ni AFTER EXPOSURE TO THE SULFIDE
PLUS SULFUR ENVIRONMENT (TEST NO 7)
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SA-6077-68

FIGURE 25 SEM MICROGRAPHS AND EDX ANALYSIS OF SURFACE OF 90:10 Cu:Ny
AFTER EXPOSURE TO DEAERATED SEAWATER
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{c) SURFACE TARNISH
SA -6077-69

FIGURE 26 SEM MICROGRAPHS AND EDX AMALYSIS OF SURFACE OF 70.30 Cu:Ni
AFTER EXPOSURE TO DEAERATED SEAWATER
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ABSTRACT

The corrosfon of 90:10 Cu:Ni and 70:30 Cu:Ni alloys in aerated secawater
and deaerated seawater containing * 0.2 mg/dm’ sulfide has been studied uxing
a recirculating flow loop. Tubular specimens of each alloy were tested amder
well-characterized hydrodynamic and mass transfer conditions. At seawater
velocities up to 5 m/s (Reynolds numbers up to 74,000), the corresion rates
in the sulfide-polluted seawater were lower than in the aerated scawater.
Thus, even under comparatively adverse flow conditions, the mere presence
of sulfide does not cause accelerated attack of copper-nickel allovs. Under
most of the experimental conditions examined, corrosion occurred tairly
uniformly across the exposed surfaces of the specimens. However, in acrated
seawater, the high nickel alloy suffered localized corrosion at 3 m/s and
higher velocities. The rate of lovalized corrosion was high and became more
intese as the velocity was increased form 3 m/s to 5 m/s. This breakaway
phenomenon was associated with a breakaway potential, EB’ which is defined
as the potential at which a sudden increase in anodic current occurs when
the potential is swept in the active to noble direction. When the corrosion

potential (Eco r) was more active than EB' corrosion was uniform and cor-

r

rosion rates were low; but when Ecorr> EB' corrosion of the 70:30 Cu:Nfi

occurred. These results ware interpreted in terms of the electrochemical

(not mechanical) stabilf{*y oi the surface film.
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EFFECT OF FLOW ON CORROSION OF COPPER-NICKEL ALLOYS IN
AERATED SEAWATER AND IN SULFIDE-POLLUTED SEAWATER

by
Barry C. Syrett and Sharon S. Wing

Sulfide pollution of the seawater is thought to have been responsible
for the accelerated corrosion and premature failure of copper-nickel alloy
seawater piping in naval ships being outfitted in a polluted estuary.1
Certainly, the adverse effects of dissolved sulfide on the corrosion of
copper and its alloys in aqueous systems is well c'.iocumem:ed.z-12 However,
because the precise mechanism of the accelerated attack is unknown, a
program was initiated recently at SRI International to improve our under-
standing of corrosion of two copper-nickel alloys, 90:10 Cu:Ni and 70:30

Cu:Ni, in polluted seawater,

In a recent report,2 Macdonald, Syrett, and Wing demonstrated that the
presence of sulfide in deaerated seawater flowing at 1.62 m/s through tubu-
lar 90:10 Cu:N{ and 70:30 Cu:Ni alloy specimens induces a loss in the
passivity of the alloy surfaces. Compared with corrosion rates in sulfide-
free deaerated seawater, those in sulfide-polluted ( 20.85 mg [S]/dm?)
deaerated seawater were about an order of magnitude higher. However,
when compared with unpolluted but aerated seawater, the polluted water
was not particularly aggressive to these copper-nickel alloys. Thus, it
appears that the mere presence of dissolved sulfide is not a sufficient

condition for accelerated attack of copper-nickel alloys.

Syrett, Macdonald, and Wingl2 later investigated the possibility that
sulfide was homogeneously oxidized by dissolved oxygen to species that were
considerably more corrosive towards copper-nickel alloys than sulfide
itself. They performed rotating cylinder experiments in seawater con-
taining oxygen, sulfide, sulfur, and polysulfide, either singly or in

combination. Polarization resistance measurements made over a one-day

1




period indicated that all these species, whether they were present singly
or in combination, stimulated corrosion of 90:10 Cu:Ni and 70:30 Cu:Ni
alloys. Again, however, the data suggested that none of the species was

sufficiently aggressive to cause the premature failure of seawater piping.

It is possible that Syrett et al.lz did not investigate the most
aggressive combination of species or, as the authors suggested, that the
deleterious effects of the sulfur species may not be apparent in short-
term exposures but could become important after longer exposures. However,
it is also possible that the precise envirommental composition and exposure
time are not as important as the flow conditions. Under flow conditions 7

2
that arc somewhat more adverse than those used by Macdonald et al. and

1
Syrett ot al., 2 it is concetfvable that the loosely adherent corrosion

2,12 will break down in a few areas

product formed in polluted seawater
and result in localized corrosion. A pitting type of attack (ervstion-
corrosion) that is exacerbated by galvanic currents flowing between the

anodic exposed areas and the cathodic surface film13 could develop.

It is generally recognized that flow conditions become more "adverse"
(i.e., corrosion rates increase) as the seawater velocity increases, so
one of the objectives of the present study was to determine the effect
of seawater velocity on the correosion of 90:10 Cu:Ni and 70:30 Cu:Ni

alloys in sulfide-polluted seawater.

