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Corrosion and Galvanic Compatibility Studies
of a High-Strength Copper-Nickel Alloy

S.A. Campbell,” G.J W Radlord,** C.0.5. Tuck,™" and B.D. Barker™"

ABSTRACT

The corrosion and galvanic compatibility of a high-strength
copper-riciee] alloy, MARINEL, Lo martensitic (Type 416 521
JUNS 54 16000 and general purpose austenitic (Type 316 511
JLINS 8316000 stainless steels [85) were investigeted in
netural seaweler, The galvanic properties were compeared To
a superduplex S5 (FERRALIUM 5D40 [UNS 532550} (PREN
[ + (3.3 x %Mol + (16 x BN > 40) used for similar appli-
cations, Botl long-term testing via infield exposire trials and
laboratory investigations were performed, The infield copper-
nickel alloy corrosion rate fell from Q.058 + 0,001 mm/y afier
113 days to 0.012 £ 0.003 mmy yafter 660 days' exposure
and obeyed a parabolic rate low witich suggested that jon
diffusion through the surfoce film was rate-determining.
Localized corrosion of the copper-niclkel alloy was observed
after more lengthy exposure mes of =6 months and magy
ultimately be deseribed by a corroston rate law aften referred
to as “paralinear.” In the absence of localized corrosion,
selected 55 were found to be the cathodic component when
elecirically coupled (o the copper-nickel alloy. However, the
presence of crevice/ pitting corrosion of the 85 resulted in
polarity reversal. Despite variations in the cathodic material,
similar galvanic current densities of = 30 4+ 10 pAfent (for

I:1 area ratios) were recorded when crevicing of the 55 oc
currec. This was attributed to the rate-determining diffusion
controlled axygen reduction reaction. The galvanicaliy
trcduced corrosion reduced with lime as a consequence of
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INTRODUCTION

High-strength copper-nickel alloys and superduplex i
stainless steels (S5) are examples of a relatively new i
generation of corrosion-resistant materials specifically |
designed for use on offshore structures, These strue-
tures must be built to withstand extremes of lempera-
ture, tidal waves, hurricane-foree storms, and
continuous exposure Lo sall water. Specific applica-
tions include seawater handling systems on North Sea
oil platforms and fastener malerials, Interest has in-
creased in the use of these allovs as sheathing to pro-
tect jacket piles and conductors {rom corrosion and
marine growth since this would also reduce weight
and construction costs. Most of these applications
require galvanic coupling of the copper-nickel alloy lo
various materials, the majority of which are 55. De-
spite their growing importance, very little data exists
regarding their corrosion characteristies and galvanic
compaltibilities.
Corrosion rates of ~0.01 mm/y to 0.03 mm/y
have been recorded for immersed copper or copper-
nickels.! These values were obtained via traditional
weight loss methods for single short-term exposure
periads of <1 year. This data cannot be extrapolated
lor durable high-strength copper-nickel alloys be-
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TABLE 1
Composition of the Alloys Under Investigation (wi%)
c Si Mn Cr Mi Mo Cu Al Nb Fe
Cu-Mi 0.00 0.13 457 0.41 19.10 0.00 Remainder 1.80 0.72 1.18
Superduplex 55 0.02 0.33 0.79 25.10 6.42 3.45 1.64 0.00 0.00 Remainder
Type 316 55 0.02 0.59 1.35 16.90 11.10 21 0.47 0.00 0.00 Remainder
Type 416 85 0.012 0.28 1.14 12.40 0.28 0.26 0.00 0.00 0.00  Remainder

cause a nonlinear corrosion rate relationship exists
for these alloys in submerged marine environments.”

EXPERIMENTAL PROCEDURES

Materials

Chemical compositions of the S5 and MARINEL'
copper-nickel alloy are shown in Table 1. All the
alloys were supplied as 2.54-cm-diameter bars from
Langley Alloys (now Meighs Lid.). Cleaning solutions
were prepared using Shipley Europe Duraprep 1 10!
soalt alkali cleaner, specific laboratory reagent hydro-
chloric acid (HC) [specific gravity [SG] 1.18, assay
35% to 38%), and laboratory reagent ammonium
citrate (H,NO,CCH,CIOH][CO,NH,]CH,CO,NH,) (assay
98% specific laboratory reagent). Where appropriate,
the coupled alloys were mounted together using cold-
set resin or noncorrosive silicon sealant. Corrosion
products removed from the copper-nickel were
dissolved in specific laboratory reagent nitric acid
(HNO,) [(SG 1.42).

Equipment

The galvanic current was monitored using an
ACM Instruments' zero-resistance ammeter (ZRA).
The potentials of the couples and single alloys were
measured using a Kiethley 130A' digital voltmeter
and a saturated calomel electrode (SCE) (Radiometer
K401, The conductivity and pH of the natural sea-
water were recorded using a Chandos A21D' condue-
tivity meter and a Jenway 3420 electrochemistry
analvzer, respectively. The dissolved oxygen concen-
tration of the solutions was monltored using a
Hanna Instruments H19142" portable waterproof
dissolved oxygen meter. Surface deposits were ana-
lyzed using a JEOL JSM-35' scanning electron mi-
croscope [SEM) with energy-dispersive speclroscopy
(EDS) capabilities. Additional quantitative analysis
was carried out using a Hitachi z-8100" polarized
zeemnan atomic absorption specirophetometer.
Electrochemical measurements were made using
an EG&G Princeton Applied Research 2734
potentiostat /galvanostat.

' Trade name.
B ASTM, 100 Barr Harbor Drive, West conshohocken, PA 19428,
B NS numbers are listed in Metals and Alloys in the Unified Num-
bering System, published by the Soclety of Automotive Engineers
[SAE) and cosponsored by ASTM.
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Sample Preparation and Test Conditions

All alloy samples were prepared as described in
ASTM G1-81." The alloys were initially degreased in
the soak cleaner al 60°C for 5 min. Oxides present
were removed by immersing the S5 in a solution of
15% (wt/vol] ammonium citrate at 70°C for 20 min
and the copper-nickel alloys in 50% (vol/vol) HCI at
room temperature for 3 min. The samples were
abraded with 1200-grade silicon carbide (SiC) paper
and degreased once more, rinsed in distilled water.
and air dried.” The clean, dry specimens were
weighed to 4 d.p.

In the present study. corrosion characteristics of
the copper-nickel alloy MARINEL were examined in
various natural seawater environments, This encom-
passed long-term tests such as infield exposure trials
and laboratory investigations.

