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Abstract

The corrosion of 90-10 copper—nickel alloy in aqueous chloride electrolytes has received considerable attention in
the literature due to its widespread use in seawater and saline environments. From an analysis of the electrochemical
behaviour of the alloy, it is clear that both the polarization and mixed/corrosion potential characteristics show a
close comparison to unalloyed copper. Important differences arise, however, due to the semi—conducting nature,
composition and overall protectiveness of the corrosion products on the 90-10 copper—nickel alloy. In this work the
metallurgy, electrochemistry and mechanism of passivation of the alloy are reviewed to provide a focused source of

data regarding the electrochemical characteristics of the alloy in saline media.

1. Introduction

Copper-based alloys are among the most important
commercial metals in the marine environment due to
their excellent electrical and thermal conductivities, good
corrosion resistance and ease of manufacture [1]. The
copper—nickel-iron alloys were first developed during
World War II as a replacement to copper in Royal Navy
seawater pipework [2]. The 90-10 copper—nickel compo-
sition generally chosen for production has a nominal
composition of 88—10-2 Cu—Ni—Fe (covered by the BS
CN 102 designation [3]). Although this alloy is of
comparatively low strength when compared to ferrous
alloys [4] it has good corrosion resistance to flowing
seawater [5] and is easily worked and welded. 90-10
copper—nickel, however, has a lower resistance to flow
induced corrosion than 70-30 copper—nickel (typified by
BS 2871-CN 107 [3]). Since its introduction a range of
marine applications has developed for 90-10 copper—
nickel where it is recommended as a high reliability-low
maintenance material for pipe work, tube plates, water
boxes, flanges and pump casings, in circulating systems
such as condensers, heat exchangers and desalination
plants [6-9]. The alloy has also been used for the
sheathing of ships’ hulls and offshore structures [10—13].

The main aim of this work is to inform the reader of
the wide range of 90-10 copper—nickel alloy electro-
chemical corrosion studies. The often contradictory
results and electrochemical data are concisely reviewed
and throughout the paper directions are given to sources
of more detailed information. Moreover, works dealing
with the corrosion of copper and other copper-based
alloys have been mentioned only within the context of
90-10 copper—nickel corrosion.

2. Metallurgy

A selection of national standard compositions for the
general 90% copper 10% nickel alloy, wrought and cast,
are given in Table 1 [14]. Copper and nickel are close in
the periodic table, have a similar lattice spacing with a
face centre cubic structure. The copper—nickels, there-
fore, form a homogeneous, a-solid solution over the
complete range of Cu—Ni composition [1]. As a result of
this compatibility, the physical properties of the alloy
change in a smooth proportionally with increases in
alloying element. Nickel increases the impact toughness,
corrosion resistance and high temperature strength
relative to copper.
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Table 1. Selected 90—-10 Cu—Ni standard compositions

Symbol National Percentage composition wt/wt (range or maximum)
/Number standard

Cu Pb Fe Mn Ni Si S C Zn Nb
CN 102 BS - wrought Rem. 0.01 1.0-2.0  0.50-1.00 10.0-11.0 - 0.05 0.05 - -
CuNilOFelMn/ BS EN - wrought Rem. - 1.0-2.0  0.5-1.0 9.0-11.0 - - - - -
CW352H
CuNilOFelMn-C/ BS EN - cast Rem. - 1.0-1.8 1.0-1.5 9.0-11.0 - - - - -
CC380H
C70600 Rem. 0.05 1.0-1.8 1.0 9.0-11.0 - - - 1.0 -
C70610 Rem. 0.01 1.0-2.0  0.50-1.00 10.0-11.0 - 005 005 - -
C70620 ASTM - wrought Rem. 0.02 1.0-1.8 1.0 9.0-11.0 - 0.02 - 0.50 -
C70690 Rem. 0.001 0.005 0.001 9.0-11.0 - - - - —
C70700 Rem. - 0.05 0.50 9.5-10.5 - - - - -
C96200 ASTM - cast Rem. 0.01 1.0-1.8 1.5 9.0-11.0 0.50 0.02 0.10 - 1.0
CuNilOFelMn/ DIN - wrought Rem. 0.3 1.0-20 - 9.0-11.0 - 0.05 0.05 0.5 -
2.0872CuNil0Fe
G-CuNil0/ DIN - cast Rem. - 1.0-1.8 1.0-1.5 9-11 - - - 0.5 0.15-0.35
2.0815.01

Additions of iron can dissolve in the a-phase and this
alloying element has been predicted to increase the
corrosion resistance via reinforcement of the passive film
[1]. Although the solubility of iron is limited, larger
amounts of iron can dissolve in the 90—10 copper—nickel
than in the 70-30 alloy [5]. Air cooling after 30 min at
an annealing temperature of 750 °C, aids the retention
of iron in solid solution. Precipitation of iron-rich
phases will occur if iron-containing copper—nickels are
hot worked in the range 600 to 650 °C [2]. Segregation
of the iron can also be encouraged by holding the alloy
at 500 °C for 4 h [15]. Such iron rich phases have very
small particle size (detection is difficult using ordinary
X-ray or metallographic techniques), and are uni-
formly distributed. They increase hardness and strength
but their effect on corrosion resistance is unclear [4, 5,
15].