In a recent review of the literature on seawater corrosfon of
copper-nickel alloys, Syrett noted that corrosion rates and corrosion
mechanisms were dependent not only on seawater velocity but also on {low
geometry.l3 Thus, for a given nominal velocity, corrosion rates determined
in a rotating disc apparatus could be significantly different from those
determined in jet impingement or rotating spindle appariatus. Leumer et
al.la and Schack et al.ls also emphasize the importance of "flow structure'
and the intensity of local turbulence. These parameters are dependent on
fluid velocity in a given flow geometry but vary considerably from one
flow geometry to another. As a result, some effort has been made to relate
corrosion rate to more fundamental mass transfer and hydrodynamic para-

meters. For instance, corrosion rate has been correlated with Schmidt




pan

(Sc), Sherwood (Sh), Stanton (St), and Revnolds (Re) numbersm-z1 in

systems that lend themselves to relatively easy analysis. However, as
discussed in detail by Leumer et al..lb even these parameters do not fully

characterize the fluid and the flow. For instance, Re describes flow in

TR TN B g e e T

various geometries and includes one property of the fluid (the viscosity),

4}
,
2
!

but does not include the turbulence intensity, a parameter that depends on

surface roughness, bends, holes, protrusions, and the like, and that un-
doubtedly affects corrosion rate. Although turbulence intensity effects
can be taken into account by using modified Reynolds or Schmidt numbers,la

the important variables included in the modified numbers are not readily:

et it oo

determined either by experiment or from theoretical considerations. Thus,
from a practical standpoint, relationships between corrosion rate and

hydrodynamic parameters currently have only limited applicability.

In the absence of a universally applicable relationship, it is reason-
able to perform corrosion studies in an apparatus that allows a maximum of
flow characterization. One approach 1s to pump the corrodent (seawater)
through a tubular flow channel fitted with an approach section that allows
hydrodynamic and mass transfer boundary layers to fully develop before the

. seawater reaches the tubular test specimens. If the specimens are of the
same internal diameter and lie on the same axis as the approach section

and 1f there are no protrusfons in the flow field, the fluid flow is reason-

abl!y well characterized by the Reynolds number defined as Re = LV/v, where L
is the Internal diameter of the tube, V is the velocity of the seawater,
and v is the kinematic viscosity of the seawater.

: 2
In the present work and in related previous work.z’zz'“3 we have used
this type of test system. A tubular flow geometry is particularlv appro-

priate in the present study because it facilitates correlation of the

experimental results with the corrosion behavior of the geometrically

similar seawater piping of interest.

In this parer, we describe how the corrosion of two copper-nickel alloys
. (CA 706 and CA 715) is influenced by the flow of the seawater environment.
Baseline data obtained in unpolluted aerated seawater are compared with

. data obtained in sulfide-polluted deaerated seawater.




EXPERIMENTAL PROCEDURES

Flow Loop and Test Channels

The recirculating flow loop used in this work is shown schematically
in Figure 1. It is similar in design to one described in detail else-
where,22 but the larger diameter feed piping (schedule 80) and the higher
capacity pump used in the present system allcwed us tc achieve much higher
seawater velocities. It was necessary to incorporate a titanium heat
exchanger to remove the unwanted heat introduced by the lar-ger pump, but
periodic chemical analysis of the seawater indicated that solublz titanium
species accumulated, if at all, in amounts below the detection limit
(10 mg/dm®). Similarly, one of the rotameters was fitted with a stainless
steel float, but periodic chemical analysis of the seawater indicated
that soluble iron species were present, if at all, in amounts below the
detection limit (0.1 mg/dm®). Except for the copper-nickel test channels,

all other components of the system were either plastic or glass.

The seawater velocity in the test channel was maintained at 0.5, 2,
3, 4, or 5 m/s by adjusting the valve in the velocity-control bypass loop,
shown in Figure 1. 1In the present system, these velocities are equivalent
to Re values of about 7,400, 30,000, 44,000, 59,000, and 74,000 respectively.

Details of the test channel are shown in Figure 2, The specimens
consisted of 2.54-cm lengths of annealed condenser tubing (1.35 cm ID,
1.71 cm OD) separated by Delrin spacers, and clamped tightly together with
four bolts. Chemical compositions and physical properties of the two
alloys are given in Table 1. A metallographic examination of the alloys
revealed equiaxed grain structures and grain sizes in the range 15 to
20 um.

Before an experiment, the five specimens of each alloy were descaled
in HCl/HZSOA (AST™ Recommended Practice G1-72 for copper alloys) rinsed
with distilled water, and dried in warm air. During an experiment, the
fifth (downstream) specimen was used solely for cyclic voltammetry,
the second specimen was used solely for linear polarization measurements,

4
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and the third specimen was used for ac impedance and potential

step measurements. These electrochemical techniques are described later,
The first (upstream) and fourth specimens were reserved for weight-loss
and corrosion potential measurements. Other features of the flow loop

and test channel are discussed in Reference 22.

Environment

Fresh, filtered, Pacific Ocean water was obtained for these experi-
ments from the Steinhart Aquarium, San Francisco. This seawater had an
initial pH of v8.2 and a salinity of v 29 parts per thousand. The pH of

the seawater was monitored at reguiar intervals during each experiment

' and, if necessary, small additions of NaOH or HCl were made to maintain

the pH at ~ 8.2, Occasionally, the pH dropped to as low as 8,04 or
reached as high as 8.30 (see Table 2), but even these excursions are
within the normal range for fresh seawater. The temperature of the
seawater was generally 23.2 + 1,3°C throughout an experiment, but there
were occasional transient temperafure changes to as high as 28.4°C and to
as low as 20.0°C (see Table 2).

