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The anodic behaviour of Cu—xNi alloys and Cu and Ni metals was studied in slightly alkaline
solutions containing Cl™-ions in the concentration range from 0.01 to 2.0 mol dm™. The morphology
and composition of the surface films formed by anodic polarization were analysed by scanning
electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS). On the basis of quasi-
potentiodynamic polarization data, E. against cnac; diagrams were constructed, where E is the
critical pitting potential. These diagrams allow the determination of areas where the materials are
susceptible to localized pitting attack. A critical chloride concentration (cj) exists below which the
resistance to localized corrosion increases with decreasing nickel content and above which it increases
with increasing nickel content. This effect is connected with the change in the corrosion resistance
observed for the pure metal constituents, i.e., copper and nickel as a function of chloride concen-
tration. The kinetic parameters of pitting corrosion of Cu—xNi alloys reflect the specific properties of
both elements and suggest that an increase in Ni content above 40% would not have a significant

effect on the corrosion resistance of Cu—xNi alloys.
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1. Introduction

Copper—nickel (Cu—xNi) alloys are extensively used
as condenser tube materials in saline environments
[1-8] as well as catalysts for hydrogenation and
dehydrogenation [9—12]. Several authors have shown
that, as long as the nickel content in the alloy does
not exceed 40wt%, the passivity of copper—
nickel alloys in chloride containing solutions is es-
tablished by the formation of a duplex oxide film,
consisting of an outer layer of cupric hydroxychlo-
ride, Cu,(OH);Cl, overlying a compact inner Cu,O
layer [1-6]. Only in the case of Cu—40Ni alloy was
nickel oxide identified as a major corrosion product
[1]. The composition of the reaction product formed
on Cu—Ni alloys is strongly potential dependent. At
more active potentials, where preference for selective
nickel dissolution is greater, the reaction product
was found to contain nickel concentrations in excess
of those in the bulk alloy [1]. At higher potentials
nickel is depleted in the reaction product. The inner
Cu,O0 layer is able to incorporate foreign cations, i.e.
nickel [1-6], as well as iron [5-7], which affects its
protective properties. Consequently, copper-nickel
alloys were found to exhibit improved corrosion
characteristics compared to copper [4]. With in-
creasing nickel content in the alloy the corrosion
resistance increases [1, 2, 4]. North and Pryor sug-
gested that nickel ions incorporated in the defect

lattice of Cu,O decrease its ionic and electronic
conductivity [1, 2]. When the nickel content in the
alloy exceeds 40wt %, however, nickel oxide be-
comes the major reaction product. Incorporation of
cupric ions would not significantly change the elec-
tronic or ionic resistance of NiO, which implies that
alloys containing 40wt % of nickel should exhibit
the optimal corrosion resistance [1, 2].

All the studies mentioned above were performed
at a constant chloride concentration, that is, 3.4%
NaCl solution [1, 3, 5, 6], 0.5m NaCl [2] or natural
sea water [4]. In our previous publications the
behaviour of Cu—10Ni alloy in slightly alkaline
solutions containing chloride ions has been exten-
sively studied [13-15]. It was the aim of the present
study to investigate systematically the corrosion
resistance of a series of copper-nickel alloys in a
wide range of chloride concentrations in a slightly
alkaline solution, pH9.2. Results show that the
corrosion resistance of Cu—Ni alloys increases with
increasing nickel content, as suggested by other
authors, but only in a certain range of chloride
concentrations.

2. Experimental details
Copper—nickel alloys with a Ni content from 10 to
40wt % were prepared from pure Cu and Ni con-

stituents. The metals were homogenised for 4h at
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350°C, rolled and then annealed for 1h at 650°C.
Samples, 15mm in diameter and 2mm thick, were
abraded with fine emery papers, polished with alu-
mina powder down to 0.05um, and finally rinsed
with distilled water and acetone. Prepared samples
were embedded in a Teflon holder, so that an area of
0.785cm? was exposed to the solution. Carbon rods
and a saturated calomel electrode (SCE) served as
counterelectrode and reference electrode, respec-
tively. Potentials in the text refer to the SCE scale.
Measurements were performed in borate buffer,
pH9.2, with and without addition of NaCl. The
influence a NaCl addition was studied in the
concentration range from 0.01 to 2.0moldm™>.
Measurements were carried out using a PAR&KEGG
model 273 potentiostat/galvanostat controlled by a
PC. Potentiodynamic measurements were started
—0.25 V with respect to the corrosion potential, E.o,;,
and progressed in the anodic direction with a po-
tential scan rate of 0.3mVs~'. At least two mea-
surements were performed and the mean value, the
critical potential E., was then taken for further cal-
culations. After electrochemical experiments the
electrode surface was routinely checked by an
Olympus SZH 10 Zoom stereo microscope.
The morphology and composition of the films formed
by electrochemical polarization were analyzed by
scanning electron microscopy (SEM) and energy
dispersive X-ray spectroscopy (EDS). A Joel JXA
840A SEM/EPMA instrument was used for this
purpose.