Tidal Raft Exposure Trials — Weight loss samples
were mounted as shown in Figure 1, The tempera-
ture (12 * 7°C), dissolved oxygen concentration (9.7 =
1.1 ppm), specific conductance (50.8 £ 4.0 m5 Jom),
and pH (8.0 + 0.2) of the seawater were monitored
throughout the exposure test. In addition to isolated
alloy weight loss experiments, the copper-nickel alloy
and superduplex 55 were placed in clecirical contact
with the austenitic (Type 316 [UNS 531600 and
martensitic (Type 416 [UNS 541600]) 55 [area ratios
1:1 and 1:10, respectively). Because of the nature of
weight loss analysis experiments, onee removed and
analyzed, the samples could not be replaced in the
corrosive environment, Consequently, a number of
samples were prepared to allow periodic analysis for
up to 2 years. Mounted samples were secured to mild
steel frames, which were suspended [rom a con-
stantly submerged tidal raft (just below the splash
zone) located in Langstone Harbour in the Northeast
Solent region on the South coast of England.
Langstone Harbour is a fully marine system and is
the central of three interconnecting harbors. Tidal
range varies between 150 cm/s [neaps) and 450 cm/s
(springs) with a tidal stream current reversing and
the tide ranging from 70 cm/s (neaps) to 126 cm/s
[springs]. Salinities show variation from 30.4% to
34%, and clarity is poor (100 em to 300 cm).*

Laboratory Studies — Galvanic couples and
single alloys were mounted as for the raft weight loss
samples (Figure 2). A hole was drilled through the
center of the nylon studding, and electrical contact
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Silicon rubber washer
and sealant

Threaded nylon studding '

Weight loss samples

Mylon washer

| Copper-nickelisuperduplex S5

oy

- Austenitic {Type 316)/martensitic (Type 416) 55

Samples for surface analysis

Galvanic corrosion samples

1:1 area ratio
End view
©)
i
2 + 2.54 cm
Galvanic corrosion samples
10:1 area ratio
Test Length {cm)
Weight loss 5.00
Galvanic
weight loss (1:1) 250 |
Galvanic
weight loss (1:10) Pt
Surface analysis 1.00

Electric contact made via copper strips, where required,

placed within the hollowed samples.

FIGURE 1. Specimean arrangement for raft weight loss experimants.

was achieved via leads attached to the alloys. The
experiments were carried out in a transparent plastic
tank containing 16 dm® of natural seawater. The sea-
waler was constantly aerated and replenished every
3 days. The seawater temperature (18 = 2°C] and dis-
solved oxygen content (7.7 = 0.4 ppm) were moni-
tored throughout. On completion of the test, weight
loss analysis was carried ouf in accordance with
ASTM G31-72.°

Flowing Tank Experiments — Samples shown in
Figure 3 were placed in a flowing seawater tank with
an 83-dm® capacity and a flow rate of 0.06 em/s
(9.92 dm’/mm), The temperature (13 + 5°C) and dis-
solved oxygen content (8.5 £ 0.4 ppm) were again
monitored throughout. The area ratios used were the
same as those for the raft and laboratory studies,
Leads secured to the alloys were subsequently placed
in cold-set resin to insulate them from the seawater.
Seawater was pumped directly from the harbor, and
the tank was situated ~25 m from the water’s edge.

Analytical Methods

Upon removal from the various seawater envi-
ronments, samples were rinsed with distilled water,
dried in a stream of cold air. and placed in a desicca-
tor prier to analysis. The corrosion products were

mechanically scraped from the alloy surface,’ weighed,

and dissolved in a mixture of concentrated HNO, and
HCP**™=" prior to atomic absorption spectrophotom-
etry. The relevant samples were observed directly
using a SEM with EDS capabilities. Performing semi-
quantitative analvsis was also possible using the
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available software linked to the SEM. This is achieved
by determining the integral of the peaks [or each ele-
ment present on the x-ray count vs x-ray energy plot
and determining a percentage, Calibration of this
procedure was performed by analyzing the base alloy
of known composition.

RESULTS AND DISCUSSION

Tidal Raft Weight Loss Experiments

Heavy marine fouling was present on all the al-
loys after 2,712 h (113 days’) exposure, with the ex
ception of the isolated copper-nickel that had only a
thin transparent slime/biofilm covering its surface, A
black uniform corrosion product, which was absent
[rom samples involved in galvanic coupling, covered
the copper-nickel. Small “islands” of less-adherent
green corrosion product were present on some
samples exposed for longer periods, as shown in Fig-
ure 4. Upon removal of this green corrosion product,
evidence of deep pitting with a copper color within
the pits was found. SEM investigations confirmed
denickelification within the pitted areas. The galvani-
cally coupled copper-nickel samples retained their
original metallic color and did not suffer any form of
visible corrosion. However, an adherent white deposit
and some fouling were evident on the alloy surfaces,
No visible signs of corrosion were observed for the
superduplex 55 whereas most of the austenitic (Type
316) and martensitic (Type 416) 55 tested in isola-
tion and involved in galvanic coupling had undergone
severe crevice corrosion (Figure 5).
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EIGURE 2. Laboratory galvanic couple arangemenl.
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Electrolyte
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As a resull of the extensive erevieing sustained
by the isolated martensitic (Type 416) and austenitic
(Type 316) SS, corrosion rate caleulations for these
alloys are misleading since the corrosion is localized
in nature. The weight loss values observed for
superduplex S5 were insignificant compared Lo
errors resulting from the cleaning and weighing pro-
cesses and were consequently reported as zero,

Figure 6 illustrates the corrosion rales for
isolated copper-nickel over an exposure time of
660 days. The results show that the majorily of the
weight loss ocourred within the lirst 3 months of
exposure with corrosion rates falling [rom 0.058 £
0.001 mm/y after 113 days to 0.012 £ 0.003 mm,/y
after 660 days. The nonlinear corrosion rate relation-
ship observed for the copper-nickel agrees with pre-
vious studies,” The pilting corrosion experienced
clearly affected corrosion rates and error calculation
for 467 days’ (11,208 h) and 554 days’ exposure
{13,296 h). The corrosion has been reported as fol-
lowing a rate law of the form given in Equation (1).
where k is the corrosion rate after 1 day and L is the
exposure lime:”

Corrosion rate = k t" (1)
From the logarithm plot of the corrosion rate shown
in Figure 7, a lincar relationship was also observed
for the copper-nickel corrosion on the tidal rall. The

curvilinear relationship for the corrosion was calcu-
lated as follows:

Corrosion rate {mm/y) = 3.16 t *% (2)
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A value of 3.16 mm/y suggests that the initial corre:
sion rate was extremely high. However, the large ex-
ponential term indicates a rapid decreasc in the rate
of corrosion. The thickness of the corrosion product
calculated from the corrosion rates were found to be
significantly higher (17.9 pm to 21 .9 umj than that
observed via SEM (9.3 + 2.3 pm). The values caleu
lated assume that all the material lost as a conse-
quence of corrosion resulls in protective film for-
mation, A significant proportion of the corrosion
products will be removed from the surface as a resull
of the hydrodynamic conditions experienced.