The seawater was sparged continuously with moist air during storage
and during five of the seven experiments. In these five experiments,
periodic analysis of the alr-saturated seawater by Winkler titration indi-
cated that the dissolved oxygen concentration was constant at 6.60 mg/dm?.
In the other two experiments, the seawater was first deaerated by sparging
with nitrogen and then polluted with v 0.2 mg/dm® sulfide by sparging
continuously with a suitable nitrogen/hydrogen sulfide gas mixture. This
sulfide level was chosen because it is representative of levels found
adjacent to the affected naval ships.1 The concentration of dissvlved
sulfide (primarily as HS ) was determined intermittently using a Pb(ClOA)2
titration technique.12 At very short exposure times, the copper-nickel

alloy specimens and the approach section were sufficiently active to

sharply reduce the sulfide levels below the equilibrium level of ~ 0.2 mg/dm’,

This decrease in dissolved sulfide was counteracted by increasing the
input level of HZS in the gas mixture for a brief period until the original
level was reestablished.




Electrochemical Measurements

Corrosion potentials were monitored with respect to a saturated
calomel electrode (SCE) throughout each test period. Instantaneous
corrosion rates were measured at regular intervals, using linear polari-

zation, potential step, and ac impedance techniques.z’zz'23

The linear polarization measurements were performed under potentio-
dynamic control by imposing a 6-mV peak-to-peak triangular voltage
excitation across the interface, using a potentiostat and function gen-
erutor. The apparent polarization resistance (Rapp) was determined at
several potential sweep rates in the range 0.01 to 1.0 mV/s, and the
true polarization resistance (Rp) was determined by plotting l/Ra

versus potential sweep rate and extrapolating to zero sweep rate. g

The Rp value was also monitored by the potential step technique in
which a small amplitude potential step (AE = 2 mV) is potentiostatically
imposed across the interface and the current is recorded for 5 minutes or
until an apparently constant value (AI) was obtained. The value of
AE/AT was determined for both an anodic and a cathodic potential step

and the average taken as the Rp value.

Finally, polarization resistance was determined from ac impedance
data in the complex plane. These data were obtained from an analysis of

the dimensions of Lissajous figures,z’zz’zs

which were generated by
imposing the sinusoidal excitation voltage (11 mV peak-to-peak) and the
sinusoidal current response simultaneously across the X and Y axes of an

XY recorder (0.005 to 0.5 Hz) or oscilloscope (> 0.5Hz). The low-frequency

real axis intercept of the ac impedance spectrum was taken as the R value.

The general electrochemical behavior of the two copper-nickel alloys
was determined by large amplitude cyclic voltammetry. The potential
of the specimen was swept at a rate of 20 mV/s in a triangular manner

between about -1.6 and +0.5 volt (SCE).
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RESULTS

The dependence of corrosion rates and corrosion mechanisms on flow
of the environment has been reported by most investigators in terms of
the relative velocity between the metal and the environment.l3 Thus, we
have also reported our data as a function of average seawater velocity.
However, it should be reemphasized that, at least in our flow system,

it is probably more appropriate to relate the corrosion data to Reynolds

number. The relationship between velocity and Reynolds number was given

in the Experimental Procedures section.

Corrosion Potentials

In Figure 3, the corrosion potentials of the two copper~nickel alloys
are plotted as functions of seawater velocity and time of exposure to
aerated seawater. The equivalent potential~time curves for the alloys
exposed to sulfide-polluted seawater are shown in Figure 4. There appears
to be no clear-cut relationship between corrosion potential and velocity,
but, as expected.2 potentials in aerated seawater were several hundred
millivolts more noble than those in the sulfide-polluted seawater. In
aerated seawater, the two alloys had similar corrosion potentials but,
in the polluted environment, the 70:30 Cu:Ni alloy exhibited corrosion
potentials that were about 200 mV more noble than those of the 90:10
Cu:Ni alloy. There is some evidence (Figure 4) that the corrosion
potential of at least the high nickel alloy shifts to more noble values

as the velocity of the polluted seawater increases.

Corrosion Rate Data

The reciprocal of the polarization resistance (l/Rp) is proportional

)
to the instantaneous corrosion rate, as shown in Equations 1 and 2:"J
For 90:10 Cu:N{i, dwW/dt = 2,563 x 10" “ B/Rp (1)

For 70:30 Cu:Ni, dw/dt = 2,120 x 10 * B/Rp (2)
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where dW/dt is the rate of metal oxidation in g/sec, the proportionality
constant B has units of volts, and Rp has units of ohms. The l/Rp values
for the two copper-nickel alloys in aerated seawater flowing at various
velocities have been plotted as a function of time in Figures 5 through 9.
The 1/Rp data obtained in sulfide-polluted seawater and the time dependence

of the dissolved sulfide content are shown in Figure 10.

Although l/Rp values are proportional .to the instantaneous rate of
metal oxidation averaged over the entire specimen surface, the actual
corrosion rates are obtained by normalizing with respect to the area of
metal being corroded (Ac). When the specimen corrodes uniformly, this
area is equal to the total exposed area (10.74 cm?® for 90:10 Cu:Ni and
10.84 cm® for 70:30 Cu:Ni). However, in some of the tests in acrated
seawater, the high nickel alloy experienced localized corrosion, and Ac
was substantially less than 10.84 cm®. The extent of localized corrosion
can be estimated for each alloy and test condition by studying Figures
11 through 17, These figures show the posttest surfaces of typical

specimuens after removal of corrosion products.

Although the 90:10 Cu:Ni alloy shows a slight tendency towards
localized corrosion (for example, see Figure 13), corrosion is generally
fairly uniform and A, ~ 10.74 em® in all experiments. The 70:30 Cu:Ni alloy
alloy corrodes uniformly in the sulfide-polluted seawater (Figures 16 and
17) and fairly uniformly at the lower velocities in aerated seawater
(Figures 11 and 12). However, in aerated seawater flceing at 3 m/s or
faster (Figures 13 to 15), the high nickel alloy clearly suffered localized
corrosion. The values of Ac listed in Tables 3 and 4 are based on the
posttest examination of specimens (see Figures 11 through 17). Although
AC did not vary appreciably from one specimen to the next, it is conceivable

that, in some instances, AC varied during the test.