3. Results and discussion
3.1. Potentiodynamic polarization curves

Anodic polarization curves recorded using a slow
potential scan rate were employed to compare the
behaviour of Cu and Ni and Cu—xNi alloys in
chloride containing borate buffer solution, pH9.2
(Figs 1-6). Curves were recorded for fourteen differ-
ent concentrations of NaCl ranging from 0.01 to
2.0moldm™. In chloride-free solution the Tafel re-
gion of copper is followed by an anodic peak and a
broad passive region extending up to 1.0V (Fig. 1). It
is well known that the passivity of copper is estab-
lished due to the formation of a duplex oxide layer
which consists of an outer CuO/Cu(OH), layer and
an inner barrier Cu,O layer [12-15]. In the presence
of chloride ions the passive layer is susceptible to
localized breakdown, resulting in pitting corrosion
attack. This process is reflected in several changes in
the polarization curves. First, as the chloride con-
centration increases, the corrosion potential, E..,,, is
shifted towards more negative values (from —0.08 to
—0.3V). In the presence of lower chloride concen-
trations the related current density increases but the
passive range is still established. As the electrode
potential exceeds a certain value, a steep increase in
the current density is observed. This potential is de-
noted as the breakdown potential, E,. The break-
down potential shifts towards more negative values as
the chloride concentration increases. For chloride
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Fig. 1. Anodic polarization curves recorded for Cu metal in borate buffer containing various concentrations of NaCl: (O) 0, () 0.025, (A)
0.035, (A) 0.05, (V) 0.1, (<) 0.3, () 0.75 and (OJ) 2.0m NaCl. Scan rate 0.3mVs .
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concentrations higher than 0.025moldm™, a region
of secondary passivity is observed. The term ‘sec-
ondary passivity’ is tentative due to the relatively
high current densities (up to 2x10™*Acm™2). The
span of this region becomes more pronounced with
increasing chloride concentration. It is believed that
this region corresponds to the formation of blue—
green cupric oxychloride, as will be shown below.
This product is obviously formed by a precipitation—
dissolution mechanism. Its coverage of the electrode
surface temporarily delays the current density in-
crease, which then continues further as the electrode
potential becomes more positive. For the highest
chloride concentration investigated (2.0 moldm™),
copper shows no tendency towards passivation.
Instead of localized corrosion the sample actually
suffers general attack.

A quite different set of curves was recorded for
nickel metal (Fig.2). While in the chloride-free solu-
tion nickel shows a broad passive region extending up
to approximately 0.9V, the presence of only
0.01 moldm™ NaCl provokes localized breakdown
of the passive film. The characteristic breakdown
potential, Ey, already appears at 0.3 V. In contrast to
copper, where the values of corrosion and breakdown
potentials are extended over a broad potential region,
an increase in chloride concentration transposes the
corrosion and breakdown potentials of nickel only
slowly in the negative direction.

Polarization curves for Cu—xNi alloys are pre-
sented in Figs2—6. The general shape of the curves
recorded for the Cu—10Ni alloy remains quite similar
to that of copper metal. Although the values of cur-

rent density in the potential range of the anodic peak
and in the passive range are lower than those of
copper, breakdown potentials appear to be only
slightly more positive. For concentrations lower than
0.2moldm™ NaCl the shape of the polarization
curves recorded for Cu—20Ni alloy is similar to that
of copper and Cu-10Ni alloy. However, for higher
chloride concentrations, the current density in the
anodic peak decreases and, even for a concentration
of 2.0moldm™ NaCl, and active—passive transition
peak is obtained. With increasing nickel content this
behaviour becomes more pronounced. Whereas in the
lower chloride concentration range Cu—30Ni and
Cu—40Ni alloys exhibit breakdown potentials more
negative than that of Cu—10Ni and Cu—20Ni alloys,
the situation becomes just the opposite in the pres-
ence of higher chloride concentrations. Alloys con-
taining higher nickel content now exhibit up to three
orders of magnitude lower current density values
compared to copper and Cu—10Ni alloy.