The weight loss and pitting analysis of the cop-
per-nickel alloy over the test duration illustrate the
limitations of the methods for extrapolating long:
term corrosion rates. These methods are purely
empirical since they cannot predict the introduction
of localized and dealloying corrosion because of the
numerous variables influencing corrosion in marine
environments.

The galvanically coupled copper-nickel alloy was
protected as a result of the localized corrosion of the
55 eausing their potentials to move to much more
active [negative) values. As expected, the superduplex
55 was also found to be eathodic to the austenitic
(Type 316} and martensitic (Type 416) 55.

Laboratory Weight Loss Experiments
Macrofouling was absent from the laboratory
copper-nickel alloy samples although a thin, visible
hlack/brown biofilm or “slime” developed on the sur
face of the alloys after ~30 days’ exposure, as ob-
served lor the ralt samples. The lack of macrofouling
on Lhe raft samples results from a number of factors
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Plan View
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h

Silicon rubber washer

FIGURE 3. Exposure fank galvanic couples (the sample arrangement
is repeated as required),

such as exposure to artificial lighi and lack of con-
stant water exchange experienced within the labora-
tory.” The black layer and “islands” of green
corrosion product were present on the copper-nickel FIGURE 5. Martensitic 55 sample after 467 days' exposure on the
alloy, as described previously. Neither the anstenitic tidal raft exhibiting extensive crevice corvasion (magnification: 10X).
(Type 316) nor the superduplex S5 exhibited any
form of corrosion. However, very heavy pitting corro-

sion was visible on the martensitic (Type 416) 55 4.9 pm/y for quiet, and 11.0 pm/y and 9.1 pm/y

within weeks of exposure, and the samples were for ﬂnWil-'IE conditions {60 cm/s), respectively —mvﬂ],r

coated in a white deposit with brown staining, Both resull from the absence of pitting corrosion.”

the anodic and cathodie components ol all the gal-

vanic coupling arrangements were coated in a white Isolated Alloy Rest Fotentials

deposit at the termination of the test (571 days). The Laboratory Tank — The corrosion potentials for

martensitic [Type 416) and austenitic (Type 316) 55 the isolated alloys within the laboratory tank are

had ereviced severely at the junctions with the insu- shown in Figure 8 lor the entire exposure period of

lating washers. Removal of the white deposit on the 14,000 h (583 days). The potential of -240 + 6 MV

superduplex SS and copper-nickel alloy samples produced on immersion of the copper-nickel indi-

involved in coupling showed that they had again re- caled the presence of cuprous oxide (Cu,0) at the pH

tained their original metallic color and had not suf- of seawater, as illustrated by the Pourbaix diagram in

fered any form of "i"‘ﬂﬂt‘_ corrosion. Figure 9. Il is generally accepted thal initial eorro-
The corrosion rate for the copper-nickel alloy un- sion involves oxygen reduction and cuprous ion pro-

der static conditions within the laboratory is shown duction, as shown in Equations [3) and (4):

ir1 Table 2 T':'.r- value of 28.0 + 5 um/y is similar to

that found for the tidal raft samples after equivalent ot e Mo - Do DEE A o (3)

exposure times (203 = 8.0 pm /v aflter 554 days). The i * 2 e

lower rates recorded by Efird after 1.5 years” expo-

sure for 90/10 and 70/30 alloys—3.5 pm/y and Anodic reaction: Cu=Cu +e (4]

CORROSION—Vol. 58, No. 1 61
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FIGURE 7. Tidal raft copper-nicke! corrasion as a function of time.

The anodic reaction is thought to involve the forma-
tion of a cuprous chlorocomplex, illustrated by Equa-
tion (5). which subsequently reacts with hydroxide
ions to produce Cu,O (Equation [6]):

Cu+2CI & CuCl, +¢ (5)

2CuCl; +20H & Cuy0+ HyO+4C1 (B8]

Il is assumed that, for a corrosion reaction to pro-
ceed, copper ions and clectrons must migrate
through the Cu,O film. The rate of corrosion is now
limited by the diffusion of these species through the
resulting layer. As the exposure time increases. the
corrosion film thickens and diffusion becomes in-
creasingly more difficult whereas the cathodic pro-
cess remains relatively unchanged. This results in an
inerease in the corrosion potential and a decrease in
the corrosion current density.

Al the maore positive potentials recorded after
~42 days’ exposure (1.000 h), a result of increasing
film thickness (ohmie [IR] drop), the Cu,0 is thermo-
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TABLE 2
[ aboratory Corrosion Rate Measurements
After 571 Days' (13,682 h) Exposure

Alloy Corrosion Rate (mm s
Cu=Mi 0.028 £ 0.005
Superduplex 55 Mot significant
Martensitic (Type 416) 35 0.072 £ 0.0026 (heavily piss
Austenitic (Type 316) S5 0.00016 + 0.00006

dymamically unstable, cuprie lons are produced, ass
a redox transformation of the Cu,0O to cupric oxide
(Cu0) occurs. Furthermore, a nonprotective grees
corrosion product!! forms according to Equation (72 :
indicated by the sudden increase in the potential &8
—83 + 9 mV. and supported by scanning electron
energy-dispersive x-ray analyses described later:

Cu,0 +Cl” +2H,0 + Cuy(OH);Cl+ H' +2e
atacamite

(N

An alternative mechanism concerning the behavier &
a partially blocked electrode surface has been sug-
gested, with electron/ion migration becoming rate
determining only after more lengthy exposure and
extensive cupric compound formation. '™ '

The Pourbaix diagram in Figure 9 shows that &
reduction in pH to ~7 is required for cupric hydroxs
chloride [Cu,|OH],CH formation. This is believed 1o
occur during pitting and explains the presence of s
compound in pitted areas of the alloy surface. Al-
though this film is not particularly adherent, the
static hydrodynamic conditions experienced within
the laboratory tank allow its retention on the alloy
surface, and this potential remained constant
throughout the test.