Since penetration and failure of copper-nickel piping is dependent
more on the localized corrosion rate than on the average corrosion rate,

the 1/Rp data given in Figures 5 to 10 must be interpreted with care.

Furthermore, the corrosion rates calculated using Equations 1 and 2

are dependent on the value of B, which is a function of the anodic and




cathodic Tafel coefficients. Because the Tafel coefficients are not
easily determined with accuracy and may depend on flow conditions, the
value of B was determined indirectly for each test by determining the
total weight loss (AW) and the area (At) under the curve for 1/Rp versus

time, and by substituting these values in Equations 3 and 4.
For 90:10 Cu:Ni, B = AW/2.563 x 10 A, (3)

For 70:30 Cu:Ni, B = AW/2.120 x 107" A (4)
Valdéé'of"wf At’ and B are listed for each experiment in Tables 3 and 4.
The values of B range from 0.026 to 0.107 volt depending on the experi-
mental conditions, but all these values are within the range reported by

other workers for copper alloys in seawater.26

Because the values of B and Ac may vary from one alloy to the other
and from one velocity to the next, the 1/Rp values given in Figures 5 to
10 are not necessarily directly comparable., Nevertheless, a few general
observations can be made. The corrosion rates were not predictable
during the first few days, increasing initially in some tests and de-
creasing in others. After 9 or 10 days, however, corrosion rates were
invariably either relatively constant or decreasing slowly. The l/Rp
values measured after 230 hours (nearly 10 days) in aerated seawater
are given in Table 3 for each copper-nickel alloy as a function of sea-
water velocity. These values were used to calculate the overall rate of
corrosion, dW/dt, after 230 hours and the area-normalized corrosion rate,
(dW/dt)(l/Ac). Similarly, values of 1/Rp. dw/dt, and (dW/dt)(l/Ac) are
listed in Table 4 for the sulfide-polluted environments.

It can be seen that the 230-hour corrosion rate of 90:10 Cu:Ni in
aerated seawater Increases with seawater velocity whether values of
dW/dt or (dwW/dt) (l/AC) are compared. In contrast, the overall corruvsion
rate for the 70:30 Cu:Ni alloy appears to be fairly insensitive to
seawater velocity except at 4 m/s where dW/dt was much higher. However,
i1f consideration is given to the area actually corroding, the corrosion
rate (dW/dt)(l/Ac) of the high nickel alloy increases slightly as the
velocity increases from 0.5 m/s to 2 m/s, then increases dramati wally

at higher velocities. The area-normalized data for both alloss are shown (n

Figure 18 as a function of seawater velocity (or Reynolds number).

9
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The corrosion rates given in Figure 18 are probably significantly
higher than those that would have been experienced after a few months
or years of service. Nevertheless, it is clear that after 230 hours in
aerated seawater, the instantaneous corrosion rates for 90:10 Cu:Ni and
70:30 Cu:Ni are similar at seawater velocities up to 3 m/s, but that at
4 m/s and 5 m/s the localized corrosion rates for 70:30 Cu:Ni are very
much higher than those for the low nickel alloy. The rapid increase in
corrosion rate as the seawater velocity is increased above 3 m/s was also
noted by Godfrey, Angell, and Taylor27 in their study of 70:30 Cu:Ni

rubes in flowing seawater.

The data in Figure 18 and Table 4 indicate that, in the sulfide-
polluted environment, corrosion is uniform in both alloys and corrosion
rates are significantly below those obtained in aerated seawater. Al-
though only two velocities (3 m/s and 5 m/s) were considered, it is clear
that corrosion rates are relatively independent of velocity in the 70:30
Cu:Ni alloy but that they increase significantly with velocity in the
90:10 Cu:Ni alloy. This insensitivity of the 70:20 Cu:Ni alloy to
velocity in the range 3-5 m/s sharply contrasts the great sensitivity of

the alloy in the aerated seawater at the same velocities.

Cyclic Voltammetry

The cyclic voltammograms obtained in this work were similar {n
character to those reported previously for 90:10 Cu:Ni and 70:30 Cu:Ni,z’22
so they will not be discussed here in detail. However, it is of interest
to compare the values of the corrosion potentiasl (Ecorr) and the potential
(EB) at which the current suddenly increaseszgpnn sweeping the potential
in the noble direction. 1In a previous study in which the effccte of
the dissolved oxygen content of the scawater were investigated, we demon-

strated that when EB was more active (negative) than ECU the corrosion

,
rate of 70:30 Cu:Ni increased dramatically. This loss o?rcorroston
resistance was thought to be relzted to a change in the nature of the
surface corrosion film. Because the characteristics of this phenomenon
were analogous tc those of the breakaway velocity phenomenon reported for

70:30 Cu:Ni alloy,13 EB was termed the breakaway potential.