Manganese is added for deoxidation of the melt, to
improve the casting properties and to increase strength.
Other minor alloying elements include tin for strength,
silicon for good age hardening and lead in cast alloys to
aid cutting (although levels of lead should be <0.02%
wt/wt for deformable alloys and for welding).

3. General corrosion

90-10 copper—nickel is resistant to chloride, ammonia
and sulfide stress corrosion cracking [16] and, like most
copper alloys, has good resistance to biofouling due to
the release of copper ions [17,18]. 90—10 copper—nickel
has an inherent resistance to pitting and crevice corro-
sion in quiet seawater [19]. Pits, when they do occur, are
generally shallow and broad in nature. Thus, unlike
some austenitic grades of stainless steels, 90—10 copper—
nickel performs well in quiet, clean seawater. General
corrosion rates in non-polluted seawater range between
approximately 0.01 and 020 mmy ' (0.2 and
17.6 uA cm™?) [20] where rates are higher during the

earlier stages of exposure before maturation of a
protective surface film [21]. These initial corrosion rates
tend to be up to 30% higher under conditions of flow
(0.6 m s™') than those measured in quiet seawater. In
flowing seawater, the corrosion rate of 90—10 copper—
nickel will decrease continually as the protective nature
film continues to improve with time [21].

If the velocity of the medium is increased beyond a
critical point, however, the protective film will be
damaged by erosion corrosion/impingement attack and
the active underlying metal will be exposed (‘breakaway
corrosion’). For pipe diameters >100 mm, seawater
flow velocities (taken from BS MA 18:1973, ‘salt water
piping systems in ships’) are limited to 3.0 m s™' for
aluminium brass, 3.5 m s™' for 90-10 copper—nickel and
40ms™" for 70-30 copper—nickel. The critical flow
velocity for enhanced attack is not only dependent on
seawater velocity but also dependent on the diameter of
the pipework, where smaller diameters are more aggres-
sive due to increased wall shear stresses at equivalent
bulk fluid velocities [22].

A model describing the observed limits of the flow-
induced corrosion resistance of the 90-10 and 70-30
copper—nickel alloys in seawater was produced by Efird
in 1977 [22]. The mechanism of passive film removal and
subsequent accelerated corrosion was attributed to a
susceptibility to a critical shear stress, .. It was
proposed that the protective layers are ‘physically
removed’ when the shear stress at the corrosion prod-
uct/seawater interface is greater than the binding force
of the corrosion product film to the metal surface. The
existence of this proposed, critical wall shear stress
(related to the critical or breakaway velocity) at which
accelerated corrosion of copper proceeds has received
some confirmation by Lotz and Heitz from the descrip-
tion of copper erosion corrosion [23]. The work of some
authors, however, has failed to determine a value of 7.
for the seawater and aqueous NaCl systems. Diem and
Orazem [24] studied the effect of jet impingement in



3.5% NaCl. They found that the accelerated corrosion
effect did not occur over a large range of imposed wall
shear stresses including the value of 9.6 N m™ proposed
by Efird [21] and Lotz and Heitz [23]. Macdonald et al.
[25] postulated that the critical shear stress required to
physically remove the cuprous oxide corrosion product
film is actually much greater than the shear stresses
induced under the normal conditions of flow found in
pipes.

An alternative mechanism of accelerated attack based
on a mixed physical and diffusion controlled dissolution
was postulated by Bianchi et al. [26]. Here, the critical
mechanism of film loss is through an accelerated,
chloride-facilitated dissolution of the underlying cu-
prous oxide (Cu,O) semipassivating film (Reaction 1).
Dissolution will occur more rapidly after the relatively
nonadherent top layer of insoluble cupric species has
been removed by local impingement attack.

Cu,0 + H,0 +4Cl™ = 2CuCl, +20H" (1)

The semiporous cupric species at a mature film
provide resistance to the diffusion of CuCl; and OH™
reaction products away from the lower more soluble
Cu,0 film. They also resist the diffusion of corrosive
chloride ions in the opposite direction towards the more
vulnerable cuprous lower layers. For copper or a copper
based alloy which has a mature and in-tact duplex film
of corrosion products, the cuprous layer will be pre-
served under bulk fluid conditions where thermodynam-
ically it would be expected to dissolve. Thus, the copper
metal is protected by the cuprous oxide film, which, in
turn, is protected by the insoluble cupric species. This
model is appropriate where local fluid impingement
under disturbed flow can produce shear stresses neces-
sary for the removal of the upper layered cupric species
rather than the more closely adhered cuprous corrosion
product layer.

In addition, active—passive cell formation will develop
if selective stripping of the upper protective layer occurs
[26]. Dissolution of the solid cuprous species will cause
bare copper alloy to become exposed and relatively
active (anodic). Oxygen reduction:

0, +2H,0 +4e¢” — 4 OH™ )

on the surrounding, intact cuprous oxide film (compar-
atively cathodic) will complete a galvanic corrosion cell
which can facilitate destructive dissolution at the
exposed anodic sites.