The potentials of the austenitic (Type 316) and
superduplex S5 shifted in the electropositive direc-
tion (ennoblement) to values =300 mVy.;, which wers
sustained for the duration of the test, Similar en
noblement of various SS has been recorded in litera-
ture with values >400 MV ™" although this is not
always the case.'” This large positive shift in potential
is often wrongly assumed to be caused by accelera-
tion of the cathodic reaction as a resull of biofilm for-
mation. Although the mechanism by which the rate
increase oceurs is still unclear, it has been suggested
that the presence of biofilms can decrease the pas-
sive current density'™ since the film acts as a baffler
to corrosion. However, this cannot explain the often
large degree of ennoblement, as illustrated in Figure
10, and does not address the experimentally docu-
mented inerease in the cathodie reaction. Larde
changes in pH are possible under biofilms with val-
ues as low as 5 observed under general aerobic films
containing acid-producing bacteria.™ Even more acid
pH in the range of 1 to 2 has been found under dis-
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FIGURE 8. Alioy resf potentials in nalural seawater for the samples
in the constantly aerated laboralory tank.

crete biodeposits * A pH of 3 is thought to be re-
quired for some of the effects produced by marine
biofilms on passive alloys in seawater. The oxyvgen
reduction reaction is pH-dependent and changes in
acid conditions:

0, + 4H* +4¢ — 2H,0

E1| ={}.087 vSEZ'EM.Ih.‘.Iwr 21 {R]

Acid solutions:

0, +2H,0 + 4" — 40H

B e F Reference 21 [9}
E. =0.158 Vger

Alkaline solutions:

Figure 10 shows that a change in the reduction reac-
tion Lo Equation (8), attributable to acidification
{where E! is the standard potential). may result in a
large increase in the corrosion potential, as observed
in the present investigation. Although certain
biofilms can act as a bafller lo the transport of dis-
solved oxygen and also a sink. consuming it during
the respiration process, others such as photosyn-
thetic organisms consume carbon dioxide (C0O.) and
produce oxygen.™ This can result in the formation of
differential concentration cells; less marine corro-
slon-resistant 55 such as martensilic (Tyvpe 416) 55
are known to suffer corrosion initiation in the form of
pitting or crevicing as suggested by the potentials of
= 300 mV to 600 mV measured [or this alloy.'® The
regions of lower oxygen concentrations may not be
able to mainiain the corrosion potential above the
passivation potential. Hence, passive film breakdown
occurs and the martensitic (Type 416) S5 potential
moves (o the more active values observed.

Exposure Flow Tank — Rest potentials lor the
exposure tank alloys are shown in Figures 11 and
12. The copper-nickel alloy potential changes were
similar to tho=e observed within the laboratory tanl,
Howewver. the production of the cupric compounds

CorrosioN—Vol. 58, No. 1
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FIGURE 10. Effect on the 55 corrosion pofeniial produced by the
change in the oxygen reduction reaction,

indicated by the second shill to more noble potentials
of ~ -90 mV occurred much later, after 229 days
(5,500 h), compared with ~19 days (450 h) for the
laboratory samples. This is likely a consequence of
the flowing conditions that enhances the removal of
copper ions produced at the surface of the alloy and
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FIGURE 11. Copper-nickel rest potentials in natural seawater for
samples in the exposure tank.
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FIGURE 12. Superduplex. martansitic (Type 416), and austanilic
{Type 316) S5 rest potentials for samples in the exposure fank.

depolarizes the cathodic reaction (under mixed con-
trol). The critical thickness of corrosion product re-
quired for the shift in potential to a value at which
cupric compound [ormation occurs Was produced
muech later in the test. Furthermore, the potential at
which this oecurred was at more positive values than
under static hydrodynamic condilions.

Similar results were observed for the superdu-
plex and austenitic (Type 316) SS. This could be the
result of a surface biofilm formation different from
those formed in the laboratory. Macro- and micro-
fouling were present on all the S5. Microfouling was
in the form of a slime/biofilm. Macrofouling was ex-
tensive during the summer months because of higher
temperatures. The process of biofilm formation be-
gins immediately upon immersion of & metal in a lig-
uid environment. The first step is the adsorption of a
nonliving macromolecular organic film. Its formation,
however, is temperature-dependent and will take
longer in the lower temperatures experienced in the
exposure tank; it forms within 2 h at 253C. % The
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bacteria initially colonizing the surface also begis =
attach in substantial numbers within 2 h to 4 h &=
posure to seawater; the bacterial biofilm becomes
well developed within 48 h immersion, although
changes in the film can be observed for up to 2 wesss
or more. This process is again temperature-depen
dant. There was a pronounced ennoblement withis
this time for the laboratory samples. More erratic
behavior was observed for the exposure tank SS.
Biofilms are rarely homogenous and generally oniy
patchy coverage occurs. Even when they provide
complete coverage, their thickness varies, which c&8
introduce oxygen concentration cells on the metal
surface. This is likely to be the case within the flow
ing tank where factors such as the amount of foul-
ing, debris movement, and temperature are more
variable. The martensitic (Type 416) 55 followed
potential variations (with values ol 400 mVgeg to
~500 MV similar to those within the laboratory.

Potential and Current Measurements
for Alloys Involved in Galvanic Coupling

Laboratory Tank Experiments — Figure 13 illus:
trates the variation in potential and measured cur-
rent density with time when the copper-nickel was
coupled to austenitic (Type 316} 55 within the
laboratory tank. The coupled potential values of
—400 MV to —600 MV, are within a few millivolis
of the free corroding potential measured for austen-
itic [Type 316) SS when the electrical circuit is inter-
rupted. The active potentials recorded for the S5
were the result of localized corrosion. The copper-
nickel alloy retained its metallic luster throughout.
and the potentials remained relatively constant for
most of the test period. It can be assumed that the
diffusion-limited cathodic reaction [i.e.. oxygen re-
duction on the copper-nickel) is controlling the rate
of galvanic corrosion. The extent of the cathodic po-
larization is a result of the static nature of the test
with limited agitation produced by the aeration pro-
cess. These resulls are in agreement with Hodghiess
and Lim, who found that the coupled potentials were
very close to the potential of the anodic material,
typically within 5 mV to 30 mV.™

The magnitude of the current density decreased
after ~45 days' exposure [~1,000 h) and continued to
fall for the remainder of the test. The reduction in the
current density can be explained by the production
of the adherent white deposit. The deposits were ex-
amined using SEM and microanalysis (EDS]. This
showed the major component of the deposited layer
nearest the alloy surface to be caleium with traces ol
chloride. as shown in Figure 14. Therefore, this de-
posit can be attributed Lo the calcium carbonale
(CaCO,) scale, as found by other workers.*

The increase in pH required for CaCO, deposi-
tion is a result of oxygen reduction (alkaline condi-
tions) on the copper-nickel producing hydroxyl ions.
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FIGURE 13. Galvanic current density and potentials vs time for the
copper-nickelaustenilic (Type 316) S5 (1:1 area ratio).