10




=

e e R B A s Vo S o M MARRE et 6 DTS

Values of EB and ECo are given in Table 5 for aerated seawater

and in Table 6 for sulfid:foolluted seawater as functions of veloclty
and exposure time. For consistency, all Eg values were taken at an
anodic current density of 25 mA (v 2.3 mA/cm®). In the sulfide-polluted
seawater, the corrosion potentials of both alloys were always several
hundred millivolts more active than the breakaway potentials. In the
aerated seawater, on the other hand, Ecorr was often more noble than EB'

At 0.5 m/s, EB for 90:10 Cu:Ni was more noble than E at short exposure

corr
times and was equal to Ecorr towards the end of the 10-day test. However,

at velocities of 2 m/s and above, EB was more active than Ecorr’ at least
at long exposure times. At velocities up to 3 m/s, EB for 70:30 Cu:Ni
in aerated seawater was more noble than Ecorr at all exposure times, but

at velocities of 4 m/s and 5 m/s, EB was always more active than Ecorr

11
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DISCUSSTON

The data predented above clearly demonstrate that, for seawater
velocities up to 5 m/s (Re values up to 74,000), the mere presence of
sulfide 18 not sufficient to cause accelerated attack of copper-nickel
seawater piping. On the contrary, corrusion rates in sulfide-polluted
deaerated seawater were substantially less than those in aerated seawater,
particulariy for 70:30 Cu:Ni in seawater flowing at 5 m/s. This finding
is consistent with resultas obtained in preliminary rotating cylinder tests
using the same materials.l2 The flow geometry was quite different in the
rotating cylinder system, but at a peripheral velocity of 0.716 m/s
(Re m 10,200 using the tube OD as the characteristic length), 1/Rp va lues
for both alloys were generally higher in aerated seawater (6.60 mg [0])/dm®)
than in sulfide-polluted deaerated seawater (6.67 mg [S])/dm’).

The overall anodic reaction changes from Cu,0 and Cuz(OH)3CI formation

S and substoichiometric Cu
2,12

in aerated seawater (see helow) to Cu 1 8S

Furthermore, the primary

2
formation in sulfide-polluted seawater.

cathodic reaction in aerated seawater is oxygen reduction, whereas H+

ion reduction occurs primarily in the polluted seawater. The kinetics

of either the anodic or the cathodic reaction (or of both reactions) may be
stronglv influenced by the change in enviromment, but because only limited
data are available, it is not possible to determine which half reaction

is affected most; therefore, we cannot determine why the corrosion rate

is lower in the sulfide-polluted seawater. However, previous scanning

electron microscopic studies”’

suggest that the surface film formed in
sulfide-polluted seawater i{s much more porous than the film formed in
aerated seawater. Thus, it seems unlikely that a more protective surface

film 18 formed in the polluted environment.

Whetever the mechanism, we have demonstrated that even relatively
adverse flow conditions canne* induce accelerated attack of 90:10 Cu:N{i

and 70:30 Cu:Ni piping exposed to sulfide-polluted deaerated seawater,
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The possibility that other sulfur species, such as polysulfide, can cause
accelerated attack under adverse flow conditions will be the subject of

further rescarch.

It 18 interesting that the observed response of the 70:30 Cu:Ni
alloy to seawater velocity at a constant oxygen content (6.6 mg/dm®)
parallels the response to dissolved oxygen content at a constant velocity
(1.62 m/8). The corrosion rate of 70:30 Cu:Ni after 200 hours exposure
is relatively insensitive to oxygen concentration in the range 0.045-
6.60 mg/dm®, but if the oxygen concentration is increased to 26.3 mg/dm®,
the corrosion rate increases by more than an order of magnitude.22
Similarly, the corrosion rate after 230 hours ir ilr-saturated water is
fairly insenmsitive to velocity in the range 0.5-: m/s, but above 3 m/s,
the corrosion rate of 70:30 Cu:Ni increases dramatically with increasing
velocity (Figure 18). Furthermore, in each set of experiments, the
sudden corrosion rate increase was accompanied by a transition from a

condition in which Ecotr < EB to a condition in which Ecorr > EB'

These observations can be explained by assuming that the relatively
high corrosion currents at potentials above EB are ass:ciated_more with
the oxidation of copper to soluble species, such as Cu , CuClz. and
Cuclg-. and porous nonprotective solids, such as atacamite [Cuz(OH)3C1]
and malachite [Cu003°Cu(OH)2], than with the formation of a protective
Cu,y0 surface film. Supporting evidence for this hypotehsis is now
discussed.

Poppleuell28 has poiuted out that the incorporation of N12+ into
the Cuzo film dec.eases the electronic and ionic conductivities. Thus,
the high nickel alloy possesses a surface film that inhibits mass (Cu+)
transfer and so inhibits corrosion if the oxide is not breached. Indeed,
with one exception, the corrosion rate of 70:30 Cu:Ni in aerated seawater
was shown in this and previous work22 to be lower than that of 90:10

Cu:Ni as long as Eco r for the high nickel alloy does not exceed En. The

r
exception occurred in this work for a seawater velocity of 0.5 m/s (see
Table 3 and Figures S5 and 18)., However, we believe the polarization
resistance values for 70:30 Cu:Ni were underestimated in this test and

that the true values were greater than those for the 90:10 Cu:Ni alloy.
13
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Certainly, the weight loss measurements (Table 3) support this hypothesis.
Thus, most of the evidence indicates that at seawater velocities of 2 m/s
or less, the corrosion rate of 70:30 Cu:Ni is less than that of 90:10 Cu:Ni.
It is important to note that the low corrosion rates in 70:30 Cu:Ni are
accompanied by corrosion potentials that are more active than the EB values
(Table 5).

2')
Except at very low oxygen contents © and very low seawater velocities,

Ecurr for 90:10 Cu:Ni exceceds EB and corrosion rates are relatively high.
It has been shown that 90:10 Cu:Ni corrodes entirely as soluble species
after an initial period in which the oxide grows.28 but the rate at

which this corrosion occurs will undoubtedly depend on the perfection

of the oxide film. We observed cupric compounds, such as atncumile.29'30
on both copper-nickel alloys as amall patches on top of the oxide film.
1t is possible that "islands" of porous, nonprotective atacamite are
{ncorporated within the oxide layer on 90:10 Cu:Ni and enhance the metal
transfer through the already defective film. We suggest that the
atacamite islands on the 70:30 Cu:Ni alloy, however, do not penetrate

the oxide film except under certain adverse flow conditions (see below).