4. Passive film characteristics

In unpolluted seawater, the 90-10 copper—nickel corro-
sion product film is dominated by cuprous oxide and
copper(ll) based compounds such as atacamite
(Cu,[OH];Cl) and cupric oxide (CuO) [18]. The Cu(1n)
species will generally overlie the cuprous species [27, 28].
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As already discussed, the protective nature of the film
increases with time and is apparently much improved by
the presence of nickel and iron within the film.

In seawater, the presence of sulfide has been shown to
increase copper-based materials corrosion rate [29-31]
and interfere with film formation to produce a nonpro-
tective, black layer containing cuprous oxide and the
sulfide ion [32-36]. Films grown/matured in unpolluted
seawater, however, have been shown to be tolerant of
the sulfide ion on subsequent exposure to polluted
environments.

In 1952, Stewart and LaQue [5] suggested that iron in
solid solution improved the overall corrosion resistance
of 90-10 copper—nickel through the formation of
hydrated iron oxides within the corrosion product film.
Pryor et al. [37, 38] later postulated that cuprous oxide
films formed on 90-10 copper—nickel provided an ohmic
resistance to polarization and the corrosion reaction. A
defect structural model was proposed where the im-
proved corrosion resistance of copper—nickel-iron alloys
relative to copper is due to an overall increased
resistivity of the cuprous oxide film. In this model,
alloying additions present in solid solution with copper,
do not form oxides distinct from the base metal oxide
but enter and modify the semiconducting properties of
the cuprous oxide lattice. A rise in ionic and electronic
resistivity with nickel and/or iron additions was said to
be due to a net reduction of cation vacancies as the high
valency alloying cations enter the Cu,O lattice. Com-
parative resistivities of cuprous oxide films formed in
boiling NaCl solution supporting this inference are
shown in Table 2. As the percentage of alloyed nickel is
increased from 0 to 30% wt/wt, the film resistivities
increase in sympathy. The higher the valency of the
alloying element the greater the number of cation
vacancies and positive holes neutralized.

As noted by Burleigh and Waldeck [39] the primary
assumption of the theory of North and Pryor [3§]
contradicts the generally accepted view that the intro-
duction of cations of increasing valency will increase the
ionic conductivity of p-type semiconductors such as
Cu,0; NiO and Fe,0;. These species will act as n-type
dopants. Burleigh and Waldeck proposed that the
reduction of corrosion rate could have been related
only to the decrease in positive holes resulting in a
decreased electrical conductivity. Their conclusion was
that the corrosion rate is only sensitive to the magnitude
of electronic transfer through the film.

Table 2. Resistivities of cuprous oxide films formed over 30 days free
corrosion in boiling NaCl solution, after North and Pryor [38]

Metal Resistivity

/uQ cm™!

Electronic Tonic
Pure copper 200 140
90-10 copper—nickel 530 250
70-30 copper—nickel 2360 600
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Bockris et al. [40] examined the individual dissolution
rates of copper and nickel as a function of potential and
alloy composition. The rate constants for the dissolution
of individual components were predicted to be indepen-
dent of alloy composition and equal to that of the pure
copper, nickel or iron component dissolving from its
lattice. For 10% nickel, a single surface phase of copper
products would dominate. Above 45% nickel at the
surface of the metal it was suggested that a nickel
reaction product phase would form as one component
of at least two distinct surface phases.

Blundy and Pryor [37] anodically polarized 90-10
copper—nickel in 0.5 mol dm™ NaCl and observed a
potential dependence on the concentration of nickel in
the resulting insoluble corrosion product film. Their
results showed that under polarization conditions very
close to open circuit potential (OCP) the reaction
products contain nickel concentrations in excess of
those in the metal. At more positive overpotentials (e.g.,
0.0 V vs SCE), however, the trend was reversed.

Popplewell et al. [15] examined the corrosion films of
90-10 copper—nickel (grown ‘naturally’ at OCP) in 3.4%
wt/vol NaCl with varying metallic iron concentrations
from 0.03 to 1.54% wt/wt. Comparison was also made
between alloys with precipitated iron phases and those
with iron in solid solution. For the former case, a
complex iron corrosion product, which grew over a
cuprous oxide film, was proposed to be responsible for
an increased corrosion resistance of the alloy. The iron
products were said to be produced through preferential
dissolution of the iron rich phase in the alloy. For 90-10
copper—nickel alloys with the iron in solid solution, such
a discreet iron corrosion product was observed within
the film layering. A model, which incorporated modifi-
cation of the cuprous oxide film similar to that proposed
by North and Pryor [38]), was adopted. Popplewell et al.
noted that there was an increase in film electronic
resistance with no impact on ionic resistance. Large
quantities of nickel were observed within the cuprous
oxide film in both cases, especially close to the metal
surface (up to 30% wt/wt). Larger concentrations of this
form of nickel were found with the precipitated iron
phase alloy.

Efird [22] carried out corrosion tests on alloys of
varying nickel and iron content in both quiet and
rapidly flowing seawater. In the absence of iron, there
was excess oxygen and little nickel in the cuprous oxide
layer. When iron was present, nickel enrichment
occurred but the form of the nickel depended on
whether or not the iron was in solid solution. With iron
in solution, there was an excess of nickel in the film
(apparently present in the unoxidized state). Here the
films were brown in colour. When the iron was largely
precipitated out of solid solution, there was excess
oxygen in the film the nickel was present as oxide and
the films were black.