The adherent layer introduces a barrier lo oxygen
reduction, reducing the galvanic corrosion process
by retarding the cathodie reaction. The deposit is no
particularly impervious to scawater, and a gradual
decline in the current is recorded with increasing
film thickness, thereby reducing the cathodie surface
area for the reduction reaction.

The movement of the coupled potential to values
of =200 mV,.. to -300 MVyep Was accompanied by
a further and more rapid decrease in the galvanic
corrosion current density to almost zero. Figure 13
shows that, when the coupled potential stayed at be-
tween —400 mV.,.,, and -600 mVy.e. the galvanic cur-
rent stayed relatively high. As the amount of Cat 20,
biofilm. and corrosion product lormation increased,
the exposed surface area of the alloy in contact with
the scawater decreased. Eventually, a situation is
reached where the austenitic (Type 316) 55 influence
on the coupled potential is sulficiently reduced such
that it no longer remains depressed (i.e., it cannot
corrode at a sufficiently fast rate to cathodically pro-
tect the copper-nickel). This results in the subse-
quent increase in the coupled potential observed.
Consequently, the copper-nickel begins (o corrode,
resulting in corrosion product formalion and an
increase in the potential recorded for the alloy when
uncoupled. Eventually, the austenitic Type 316) 55
is completely isolated from the seawater and the
compounds surrounding the anodic alloy stifles any
further anodic dissolution lcorrosion).

Figure 15 illusirales the variation in potential
and measured current density with time when
superduplex SS is coupled to austenitic [Type 316) SS.
The coupled potentials of -400 MV to 600 mV,..
are once again within a few millivolts of the values
recorded for the free corroding austenitic (Tyvpe 316)
55 when the electrical circuit is interrupted, The
diffusion-limited cathodic reaction is again control
ling the rate of galvanic corrosion. As expected, the
superduplex S5 uncoupled potentials moved to maore
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FIGURE 15. Galvanic current density and potentials vs time for
superduplexiaustenitic {Type 316} 58 couples (1:1 area ratio).

positive values of 200 MV to 300 mV,..,. The un
coupled austenitic (Type 316) S5 potentials shifted
Lo more negative {active] values, :'nr!i(:aiing localized
COTTOSI0,

When the copper-nickel alloy and superduplex
55 were coupled to the martensitic [Type 416) 55,
results very similar to those for the austenitic [Type
316) 55 couples were produced. Localized COrToSion
of the 55 was abundant, as expected for this alloy in
A marine environment,

Table 3 shows the magnitude and time ol the
initial increase in the galvanic current densities re-
corded. It has been established that the diflusion-
limited cathodic reaction is controlling the rate of
galvanie corrosion when the copper-nickel alloy and
superduplex 55 are coupled to the austenitic (Type
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TABLE 3
Maximum Current Densities Produced Prior to Deposit Formation

Maximurm Initial Average
Laboratory Increase in Polential Potential
Galvanic Area Recorded Current Density Difference Difference
Couple Ratio Time (h) (i/nA em®) (mV) {mV) B
Cu-NiiType 416 55 i 30 2235+124 243+ 25 373275
110 142 1.08+0.19 407 + 4 328 £ 92
Cu-MiType 316 85 1:1 1,058.5 16.28 +1.08 dd6 + 3 289 + 108
1:10 55 1.52/3.65 28+ 3930 £ 39 235 £ 138
Superduplex SS/Type 418 55 11 819.5 2040 =292 536+ 10 404 = 136
110 577 214 +£0.89 537 +8 425+ 123
Superduplex 55/ Type 316 55 1:1 635 18.39 556 680 £ 151
1:10 577 2.23+0.32 501 £13 80 £ 177
TABLE 4 :
Accelerated Galvanic Corrosion Factors Calculated from the Averaged Current Measuremenits
Laboratory Averaged Current Averaged Current Aceeleration
Galvanic Couple {LLA) {1:1 Area Ratio) {LLA) [1:10 Area Ratio) Factor
Cu-MiMartensitic (Type 416) 55 1325+ 415 17.86+5.4 746 £ 325
Cu-Ni‘Austenitic (Type 316) 55 162.0%160.5™ 154 £ 6.0 10,54 + 4.11'%/10.45% + 4,07
Superduplex SSMartensitic (Type 416) S5 138.0/155.4™ 13648 10.12 + 3.59°%/11.46™ + 4.04
Superduplex S5/Austenilic (Type 316) 55 102.5™ 132£50 7.79+£295

% Couple removed after test duration.

B Removed after 3,119.5 h because of leakage.

"l Duplicate sample removed early in test because of leakage.
M Removed after 5,646.5 h because of leakage.

316} and martensitic (Type 416) 85, As a result, simi-
lar current densities were recorded for the couples
despite the larger potential differences shown in
Table 3.

The currents recorded for the galvanic couples
were averaged, and the acceleration resulting from
inereased arca ratio of the cathodie material is shown
in Table 4. It can be seen that the magnitude of the
acceleration factor reflects the increased size of the
cathodic surface area (10X), as would be expected
from a eouple under the control of a dilfusion-limited
cathodic reaction.

Measured galvanic curreni densities are com-
pared with those calculated from the austenitic and
martensitic S5 weighl loss results in Table 5. Weight
loss values were converied to current density via
manipulation of Faraday's equation:

At zFA
where A is equal to area, { is the lime, w is the
weight, M is molar weight, 11s the current, F is
Faraday's constant, and z is the number of electrons,
Most of the corrosion experienced by the austen-
itic and mariensitic S5 (Columns A and B in Table 3)
does not result from galvanic coupling. This empha-
sizes the facl that the current monitored represents
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only the galvanically induced corrosion (attributable
to coupling) and does not account for the natural
corrosion of the anodic material. It must be noted
that the corrosion current density for the nongalvanic
corrosion is misleading sinee it is almost entirely
localized.