Increasing the oxygen content of the seawater may have at least two
effects. First, {t may improve the perfection of the Cu20 film and lead
to somewhat reduced corvosion ratea, as observed for the 90:10 Cu:Ni
alluy.22 Second, it may result in a more noble corrosion potential and

29
more rapld oxidation of Cu20 to atacamite.

Cup+1/2 0, + €17 + 2H,0 > Cuy(OH),C1 + OH

In the 90:10 Cu:Ni alloy, the benefits of improved film perfection
outwelgh the detrimental effects of increased atacamite formatfon., We
propose that the 70:30 Cu:N{ also benefits from an increased oxygen content
initially, for reasons just mentioned, but when the oxygen content reaches
26.3 mg/dm’, islands of atacamite grow at a sufficient rate that thev
eventually penctrate the pasaive oxide layer and lead to locally increased
transfer of cuprous speciex into solution. The corollary is that increasing

the oxygen content causes Eoorr t° shift in the noble direction until it

rr
exceed EB'

14
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An increase in the seawater velocity will increase mass transfer
to and from the electrode surface, although as Figures 3 and 4 indicate,
a velocity increase does not have a large effect on the corrosion potential.

The more quickly cathodically produced OH 1ions are transported from the

surface and the more quickly C1~ ions are transported to the surface, the %Aﬁg
more likely the Cuzo will dissolve:

Cu 0 + H0 + 4C1” ~+ 2CuCl™ + 20H"

At any given velocity, there will be a steady-statz oxide thickness for

which the rate of oxide formation is equal to the rate of dissolution.

B 2 TN

This steady-state thickness will decrease with increasing velocity and,
in the limit, the alloy surface will be film-free. Thus, as the velocity
increases, mass transfer across the film increases and, therefore, the

corrosion rate increases, as observed for the 90:10 Cu:Ni alloy.

Similarly, the corrosion rate of 70:30 Cu:Ni is expected to increase
with increasing velocity. However, the response of the high Ni alloy to
velocity will differ from that of the 90:10 Cu:Ni because of the different
natures of the surface films. The low nickel alloy initially has a more
defective surface film, probably with atacamite islands completely
penetrating the oxide in some places, 80 a decrease in film thickness

causes a relatively predictable increase in corrosion rate. In the high Sy
nickel alloy, on the other hand, the film is initially more protective and }i
atacamite does not penetrate the oxide. However, as the oxide film !
decreases in thickness, the likelihood of penetration by atacamite islands

increases. At some critical velocity (or film thickness), the oxide will ;
finally be breached, and accelerated localized attack will ensue. The i
bulk of the oxide will remain intact and, while offering protection to ?
tuch of the surface, will actually promote corrosion in the penetrated E
areas by providing a large cathodic area. ]?

It should be emphasized that, although we have rationalized the i
various results of our research, much work still needs to be performed. ; %
For instance, a detailed study of the makeup of the surface films as a ;
function of seawater velccity and oxygen content would help substantiate :
our predictions regarding the roie of atacamite islands. However, the
mechanisms outlined in this section are consistent with the available data.

15
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It should also be noted that we are advocating a breakaway corrosion
mechanism (in 70:30 Cu:Ni, in particular) that is electrochemical in
nature, in sharp contrast to the belief of many authors that accelerated

localized corrosion is caused by mechanically stripping the oxide from
the surface. As Syrett13 has indicated, average shear stresses at the
pipe wall are exceedingly small. Although higher shear stresses are
possible in localized regions,l we believe the breakaway phenomenon
is associated with electrochemical breakdown of the protective surface

film.

16
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SUMMARY AND CONCLUSIONS

The corrosion rates of 90:10 Cu:Ni and 70:30 Cu:Ni have been
measured as a function of velocity in aerated seawater and deaerated
seawater containing v 0.2 mg/dm sulfide. At seawater velocities up
to 5 m/s, the corrosion rates after a 230-hour exposure were lower in
the sulfide-polluted seawater than in the aerated seawater. Thus, we
have demonstrated that, even under comparatively adverse flow conditions,
the mere presence of sulfide does not cause accelerated attack of copper-
nickel alloys.

The corrosion rate of 90:10 Cu:Ni in both environments and the
corrosion rate of the high nickel alloy in the sulfide-polluted environ-
ment increased gradually with increasing velocity, and corrosion occurred
fairly uniformly across the entire exposed surface. However, the corro-
sion rate of 70:30 Cu:Ni in aerated seawater increased slightly as the
seawater velocity was increased from 0.5 m/s to 2 m/s but, at 3 m/s and
above, the alloy suffered localized corrosion that rapidly increased in
intensity as the velccity was increased. The onset of this accelerated
attack was accompanied by a transition from a condition in which EB >
Ecorr to one in which Ecorr < EB‘ The results were interpreted in terms
of the electrochemical (not mechanical) stability of the surface oxide
film,

17
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Table 1

CHEMICAL COMPOSITIONS AND MECHANICAL PROPERTIES OF
CA 706 (90:10 Cu:Ni) AND CA 715 (70:30 Cu:Ni)

T

e e o M RS I i e e £ S S A s

Composition™ (wt%) Strength (MPa) E

Alloy | Cu Ni Mn Fe p Pb S Zn |Yield |Tensile v
706 87.9110.210.24 |1,34 {<0,02 0.017 | 0,02 0,28 148 319 g
;2
715 68,7129,710.61 j0,53 0,001 |0.007 0.016 | 0,45 152 420 %