MacDonald et al. [25] showed that the main constit-
uents of 90-10 copper—nickel corrosion product films
formed after exposure to flowing seawater were copper,

nickel, oxygen and chlorine. This indicated the presence
of hydroxy chlorides as well as oxides (the ratio of
copper to nickel in the corrosion product was lower than
that in the alloy). Ijsseling et al. [41] found that after one
week exposure of 90—10 copper—nickel in seawater, there
was a slight accumulation of iron and nickel within the
corrosion product at the metal-film interface. The
quantity of these species increased substantially after
6—8 weeks of exposure.

Schrader [42] proposed a mechanism of film growth
on 90-10 copper—nickel in seawater, which included the
formation of an iron rich layer in the form of an oxide
or hydroxide. Such a film formed over the alloy surface
within the first few weeks of exposure. Copper and
nickel rich corrosion products were then proposed to
grow over the initial iron oxide/hydroxide layer. Iron in
the alloy appeared to oxidize preferentially due to its
more base character to produce a barrier to the diffusion
of oxygen and the chloride ion. In a similar study by
Chauhan and Gadiyar [43], iron oxide was not detected
in corrosion product films formed at the alloy in a
synthetic seawater. The inner layer of the corrosion
product revealed mainly cuprous oxide containing
chloride ions and nickel ions in the two valence states
of Ni** and Ni*". The possibility that the nickel ions
could be acting as a dopant within the cuprous oxide
was acknowledged but the simultaneous presence of a
separate nickel oxide (Ni,O3) was also not ruled out.

5. Polarization behaviour

In their 1970 paper, North and Pryor [38] investigated
the anodic polarization of 90-10 copper—nickel in
0.5 mol dm™ NaCl. They used linear sweep voltamme-
try (LSV) to produce curves with an initial peak
followed by a distinct potential region of limiting
current density. This behaviour was very similar to the
typical curves measured on unalloyed copper [44-46].
The peak was dependent on the potential sweep rate and
disappeared at very low values of sweep rate (values not
specified in the original work). A schematic of the
typical anodic polarization response for this system is
given in Figure 1.

The anodic polarization behaviour of a 90-10 copper—
nickel with 1.21% iron was also investigated by Giuliani
et al. [47] where again the response was similar to that of
pure copper. In 0.44 mol dm™ NaCl solution the tests
revealed that voltammetric slopes within an ‘apparent
Tafel’ region close to the OCP are sensitive to electrolyte
velocity. Within this region higher current densities were
measured at greater electrode rotation rates. For the
rotating disc electrode (RDE) the anodic slope, f5,
within this apparent Tafel region can be described via
Equation 3 [48].
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Fig. 1. A typical response to the anodic polarization of 90-10 copper—
nickel in chloride media. Section I: apparent Tafel region, Section II:
peak maximum and subsequent limiting current density and Section
III: production of Cu(ll) species at more positive overpotentials.

where, w, z, F, R and T are the angular velocity, number
of electrons involved in the mass transport limited
reaction, the Faraday constant, the molar gas constant
and the absolute temperature, respectively. It should be
noted that in the literature, the charge transfer coeffi-
cient for the anodic response, a4, is usually omitted
from this version of the standard Tafel equation in order
to provide a slope of aboutl/60 mV decade™ for a
single exchange of an electron. Further work by Kear
[49] was able to reproduce the apparent Tafel response
at low anodic overpotentials (Figure 2) as a function of
both RDE and rotating cylinder electrode (RCE)
angular velocity. In the following review of the anodic
literature the anodic reaction universally taken to be
under a form of mixed charge and mass transfer control
where an ‘apparent’ Tafel slope refers to a linear
response superficially similar to that of a ‘true’ Tafel
slope.

Giuliani, Tamba and Modena [47] also used LSV to
reproduce the passivation peak (-0.010 V vs SCE) and
the region of limiting current density. For the applied
electrodissolution of 90-10 copper—nickel and the
subsequent growth of a passive film, the production

-2.5 T T T T T T
1400 rpm
1200 rpm
B30k 1000 mm |
800 rpm
z s
S st 200 o ]
on pm
i)
4.0 g
45 . . . . . .
-025 -024 -023 -0.22 -021 -020 -0.19 -0.18

Evs.SCE/V

Fig. 2. ‘Apparent’ Tafel slopes for the electrodissolution of 90-10
copper—nickel in filtered seawater as a function of mass transfer
conditions at a 20 mm diameter rotating cylinder electrode.
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the free cuprous ion was chosen as the initial anodic step
(Reaction 4). This was followed by combination with a
chloride ion to produce solid cuprous chloride (Reaction
5):

k
Cu ? Cut +le (4)
~1
ky
Cu’ +CI” =CuCl (5)
2

After deposition of cuprous chloride at the alloy
surface the deposit is hydrolysed to give the more
thermodynamically stable cuprous oxide:

k3
2CuCl+ Hy0 =2 Cus0 + 2 HCI (6)

Further dissolution of the alloy at potentials more
positive than the passivation peak was accepted to occur
via the solid state formation of cuprous oxide. Selective
dissolution of alloying elements was considered but the
alloy behaviour could not be represented by a simple
linear combination of two partial currents for copper
and nickel dissolution. On analysis of the artificially
produced corrosion product film, neither separate
nickel/iron oxide/hydroxide phases or NiO enrichment
of the cuprous oxide were observed.