Exposure Tank — The couples invelving marten-
sitic {Type 416) S5 within the exposure tank exhib-
ited behavier very similar to that reported above,
However, this was not the case for the auslenitic
(Type 316) SS that had not experienced significant
lncalized corrosion. An example of the potential
variations with time for the copper-nickel alloy/
austenitic (Type 316) 55 (1:1) couples s shown in
Figure 16. The characteristic black corrosion product
developed on the surface of the copper-nickel allay
within 2 to 3 weeks' exposure and subsequenl
bhiofilm formation was observed. CaCO, deposition
(804 to 90% coverage] and macrofouling were evi-
dent on the S5, The potentials of the allovs when
coupled and upon interruption of eleetrical contact
were relatively similar for a large majority of the test
period, ranging from ~ —150 mVy Lo 50 mVe:. The
copper-nickel alloy components remained anodic for
250 days (6.000 h). However, Couple 2 underwent a
polarity reversal for =42 days (1,000 h) after this
time. Figure 16 also indicates Lhat the austenitic
(Type 316) 55 of Couple 1 shifted to more noble
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TABLE 5
Comparison of Weight Loss Calculated and Measured Current Density
A B
Weight Loss Caleulation ZRA Calculation A-B
(i'uA cm?) (in/HLA cm’) (i/uA cm?)
Cu-Ni Coupled to:
Austenitic (Type 316) S5 (1:1) 19,8911 g™ B.12"™/g.05™ 11.77/3.75
Austenitic (Type 316) S8 (1:10) 7.15+0.81 Q.77 £ 0.30 6.38 + 0.86
Martensitic (Type 416) S5 (1:1) 1045+ 028 6.64 + 2.08 381210
Martensitic {Type 416) 55 (1:10) 6.96 + 0.95 0.89 +0.27 6.07 +0.99
Superduplex 55 Coupled to;
Austenitic (Type 316) S5 (1:1) g2~ 5.14% 4.06
Austenitic {Type 316} 55 (1:10) Ti08 & 0011 066+ 025 6.42 + 0.27
Martensitic (Type 418) 53 (1:1) 14 5013 95 6.92'% 7 79 7.58/6.19
Martensitic (Type 416) 55 (1:10) 6.76 = 0.77 0.68 = 0.24 6.08 +1.03
" Couple removed after test duration,
® Remoaved after 3,119.5 h because of leakage.
2 puplicale sample removed early in lest because of leakage.
™ Removed after 5,846.5 h because of leakage.
—a—Coppar-nickel/austenios (Type 316) 55 couplea potental l Al
—m— Auntanitic (Type 316) 55 uncouplad potential = Sample 2 2 — Galvanic current density
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FIGURE 16. Potential vs fime for the exposure tank copper-nickel!
austenitic {Type 316) 55 couple (1:7 area ratio).

potentials of 212 + 68 mV,. after 250 days (6,000 h),
and the potential stayed at these values for the re-
mainder of the tesi.

The current density variations with time are
shown in Figure 17. The values recorded are refa
tively small, ranging from 0 pA/em? Lo 4.6 pA/em®.
The polarity change observed for Couple 2 was ac-
companied by a change in the current flow, After this
time, the current remained almost zero as the poten-
tials of the alloys in Couple 2 remained fairly similar.
The ennoblement of the 55 involved in Couple 1 and
consequent increase in potential difference did not
produce a characteristically large increase in the cur-
rent density, possibly a resull of a number of factors.
These could include prior formation of CaCO, and
corrosion products, the lower temperatures after this
time [from 17°C to 4°C), and the large amount of
fouling that had accumulated on the surface,
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Time {h)

FIGURE 17. Galvanic currant density for the copper-nickel/ austenitic
{Type 316) 55 couple (1.1 area ratia).

Palraj carried out laboratory investigations to
study the galvanic compatibility of Type 304 55
[UNS 530400) with copper in natural scawater, em-
phasizing the potential and current characteristics,
Concerning the case of the higher copper-to-55 area
ralios, numerous liny pits were observed on the
55 surface. However, both materials exhibited en-
hanced corrosion. This may well be the result of
polarity reversal with the 55 moving (o a more aclive
potential as a consequence of passive film break-
dowmn. After ~20 days, the corrosion rates of the 55
were reduced, which was believed Lo result from
biofilm buildup.

In the absence of localized corrosion, all the po-
tentials recorded for the superduplex/austenitic
(Type 316) 55 couples within the exposure tank were
ol similar values, Consequently, insignificant gal-
vanic current densities were recorded,
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TABLE &
Maximum Current Densities Produced Prior to Deposit Farmation
Maximum Initial Potential Average Potential
Exposure Tank Area Recorded Increase in Difference Difference
Galvanic Couple Ratio Time (h) {ifuA em?) {mV) {(mv)
Cu-MiMartenistic (Type 416) 55 1l 692 29.53+0.19 221 366 =TS
1:10 692 289+ 039 234 266 =73
Superduplex S5/Martenistic (Type 416} 55 1:1 406 39.00 + 147 304 5504104
1:10 692 225036 338 490 + 117
TABLE 7
Accelerated Galvanic Corrosion Factors Calculated from the Averaged Current Density (j,,,) Measurements for the Test Perioz
Exposure Tank /1A €M* jaug/1LA cm® Acceleration
Galvanic Couple {1:1 Area Ratio) {1:10 Area Ratio) Factor
Cu-MiMartensitic (Type 416) 55 10,73+ 0.71 1.35 + 0.43 B.0x26
Cu-NitAustenitic (Type 318) 58 0.72+0.19 89+50 0.081" + 0.050
Superduplex SSMartensitic (Type 418) 55 g74+1.22 081 042 1079+22
Superduplex S5/Austenilic (Type 316) S5 0.0036™40.074'% 0.062 0.052/1.1

* ginee the cathode has the same surface area, the current is approximately the same.

" Couple 1.
= Couple 2.

The current densities measured [Table 6] were
higher than those in comparative laboratory studies.
a consequence of the flowing conditions experienced
in the exposure tanks. The acceleration of galvanic
corrosion as a result of varying component surface
area is shown in Table 7. A 10-fold inerease in the
surface area of the eathodic component within the
martensitic [Type 416) S5 couples resulted in an
{approximadely) equivalent increase in the galvani-
cally induced corrosion. This is expeeted for a
diffusionally controlled cathodic process.

Comparison of the copper-nickel/austenitic
[Type 316) SS couples indicates an increase in the
current density with a decrease in the surface area
of the anodic component [copper-nickel alloy]. The
current remained relatively constant as the cathodie
surface area remained unaltered. The ease of the an-
odic reaction, copper-nickel alloy corrosion, remains
relatively high compared Lo oxygen reduction on the
austenitic (Type 516] 55, Both of these resulls clearly
demonstrate that the cathodic reaction is the rate-
determining step.