*Composition of CA 706 and CA 715 supplied respectively, by the _
Anaconda Co., Brass Division, Paramount, California, and Phelps g
Dodge Brass Co., Tube Division, Los Angeles, California. . ki

s
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Table 2

RANGES AND MEAN VALUES OF TEMPERATURE

AND pH FOR THE SEVEN FLOW-LOOP EXPERIMENTS

Velocity Temperature (°C) pH

Environment (m/s) mean min max mean min max
Air 0.5 23.6 | 20.8 | 25.0 | 8.18 | 8.04 | 8.24

2 24,4 22.5 28.4 8.20 8.15 8.22

3 24.0 20.1 27.0 8.19 8.15 8.22

4 22,0 21,5 23.0 8.20 8.20 8,22

5 22.6 21.5 25.0 8.20 8.19 8.21

Sulfide 3 21,9 20,0 23.4 8.29 8.27 8.30

5 22.6 21.5 24.0 8.27 8.25 8.30
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Table 8§

COMPARISON OF THE CORROSION POTENTIAL (Kogpye) AND 'TME BREAKAWAY POTENTIAL
(Ey) FOR 90:10 Cu:Ni AND 70:30 Cu:Ni IN ARRATED SRAWATER AS A FINCTION OF
VELOCITY AND EXPOBURKE TIME

Velocity | Exposure Time | Eoory iy

Alloy (n/8) (min) volt (SCE)N(volt (8CR)) <Egep |
90:10 [ 0,5 275 -0.320 0,200 No

0.5 14,506 ~0.030 -0.080 |Borderlins

2 37 -0.235 -0.160 Xo

2 16,148 ~0.1% -0.140 Yes

3 13,288 -0.081 0,380 Yes

4 239 -0.238 <0.180 Mo

4 13,114 -0.068 -0.140 Yes

8 156 0,040 -0.140 Yes

5 14,520 -0,078 0,100 Yes
70:30 | 0.5 260 -0.320 -0,1% No

0.5 14,470 0,048 0,028 No

2 86 -0,045 +0,028 No

2 16,324 -0.155 -0.020 No

3 12,961 ~0.188 -0.080 No

4 m ~0.070 -0,0% Yes

4 13,144 ~0.075 0,135 Yes

5 137 ~0.048 -0.150 Yes

8 14,638 -0.000 0,070 Yes
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Table

COMPARISON OF THE CORMMOSION POTENTIAL (Egopy) AND THE BREAKAWAY POTENTIAL
(By) FOR $0:10 Cu:Ni AND 70:30 Cu:Ni IN SULFIDE-RALUTED DEARRATED
SEAWATER AS A FUNCTION OF VELOCITY AND EXPOSURE TIME

Velocity | Exposure Time Roorr By H
LAuey| (we) (min) volt (SCE) | volt (8CE) | Ky < Kpgpr |
90:10 3 218 -0,710 -0,230 No
5 387 -0,708 -0.520 No
. 11,838 -0,720 -0,220 No
70:30 S 2% -0,530 -0,170 No
350 -0,475 -0,200 No
11,608 0,480 0,178 No
27
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. Contrul Test
Input Sypass
Control Exchanger No. 1
Pump Test Channel
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Temperature Test
Gas In Monitor Channel
No. 2
Gas Out /
o] 0 Ro ' Seawater
Sdee | 1190 Liters Sample
o+ | [Seawater Dual Port
‘ In-Line
Filters
SA-8077-42
FIGURE 1 SCHEMATIC DIAGRAM OF THE FLOW LOOP
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Tubuler Test Specimens
p——Approach Sactlon---T (<0.05 cm spart) Tubuter
{~70 cm) Cathode

Union (0.150 Union
1!‘, em i.d.) C'WE ol Spacers Mmt

Ditferentisl Pressure Reducing
Manometsr Callulose Plug

8A-0077-42R0 '

FIGURE 2 DESIGN OF TEST CHANNEL
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POTENTIAL — wolt (3CEY

"0 2 4 ) 8 10 12 14
TIME — minutes/103

TA-300822-208

FIQURE 3 POTENTIAL-TIME CURVES FOR 80:10 Cu:Ni AND 70:30
Cu:Ni IN AERATED SEAWATER FLOWING AT VARIOUS
VELOCITIES
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POTENTIAL — volt (SCE)

-0.6 - 5 m/s -
-0.7 80:10 _
08 L | | | | |
0 2 4 6 8 10 12 14
TIME — minutes/103
TA-3808:2-267

FIGURE 4 POTENTIAL-TIME CURVES FOR 90:10 Cu:Ni AND 70:30
Cu:Ni IN DEAERATED SEAWATER CONTAINING ~ 0.2
mg/dm3 SULFIDE AND FLOWING AT 3 m/s OR 6 m/s
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T T T T T T
10 208 : :gz;g g:::} Linear Polarization
8 : 978;8 g::: } Potential Step -
o 5 7030 Guni JAC Imeadance

0.5 m/s

CORROSION RATE (1/R,) — k:iohms™t

0 2 4 8 8 10 12 14 16
TIME — minutes/103
TA-380822-268

FIGURE 8 AVERAGE CORROSION RATE (1/R,) OF 80:10 Cu:Ni
AND 70:30 Cu:Ni ALLOYS AS A FUNCTION OF TIME
IN AERATED SEAWATER FLOWING AT 0.5 m/s
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TA-380822-269

FIGURE 6 AVERAGE CORROSION RATE (1/R;) OF 80:10 Cu:Ni
AND 70:30 Cu:Ni ALLOYS AS A FUNCTION OF TIME
IN AERATED SEAWATER FLOWING AT 2 m/s
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CORROSION RATE (I/R;) — kilohms™}
» X

31.0 | | | 1T | |

® 90:10 Cu:Ni
© 70:30 Cu:Ni
4 90:10 Cu:Ni
a 70:30 Cu:Ni
® 90:10 Cu:Ni
0 70:30 Cu:Ni