A further study of the electrodissolution of a 90-10
copper—nickel RDE in acid chloride by Walton and
Brook [50] produced similar results to Giuliani et al.
Close to the OCP, alloy dissolution appeared to occur
via the simple dissolution of the copper component. The
alloy was thought to dissolve initially through the solid
state formation of cuprous chloride (Reactions 7 and 8):

k.
Cu+CI™ kﬁ CuCl + 1e (7)
ks
CuCl + CI™ ? CuCl;y (8)

At low positive overpotentials, the reaction was
assumed to be partially controlled by the mass transport
of CuCl; from the dissolving CuCl at the electrode
surface (also observed by other workers for unalloyed
copper in chloride media [51]). The Koutecky—Levich
relationship was used to produce anodic Tafel slopes for
pure charge transfer controlled current (0.091 V de-
cade™) limited by a single electron transfer. In agree-
ment with prior authors, passivation peaks and limiting
current densities were again observed at more positive
overpotentials. Within this region, the currents were
attributed to the production and dissolution of CuCl
(the most thermodynamically stable, solid cuprous
species in acid solution). The Levich relationship for
the RDE (Equation 9) was used to describe the reaction
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where the rate is determined only by the rate of
transport of the soluble reaction product;

i, =0.62 Z]:D(égfgl; V70'167600'5[CUC12’] (9)

where i;, D and v are the limiting current density, the
diffusion coefficient and the kinematic viscosity of the
solution. The linear dependence of the limiting current
density measured by Walton and Brook on the square
root of rotating disc electrode angular velocity was said
to be poor, which from Equation 9, indicated a lack of
pure mass transfer control over the reaction rate. The
reader should be aware that direct comparison of results
obtained in acid solution with neutral solution may not
be appropriate.

Kato et al. [19, 52] studied the cathodic and anodic
polarization characteristics of 90-10 copper—nickel
before and after an exposure time of 191 days in
0.5 mol dm™> NaCl. It was shown, via derivation of the
mixed (corrosion) potential, that a decrease in corrosion
rate observed during the exposure period was mainly
due to a decrease in the rate of oxygen reduction rather
than a less significant inhibition of the anodic reaction.
Oxygen reduction was found to occur mainly at a thin,
strongly adherent inner layer (the identity of which was
not specified). This layer was assumed to be in contact
with the electrolyte through pores in a relatively thick
outer surface layer. The rate of electron transport
through the inner layer determined the corrosion rate
of the metal with a mature film. The anodic polarization
curves were similar again to that of pure copper and the
morphology showed definite potential sweep rate depen-
dence. Current densities at anodic overpotentials de-
creased markedly at surfaces where the films were grown
over increasing times of exposure. The direct dissolution
of the copper in the alloy to the cuprous dichloride
complex (Reaction 10) was assumed, which was thought
to be under some form of mass transport control within
the potential region of apparent Tafel behaviour:

ke
Cu+2Cl"=CuCl; + le

o (10)

In contrast to the less reproducible work of Walton
and Brook [50], Kato and Pickering [52] found that plots
of anodic limiting current density vs. the square root of
RDE angular velocity were linear and passed directly
through the origin, thus indicating full mass transport
control of the dissolution reaction at these overpoten-
tials. Kato et al. [19] also showed that the use of buffers
significantly affected the anodic polarization response of
the 90-10 copper—nickel alloy. With borate (pH 8.00)
and phosphate (pH 7.88) buffers, limiting current
densities were an order of magnitude lower than those
measured in unbuffered electrolyte (pH 8-10). The
apparent Tafel region, however, remained unaffected
by the pH change. Both current densities measured in
the apparent Tafel and limiting regions were higher in

an ammonia buffer (pH 8-10) than those measured
within buffer free solution.

Schiffrin and de Sanchez [48] adopted the dissolution
of copper to the free cuprous ion (shown in Reaction 4)
to describe the anodic behaviour of 90-10 copper—nickel
in chloride solution. For a freshly polished surface, this
reaction was again assumed to be under some form of
mass transport control. Anodic Tafel slopes of
60 mV decade™' were said to correspond to o =0
and z = 1. Due to the uncertainties in the determination
of z and aa, any codissolution of the alloying elements
could not be detected at low anodic overpotentials and
only cuprous products were detected within the anodic
limiting current region. This indicated that the dissolu-
tion reaction was nonselective throughout. In agreement
with Walton and Brook [50], the dissolution rate was
also found to be under full mass transport control at the
limiting current. At potentials more positive than the
limiting current region, however, copper/cuprous species
were actively oxidized to cupric species.

The authors also determined that the overall effect of
an increased concentration of chloride ions was to
magnify the anodic currents both within the apparent
Tafel region and the limiting current region. A tenfold
increase in current was observed within the apparent
Tafel region for an increase in chloride concentration
from 0.1 to 0.7 mol dm ™. Above 4.0 mol dm™> chloride
ion concentration, the peak maximum was no longer
observed.