The potential difference variation and the result-
ant current densities were small for the
superduplex/austenitic Type 316 55 couples within
the exposure tank. Hence, predicting galvanically in-
dueed corrosion is almosl impossible. However, [rom
the results produced it can be assumed that it would
he insignificant, suggesting that the galvanic corro-
sion between the two alloys is minimal.

Surface Analysis
Infield Tidal Raft Samples (Electrically 1solate
Atomic absorption spectroscopy analysis was carried
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outl on the corrosion products removed from the
insulated tidal raft copper-nickel samples, and the
results are shown in Table 8. The percentage weight
ratio of copper to nickel in the corrosion products
was calculated as 1,19 = 0.65. compared to 3.37
for the base alloy, suggesting preferential nickel
dissolution.

When analyzed via SEM/EDS, the porous green
corrosion product was found to contain high concen-
trations of copper and chlorine and has been re-
ported in literature as atacamite [Cu, [OH]LC1). At
the relatively high corrosion potentials recorded lor
the copper-nickel (80 mV.g), localized acidification
within the pores of the film may resull in its produc-
tion as shown in Equation (11). The continual disso-
lution of the oxides will eventually result in the green
corrosion products and/or pitting observed:

2000+ H' + G + HyO 5 CuglOHLCl (111
The presence of atacamite suggests that the underly-
ing oxide musi contain nickel coneentrations slightly
higher than those quoted in Table 8, as cupric
hydroxychloride (atacamite) contains relatively little
substituted Ni*'.® The remaining percentage unac-
counted for in Table 8 is likely to be mainly organic
in nature resulting from such processes as biofilm
formation, traces of seaweed, and the nonmetallic
components of the corrosion produets. The solids ap-
peared 1o be generally silica.

The corrosion products were removed from the
alloy, revealing a porous structure, as shown in
Figure 18, which tended to suggest preferential el-
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TABLE 8
Elemental Composition of the Corrosion Producis Present on the Cu-Ni Determinad via Alee ASsormsion Speciroscopy

Corrosion Product (wi%s)

Exposure
Time (h) Cu Ni Al Fe Mg - e Ca
o™ 73.27 21.76 1.98 1.19 0.005 543 —
2712 18.48 19.77 3.16 367 0.41 304 o8
4512 22.46 16.19 3.37 3.94 0.86 1.54 =08 337
6,576 11.41 6.6 0.81 1.15 1.45 i 1.15
5,864 14.24 14,42 415 4.15 0.09 1.89 358 802
11,208 19.27 2.83 0.82 0.98 1.28 0.00 52 078
13,296 17.36 22.9 3.58 3.78 1.05 0.00 159 0.58
14,400 13.25 13.25 3.78 2.89 0.14 0.54 542 742
15,840 24.42 22,19 4.21 3.63 0.021 2.42 478 358

" Composition of the Cu-Mi.

emental dissolution. EDS analysis indicated that
selective copper dissolution took place initially, re-
sulting in an inereased concentration of nickel at the
alloy surface. It is likely thal copper dissolution is
prevalent with a slow rate of Cu,O formaltion [precipi-
{ation) attributable to copper ion removal from the
surface resulting from the hydrodynamic conditions
experienced.

Cross-sectional analysis of the alloy fcorrosion
products showed that the film thickness remained
reasonably constant (9.3 £ 2.3 pm) a fter 113 days’
exposure, suggesting that the film growth rate had
reduced considerably within the first 3 to 4 months.
This was in agreement with weight loss data anl
consistent with the reduction of metal ion removal
a5 i I'(‘F-il]l[ L'Ilf i."l.ll.}l'[{" {.‘U[TIFH"!IIILE[ rUIT.l'_IEIIi{}I'.I..

The averaged ratio of the copper to nickel of the
black corrosion product in contact with the electro-
Iyte, determined via SEM-EDS analysis, was low at
0.35 + 0.15. Consequently, preferential copper disso-
lution has occurred at the f[ilm/seawater interface.
An increase in seawater velocity will increase the
mass transfer to and from the filmed electrode sur-
face. The more rapidly the cathodically produced
hydroxyl ions are removed from the surface, the more
likely Cu.0 is to dissolve as shown by Equation (6).
This could account for the reduced concentration of
copper found at the interface under enhanced Mow.

Both techniques (Tables 8 and 9] suggested the
presence of a large amount of iron in the corrosion
product, which is consistent with the results of
Sehrader for 90/ 10 copper-nickel in [lowing seawsa-
ter.” The addition of iron is generally considered to
increase resistance to erosion-corrosion in flowing
seawater. In the early stages of corrosion, before a
completely protective film is lormed, iron oxyly-
droxide, identified as the lepidocrocite allotrope
(y-Fe-OH]. is precipitated simultanecously with
Cu, 0. Lepidocrocite, unlike Cu,0, is a compound
exhibiting high electronic resistivity and exerting a
significant influence on the polarization of the ca-
thodic reaction (oxygen reduction).
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The composition of the copper -colored areas af
ter (411 days’) exposure was 81% copper, 14%0 nickel.
59 mangancse, and 1% iron, with traces ol other ele-
ments. and varied little with different exposure times.
It can be assumed that denickelification has taken
place in agreement with the results of Mansfeld, el
al., who [ound nearly pure copper grains on FO/30
copper-nickel alloy after 1 monih's exposure to sea
water. ™ This is consistent with the theory ol oxide
hreakdown (Equation |1 1] and nickel dissolution as
a result of decreasing pH within the oxide pores.