} Linear Polarization —
} Potential Step

} AC Impedance

® o

2 4 8 8 10 12 14 1
TIME — minutes/103

TA-350822-270

FIGURE 7 AVERAGE CORROSION RATE (1/R,) OF 80:10 Cu:Ni

AND 70:30 Cu:Ni ALLOYS AS A FUNCTION OF TIME
IN AERATED SEAWATER FLOWING AT 3 m/s
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i 4 70:30 Cu:Ni
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& G 70130 uii | AC Impodncs
=
w 12 _
a<: 4 m/s OD
2 - Qe OO __
5 ° 70:30
§ .
g 4 - -
© 90:10 I
0 | | | ] | {
0 2 4 6 8 10 12 14

TIME — minutes/103
TA-350822-271

FIGURE 8 AVERAGE CORROSION RATE (1/R;) OF 90:10 Cu:Ni

AND 70:30 Cu:Ni ALLOYS AS A FUNCTION OF TIME
IN AERATED SEAWATER FLOWING AT 4 m/s
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53.1 ® 90:10 Cu:Ni

o 70:30 Cu:Ni} Linear Polarization —

R
—

s 90:10 Cu:Ni}P sl S
20 ." a 70:30 Cu:Nif  orenuial Step
® 80:10 Cu:Ni}
18 0 70:30 Cu:Ni§ AC Impedance |

CORROSION RATE (I/R;) — kilohms™?
]

8 e —
4 ko ® co—ao O 70:30 o© Og 9 o _|
o 8, s B4 A ADA .
0 | | | | | | |
0 2 4 6 8 10 12 14 16

TIME — minutes/103
TA-380522-272

FIGURE 8 AVERAGE CORROSION RATE (1/R;) OF 80:10 Cu:Ni

AND 70:30 Cu:Ni ALLOYS AS A FUNCTION OF TIME
IN AERATED SEAWATER FLOWING AT 6 m/s
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SULFIDE CONTENT
mgis] /dm3
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CORROSION RATE (1/Rp) — «il
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.
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0.5

80:10 Cu:Ni
70:30 Cu:Ni
90:10 Cu:Ni
70:30 Cu:Ni
90:10 Cu:Ni
70:30 Cu:Ni

} Linear Polarization

} Potential Step -

oOos > » O @

} AC impedance

—

8 10 12 14
TIME — minutes/103
TA-IS§0822-27)

FIGURE 10 AVERAGE CORROSION RATE (1/R,} OF $0:10 Cu:Ni AND 70:30

Cu:Ni ALLOYS AS A FUNCTION OF TIME IN DEAERATED,
SULFIDE-POLLUTED SEAWATER F'.OWING AT 3m/s OR 8§ m/s.
THE TIME DEPENDENCE OF THE OISSOLVED SULFIDE CONTENT
IS ALSO GIVEN.
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FIGURE 11

TA-350522-274

CLEANED INTERNAL SURFACES OF 90:10 Cu:Ni AND
70:30 Cu:Ni SPECIMENS EXPOSED TO AERATED
SEAWATER FLOWING AT 0.5 m’s

[Note:  Tainish was not completely 1emoved trom 20:30
Cu:Ni specimen. |
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FIGURE 12

VA USO8 015

CLEANED INTERNAL SURFACES OF 90 10 Cu N AND
70:30 Cu:Ni SPECIMENS EXPOSED TO AERATED
SEAWATER FLOWING AT 20 m s
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TA-380627-276

FIGURE 13 CLEANED INTERNAL SURFACES OF 80:10 Cu:Ni AND
70:30 Cu:Ni SPECIMENS EXPOSED TO AERATED
SEAWATER FLOWING AT 30 m s
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TA-350822-277

FIGURE 14 CLEANED INTERNAL SURFACES OF 90:10 Cu:Ni AND
70:30 Cu:Ni SPECIMENS EXPOSED TO AERATED
SEAWATER FLOWING AT 4.0 m/s
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FIGURE 15
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TA-380822-278

CLEANED INTERNAL SURFACES OF 90:10 Cu:Ni AND
70:30 Cu:Ni SPECIMENS EXPOSED TO AERATED
SEAWATER FLOWING AT 5.0 m/s

Arrows mark the locations of two particulatly deep pits
on the 70:30 Cu:Ni specimen,
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TA-3505822-279

FIGURE 18 CLEANED INTERNAL SURFACES OF 90:10 Cu:Ni AND
‘ 70:30 Cu:Ni SPECIMENS EXPOSED TO DEAERATED
SULFIDE-POLLUTED SEAWATER FLOWING AT 3.0 m/s
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FIGURE V7

TA-370522-280

CLEANED INTERNAL SURFACES OF 80:10 Cu:Ni AND
70:30 Cu:Ni SPECIMENS EXPOSED TO DEAERATED
SULFIDE-POLLUTED SEAWATER I LOWING AT 5.0 m/s
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REYNOLDS NUMBER (1/103)
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oo |- 4 70:30 Cu:Ni/Sulfide 2 n
250 e
2 |
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~~ " "=SULFIDE
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SEAWATER VELOCITY — m/s

TA-380822-281

FIGURE 13 CORROSION RATES OF 90:10 Cu:Ni AND 70:30 Cu:Ni

ALLOYS AFTER 230 HOURS EXPOSURE TO AERATED ;

SEAWATER AND TO DEAERATED, SULFIDE-POLLUTED ;

SEAWATER, AS A FUNCTION OF VELOCITY (OR !

REYNOLDS NUMBER) ‘

{Data points lsbeied L are localized corrosion rates (see text)] )
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