Kear [49] found that, over a RDE rotation range of
200 to 9500 rpm the morphology of anodic LSV curves
closely followed those independently measured at cop-
per (Figure 3). For all of the plots, the limiting current
density at each rotation rate was dependent on the
electronic resistance and chemical dissolution properties
of a surface film which, in turn, were dependent on the
rate of mass transport of dissolution products from the
electrode—electrolyte interface. This was inferred from
analysis of the relatively large peak current densities in
comparison to the limiting current density values.
Unalloyed copper showed no such peak at higher
rotation rates indicating the absence of an insulating

20 T T T T T T T 177
, i
16 Potential sweep rate=1.0mV s f {142
i
{
12k {ooq106 =
< | o 6500 rpm / 3
E ol 2400 rpm i, 4
3 ----1200 rpm g
——400 rpm &
4+ 435
or 10

-05 -04 -03 -02 -0 00 0.1 02 03
Evs.SCE/V
Fig. 3. Cyclic voltammetry at the 90-10 copper—nickel RDE (OC-

P — anodic — cathodic — OCP) as a function of RDE rotation rate
in filtered seawater.



surface film. The measured limiting current density
reached steady state limit at about+0.09 V vs SCE
where the magnitude of the current corresponded to the
rate of mass transport of CuCl; from the electrode
surface after film dissolution. From this work, it is clear
that the 90-10 copper—nickel film was much less soluble
and, therefore, more protective than the film formed at
pure copper under the same conditions.

Ceré et al. [53] studied the reduction of hydrogen
peroxide on 9010 copper—nickel in 0.1 mol dm™ borax
buffer solution. The reduction reaction took place on a
surface mainly composed of cuprous oxide. It was
proposed that Cu,O is catalytic to peroxide reduction
via the surface redox couple Cu(1)/Cu(11):

Cu® + H,0, — Cu*" + OH™ + OH. (11)

Cu® + OH- — Cu®* + OH"~ (12)
This is an electrochemical-chemical reduction mecha-
nism that was very similar to that proposed by the same
authors for the reduction of hydrogen peroxide and
oxygen at pure copper [54, 55]. The catalytic reduction
of peroxide at 90-10 copper—nickel appears to directly
emulate that which occurs on unalloyed copper [54, 56,
57] where surface corrosion products in each case
influenced the rate of oxygen reduction where cuprous
and cupric species acted to catalyse or slow the kinetics
of oxygen reduction, respectively.

For freshly polished surfaces single mass transfer
limited waves (see Figure 4 for typical examples [49])
were observed indicating a lack of hydrogen peroxide
build up during the reduction sequence (due to catalytic
decomposition of the intermediate). Reviews of litera-
ture cathodic and anodic Tafel slopes measured for the
90-10 copper—nickel alloy in chloride media are given in
Tables 3 and 4 for a range of experimental conditions.
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Fig. 4. Oxygen reduction at a 90-10 copper—nickel RDE in aerated
filtered seawater measured at a potential scan rate of 0.5 mV s™'.

6. Corrosion mechanism

The flow-enhanced corrosion mechanism of 90-10
copper—nickel in seawater, with and without sulfide
contamination, has been investigated by de Sanchez and
Schiffrin [48]. The mixed potential was derived using the
current vs potential response from pure charge transfer
controlled oxygen reduction and apparent Tafel slopes
for the mass transport controlled electrodissolution of
the copper component of the alloy. A representation of
the mixed potential derivation process is given in
Figure 5 for two differing rates of mass transfer (pro-
portional to w). It is clear from this Figure that higher
fluid velocities produce greater corrosion rates and more
negative corrosion potentials due to an accelerated rate
of the anodic reaction. Expressions were presented for
the derivation of the corrosion current density and the
corrosion current. This approach was similar to that
adopted in earlier work on pure copper in chloride by
Faita et al. [65]. The corrosion rate of freshly polished
90-10 copper—nickel in seawater was estimated to be
12 uA cm™. This value dropped to 5 uA cm™ after
natural ageing in a nonstatic electrolyte over 20-22 h.

Table 3. Review of cathodic Tafel slopes for 90-10 copper—nickel in aerated chloride media

Electrolyte T Surface condition Pc Ref.
/°C /V decade™

Seawater 20 freshly polished —0.120 to -0.150 [48]

0.5 mol dm™ NaCl" 25 freshly polished —0.187 (1000 rpm)” —0.180 (1000 rpm)" [58]

and artificial seawater’

Natural seawater 20
Natural seawater 20
Natural and artificial” seawaters -

freshly polished
freshly polished
freshly polished*
75 days exposure®
freshly polished
freshly polished

Aecrated artificial seawater -
Aecrated filtered and 25
artificial seawaters’

—0.203 (1600 rpm)”
—0.185 (2500 rpm)”
—0.173 (3000 rpm)”
-0.161 (3600 rpm)”
—0.167 (5000 rpm)"
—0.187 (6000 rpm)”

—0.200 (1600 rpm)*
—0.175 (2500 rpm)*
—0.175 (3600 rpm)*
—0.189 (5000 rpm)"
All slopes + 0.005

-0.346 [59]

-0.052 [60]

-0.230* -0.090" [61]
-0.040° -0.100™

-0.108 [62]

RDE -0.167 to —0.203 and [49]