Laboratory Tanl Isolated Samples (Electrically
Isolated) — The copper-nickel alloy corrosion prod-
net, after long-term (412 days) exposure Lo static
seawater [Table 10) within the laboratory tank, had a
layered structure when observed via SEM, with inter
mingling between the layers clearly visible. This is
analogous lo results presented by Schrader for S0/10
copper-nickel alloy in very slow-moving seawater.™ A
grayish-green lop layer similar in appearance Lo that
found in the present study was observed, which has
been described previously as consisting of mainly
“hiological activity” plus some atacamite.” This could
account for the presence of a significant amount of
sulfur found in the layer under investigation.
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TAELE S
Composition of the Black Corrosion Product in Contact with Seawater

Black Corrosion Product (at%)

Time (h) Cu Mi Al Fe Mn Si Mb/S Ca (=] Cr
o™ 719 179 22 1.1 .4 - — — = —
2712 17.2 40.9 B9 a1 1.6 1.3 0.0 0.4 16.1 4.1
4512 19.4 42,4 6.5 2.5 24 0y 0.0 0.7 138 38
6,576 21.8 32.0 10.6 74 0.0 1.4 10.6 0.8 6.7 458
9,864 48+02 395+82 144+%31 15.5£ 01 2.7 47+£32 69+04 46+ 1.8 0.6 43+04
11,208 11.3+1.2 57.4 42+01 13.9+0.2 0.0 1.0+£03 0.0 1303 0.3 7.2+03
13,206 187 +1.7 47.3+58 47+ 06 125+1.0 0.0 26+1.7 29102 0.00 50+41 bBx0S5
14,400 14.7 £ 01 45,1 £2.3 6.2+ 0.6 9.0x20.7 34 31205 21401 g4+0.2 107+27 35205

* Composition of the Cu-Ni.

TABLE 10
Surface Analysis After Long-Term Exposure of Cu-MNi to Aerated Seawater Within the Laboratory Tank
Rotation . i

Exposure Electrode Rate Area Major Elements in Corrosion Products {at%s)
History Alloy {rpm) Observed Cu Mi Fe Mn Al Ci s
412 days Disc Static Gray area G2.8 20.6 1.5 a7 1.2 58 4.3
in aerated
seawaler Black area 46.0 30.4 19 3B 50 0z 126

“Flaky" charging area 46.7 28.7 1.8 2.2 B.4 29 11.1

As described earlier, a “slime™ developed on the
alloy samples within the static laboratory conditions
as a result of biofilm activity, and large changes in
pH are possible under these films. It can be seen in
Figure 9 that a reduction in pH <6 allows the forma-
tion of cuprous chloride (CuCl) during the early
stages of corrosion. CuCl has been reported as being
a light gray translucent material similar in appear-
ance to that described in Table 10." As the corrosion
potential moves to more positive values, Culll is
known to be become an unstable intermediate in the
formation of basic cupric (I1) chloride compounds.™
Formation oceurs at the bottom of the pores in the
growing film:™

20uC] + 3H,0 — Cuy(OH),Cl+CL +3H' +2e (12

The presence of sulfur-containing corrosion products
in the absence of seawater pollution may be possible
as a result of biofilm formation. The anaerobic condi-
Hons under biofilms are conducive to sulfate-reduc-
ing bacterial [SRB) activily. Copper and copper alloy
surfaces, when exposed to natural seawaler, are colo-
nized by bacteria within 3 weeks of exposure, inde-
penident of the alloy composition.™ Many of these
organisms have salt water strains.® Seawater con-
lains =2.7 g/kg sulfate ions that can be reduced by
the SRB to sulfides that subsequently react with the
alloy, resulting in the sulfur-containing corrosion
products.™
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CONCLUSIONS

% 1t is proposed that the initial stages of the copper
nickel alloy corrosion results in film formation con-
taining a high percentage of nickel compounds, as
suggested by Beccaria, et al.™ Continued exposure to
the corrosive environment leads to the precipitation
of Cu,0 with a decreasing nickel content. The copper
content of the film/electrolyte interface is reduced
under enhanced flow as a result of Cu,O dissolution
caused by hydroxyl ion removal.

# The resultant nickel- and iron-rich surface in-
creases corrosion resistance with the proposed for-
mation of lepidoerocite. increasing the electronic
resistance of the film. Further exposure leads to the
precipitation of atacamite on and within the pores of
the film, as shown in Equations (7) and {11}, The cor-
rosion rate decrcased with exposure time following a
rate law, which suggests that diffusion through sur-
face layers of corrosion products plays a major role.
& Continued [ilm dissolution within the porous
microstructure and further production of atacamite
ultimately leads to “islands” of green. nonadherent
corrosion products and observable pitting. This
results in a corrosion rate law often described as
“paralinear” after long exposure times.” The initial
oxide buildup may be parabolic. followed by scale
removal. Consequently, exposure times longer than
those experienced in the present investigalion are
required to establish a more accurate expression for
the long-term corrosion characteristies of copper-
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nickel., As expected, the resistance of the 83 Lo corro
sion increascd with chromium and molybdenum
concentrations, '™

4 Films formed under static electrolyte conditions
are significantly different from those under enhanced
flow. with intermingling of layers and lack of adhe
sion observed. Significant amounts of sulfur were
also found, believed to result from “biological activ-
ity.” Therelore, it can be concluded that the films
formed within flowing electrolyie are more protective,
as reported in literature.” The apparently similar
corrosion rates recorded for the alloy under fow (raft)
and under static conditions (laboratory tank) after
similar exposure times (554 days (0 571 days) can he
explained in terms of the different films formed. The
corrosion rates resulting lrom (lowing conditions
eventually return lo relatively high values because of
removal of the nonadherent atacamite and the subse-
fuent pitting corrosion obscrved. However, despite
the less-protective films formed in static seawater,
the eventual lormation of cupric compounds impart a
degree of protection because they remain adhered to
the alloy.

% The copper-nickel and the superduplex S5 are
protected when coupled to the austenitic (Type 316)
and martensitic (Type 416) 85 when the latter exhib-
s localized corrosion in response to passive (ilm
breakdown, The current densities as a resull of cou-
pling were of a similar magnitude, such as 22.39 +
1.24 pm/em and 20.40 + 2,92 pm/em for the cop-
per-nickel alloy and superduplex 35 coupled Lo mar-
tensitic [Type 416) S5, respeclively, within the
laboratory. This occurs despite a larger potential dif-
ference exhibited by the couple involving superdu
plex 55 (536 £ 10 mV compared with 243 + 25 mV
for the copper-nickel alloy couple) sinee the diffusion-
limited cathodic oxygen reduction is rate-determining.
% In the absence of localized corrosion, the elfects of
coupling austenitic [Type 316) S5 to superduplex 55
or copper-nickel alloy have been shown to be very
unpredictable. A number of faciors such as ennoble-
ment of the S5 and breakdown of the oxide layers
present on the copper-nickel alloy determine the
extent of galvanically induced corrosion. As a result,
polarity of the couple may vary with time, When cop-
per-nickel alloy is the anodic component within a
couple, the rate-determining slep appears to alter-
nate from anodic control to cathodic control as a
consequence of the breakdown of the film present on
the copper-nickel alloy. Galvanic corroston was
found to reduce with time as a result of increased
CaC0O, formation.
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