—0.168 to —0.181" RCE —0.141

* T, ¥ and ¥ denote 0.5 mol dm™ aqueous NaCl, artificial seawater, freshly polished and aged surfaces, respectively.
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Table 4. A review of directly measured anodic apparent Tafel slopes for 90-10 copper—nickel in neutral 3.0%—3.5% NaCl and natural and
artificial seawaters (RRDE refers to the rotating ring disc electrode)

Electrolyte Geometry T Surface condition Pa Ref.
/ °C /V decade™
Aerated HCI static 27-70 freshly polished 0.130 + 0.008 [40]
Aerated HCI RDE - freshly polished 0.072 to 0.091 [50]
Aecrated NaCl static 2343 freshly polished " 0.070* [19]
exposed at OCP* 0.075 (5 days exposure) ¥
0.100 (10 days exposure) *
0.110 (15 days exposure)®
0.120 (191 days exposure)®
Aerated seawater RDE 20 £ 1 freshly polished 0.060 [48]
Aerated NaCl RDE 23 £3 freshly polished 0.060 to 0.062 [51]
(—0.267 to —0.190 V vs SCE)
0.070 to 170
(=0.170 to —0.070 V vs SCE)
Deaerated HCI RRDE 23 freshly polished 0.070 (700 rpm) [63]
0.5 mol dm™ NaCl* RDE 25 freshly polished  0.059%1000rpmy  0-0457(1000 rpm) [58]
and artificial seawater! 0.054* (1600 rpm) 0.()47T(1600 rpm)
0-045*(2500 rpm) 00461—(2500 rpm)
0.062*(3000 rpm) 0-061T(360() rpm)
0-052*(3600 rpm) 0-048-‘-(5000 rpm)
0.052* 5000 rpm) ~ All slopes £ 0.005
0.062* 6000 rpm)
Aerated NaCl RDE 25 freshly polished 0.062 [64]
Aecrated seawater pipe flow 20 freshly polished 0.057 [59]
Aerated seawater jet impingement 20 freshly polished 0.055 [60]
Aerated natural and static - freshly polishedl 0.050* 0.054"* [61]
artificial” seawaters
75 days exposure’® 0.030° 0.050™
Aerated artificial static - freshly polished 0.045 [62]
seawater
Aerated filtered and RDE and RCE 25 freshly polished 0.065 to 0.069 [49]

artificial” seawaters

0.066 to 0.070
0.049 to 0.057

* T %and ¥ denote 0.5 mol dm™> aqueous NaCl, artificial scawater, freshly polished surfaces and aged surfaces, respectively.

Expressions describing corrosion current density and
the corrosion potential as a function of RDE rotation
rate were also developed by Dhar et al. [66]. They
assumed that selective corrosion of the copper in the 90—
10 copper—nickel alloy occurred via the cuprous dichlo-
ride complex according to the reversible, mechanism
described in Reaction 10. The cathodic process was
taken as irreversible but limited to the two-electron
reduction of oxygen to peroxide:

0, +2H,0 +2e — H,0, + 20H" (13)

Calculated changes in the value of the corrosion
potential as a function of logarithmic rotation rate
(rpm) for the 90-10 copper—nickel were —0.021 and
—0.026 V decade™ for NaCl and artificial seawater,
respectively. Corrosion current densities varied from
about 9-13 uA cm™ and 16 to 21 uA cm™ in the
seawater and the NaCl solution, respectively. The higher
corrosion rates in the 0.5 mol dm™ NaCl was attributed
to the lower buffering capacity of this electrolyte.
Table 5 summarises published corrosion rate data for
freshly-polished 90-10 copper—nickel where mean elec-

trodissolution rates can range between 0.5 to
21 uA cm™ (0.01-0.24 mm y~'). It should be noted
that pure charge transfer control of the 90-10 copper—
nickel corrosion rate in assumed in all of these works,
but it may be possible that film formation at the alloy
could reduce the rate of species mass transport to levels
at which may influence the rate of either the cathodic or
anodic reactions [67].

7. Linear polarization resistance (LPR)

Several studies have also been performed using polar-
ization resistance, R, in conjunction with the Stern—
Geary relationship [68]:

. BaBc B
foge = ———AFC 14
23Ry (Ba + ) Ry (4
The mixed charge and mass transport controlled,
apparent Tafel slopes for the anodic reaction are usually
taken as f,. A review of literature proportionality
constants, B, for the corrosion of 90-10 copper—nickel in



667

corrl
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Fig. 5. Schematic describing the derivation of the mixed/corrosion potential from the extrapolation of measured polarization curves in aerated
chloride media for two differing mass transfer conditions, w; and w,. Anodic and cathodic polarization curves are represented by A4, and C,

respectively.

Table 5. Freshly polished 90-10 copper—nickel corrosion rates in unpolluted, aerated seawaters assuming 1 mm y~' ~ 86 uA cm™

2

Reference [48] [59] [71] [33] [66] [62]
mm y! 0.06-0.13 0.07 0.18 0.05 0.10-0.24 0.01
A om™> 52-11.2 5.9 15.2 4.16 9-21 0.52

chloride media is given in Table 6. Only charge transfer
controlled data can be used to derive Tafel slopes and,
therefore, a correct value of corrosion current via the
Stern—Geary equation. This relationship has been fre-
quently abused under industrial and academic condi-
tions in the case of copper-based materials because, in
all cases, reasonable values of Tafel slope produce very
similar results. It is the value of inverse polarization
resistance which provides the true indication of corro-
sion rate. Values of B are published, however, and range
widely from 0.016-0.070 V. Syrett and MacDonald [74]

Table 6. Values of the proportionality constant, B, in the Stern—Geary
equation

Electrolyte(s) B Ref.
/ V decade™
Natural seawater 0.040-0.107 [28]
Natural seawater 0.018 [48]
Natural and artificial” seawaters 0.016-0.023 and [49]
0.019-0.028"
3.5% NaCl" and natural seawaters 0.018" and 0.016 [58]
Natural seawater 0.034 [59]
Natural and artificial” seawaters 0.014-0.0197 [61]
Natural and Artificial” seawaters 0.049-0.018" [69]
Natural seawater 0.049* [70]
Natural seawater 0.018* [71]
Natural seawater 0.070 [72]
Natural seawater 0.021 [73]

“and T denote aqueous NaCl and artificial seawaters, respectively.

t As quoted by Callow et al. [69].

examined the validity of electrochemical methods (LPR,
potential step and a.c. impedance techniques) for the
measurement of the corrosion rates of copper—nickel
alloys (including 90-10 copper—nickel) in seawater.
Values of the corrosion rate, derived via the Stern—
Geary relationship at various oxygen concentrations,
compared very well with weight loss data measured over
extended time periods. Discrepancies between electro-
chemical and traditional corrosion rates were attributed
to the very high rates of initial dissolution immediately
after immersion. For a dissolved oxygen concentration
of 6.6 ppm, inverse resistance polarization measure-
ments at 90-10 copper-nickel began at 8 kQ!
(0.7kQ' em™) and rapidly decreased to about
2kQ7 (0.2 kQ ™' em™) over a 120 h period.

The corrosion of 90-10 copper—nickel in seawater was
also investigated by Mansfeld et al. [61] using LPR with
the rotating cylinder electrode. The four-electron reduc-
tion of oxygen was taken as the cathodic reaction. The
electrodissolution of the copper in the alloy was
assumed to occur via the free cuprous ion, according
to Reaction 4. The cuprous ion is subsequently com-
plexed by the chloride ion to give a cuprous dichloride
complex. It was concluded that mass transport of either
the chloride ion to the electrode surface or mass
transport of the cuprous dichloride complex away from
the surface (neither was specified) was the rate-deter-
mining step of the anodic reaction and the overall
corrosion reaction. It was found that the corrosion
potential, E.,., did not change significantly with
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increasing rotation rate but 1/R,, increased linearly with
rotation rate, r (rpm), to the power 0.7. It is clear from
this work, however, that the relationships displayed
limited linear characteristics. Equations 15 and 16 are
the empirical expressions derived for, E.or; (mV vs SCE)
and 1/R, Q7' em™), respectively.

Ecorr = a1 + a3 % r(()r;m) (15)

1/Rp =by+ by x r((]fgm)

(16)

For 90-10 copper—nickel, values of a; and a, were
given as —299 and +0.02 mV vs SCE, respectively.
Values of b; and b, were quoted as 7.2 X 107 and
3.3 % 107% Q7' em™2, respectively. After initial exposure
of 90—-10 copper—nickel, the LPR derived corrosion rates
decreased continuously over a 30 day exposure period to
reach 2.5 yum y~' (0.2 pA cm™2) in natural seawater and
6.0 um y~' (0.5 pA cm™?) in artificial seawater. In the
natural seawater, average weight loss and LPR derived
values for the same period were 15.2 ymy
(1.3 pA ecm™) and 7.9 um y~' (0.7 pA cm™?), respec-
tively. Equivalent values of 9.4 ym y™' (0.8 uA cm™?)
and 14.2 um y~' (1.2 pA cm™), respectively, were mea-
sured in the artificial seawater. The overall corrosion
rate of 90-10 copper—nickel was found to agree with the
time law relationship

Corrosionrate = keorr X 1" (17)

In natural seawater, k.o equalled 117.5 um y_1
(10.1 uA cm™2) and the power ‘n’ was —0.58. For the
artificial seawater, keorr was 138.0 um y_l
(11.9 uA cm™) and the time exponent, ‘n’ was given
as —0.79.

8. Conclusions

The electrochemical literature on polished 90-10 cop-
per—nickel in either seawater or sodium chloride elec-
trolytes reveals a corrosion mechanism very similar to
that of unalloyed copper. At potentials close to the
corrosion potential the anodic reaction is under mixed
charge transfer and mass transport controlling kinetics.
The mass transport-limiting step with the anodic reac-
tion is generally assumed to be the rate of movement of
a cuprous chloride complex away from the electrode
surface to the bulk of the electrolyte. The cathodic
reaction is dominated by the irreversible reduction of
oxygen, which remains under complete charge transfer
control at potentials close to the corrosion potential. At
the mixed potential, therefore, the corrosion rate will be
dependent on the ambient mass transport conditions via
the anodic reaction. The presence of progressively
thicker surface films, however, will act to reduce the
rate of both charge transfer process. Moreover, an
ageing surface will also reduce the influence of bulk fluid

mass transport on the polarization characteristics of the
alloy.
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