3.2. E. vs cyaci diagrams

The results presented above clearly distinguish the
effect of chloride concentration and that of nickel
content on the corrosion resistance of Cu—Ni alloys.
To characterize quantitatively the behaviour of these
materials, the values of the critical potentials, E., are
plotted against chloride concentration. These E,
against ¢nac) diagrams are presented in Fig. 7. Criti-
cal potentials are related to potential values at which
the current density in the anodic polarization curves
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Fig. 2. Anodic polarization curves recorded for Ni metal in borate buffer containing various concentrations of NaCl. Scan rate was

0.3mVs™'. Symbol key as for Fig. 1.
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Fig. 3. Anodic polarization curves recorded for Cu—10Ni alloy in borate buffer containing various concentrations of NaCl. Scan rate

0.3mVs~'. Symbol key as for Fig. 1.

reaches 10™* A cm™ (Figs 1-6). By choosing the ref-
erence current density value, a possible error in de-
termination of the breakdown potentials as an
intercept is avoided. It should be emphasised that the
same trend is obtained in both cases (i.e., for E, and

E.). It is evident that in all cases a general relation-
ship E. = a + blogcnact 1s established, although the
constants ¢ and b are strongly dependent on the
chloride concentration range and nickel content in
the alloy.
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Fig. 4. Anodic polarization curves recorded for Cu-20Ni alloy in borate buffer containing various concentrations of NaCl. Scan rate

0.3mVs~'. Symbol key as for Fig. 1.



CORROSION RESISTANCE OF Cu-xNi ALLOYS

397

1.0

| Cu-30Ni
0.8

0.6

04

0.2

Potential / V

i LlLLI\I

Jll!lll‘ L

IIIIIIIl [ AN L (I EEEt

107 10

103 104 1073

Current density / A cm™

Fig. 5. Anodic polarization curves recorded for Cu—30Ni alloy in borate buffer containing various concentrations of NaCl. Scan rate

0.3mVs~'. Symbol key as for Fig. 1.

Up to 0.5mol dm ™ NaCl the breakdown potential
of copper shifts readily in the negative direction and
the constant » amounts to —0.7 Vdec™' (Table 1). At
higher chloride concentrations a break in this steep
straight line occurs and the value of b decreases to

0.09 Vdec™'. Another limiting case, nickel metal,
shows different behaviour. In the whole concentration
range the constant » amounts to only —0.2 'V dec™". It
is evident that in the lower concentration range copper
is superior to nickel in terms of resistance to localized
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Fig. 6. Anodic polarization curves recorded for Cu—40Ni alloy in borate buffer containing various concentrations of NaCl. Scan rate

0.3mVs~'. Symbol key as for Fig. 1.
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Table 1. Constants a and b of the general relationship
E. = a+ blogenac) determined from polarization curves (Figs 1-6)

E. is the critical potential and ¢ is the chloride concentration at
which the straight lines change their slope.

Sample a b Cerit/M
Cu -0.43 -0.70 <0.5
-0.19 -0.09 =0.5
Cu-10Ni -0.37 —-0.68 <0.5
-0.18 -0.11 =0.5
Cu-20Ni -0.52 -0.78 <0.2
-0.12 -0.22 >0.2
Cu-30Ni -0.71 -0.85 <0.1
—-0.05 -0.21 >0.1
Cu—40Ni -0.77 —-0.84 <0.05
0.03 -0.21 >0.05
Ni 0.10 -0.20 -

pitting attack. For example, in the presence of
0.01 mol dm > NaCl the value of E, for copper is 0.5V
more positive (Fig. 7). As the chloride concentration
increases, this difference decreases. In contrast to
copper, the critical potentials of nickel move very
slowly in the negative direction. The constant a cor-
responds to a chloride concentration of 1 moldm™,
and may be denoted as a standard critical potential
(ECH). The value of constant «a is always more negative
for copper than for nickel metal (Table 1).

From E, against ¢y, diagrams three important
chloride concentrations are recognized. Straight lines
of copper and nickel intersect at 0.1 moldm ™ NaCl
(Fig.7). This chloride concentration is denoted as
ccuni- In the presence of higher chloride concentra-
tions the resistance of nickel to pitting corrosion be-
comes superior to that of copper.

The second important parameter, denoted as the
critical chloride concentration c, denotes the chlo-
ride concentration at which the straight line
E. = a+ blogcenac) changes slope. For chloride
concentrations lower than the critical chloride con-
centrations (¢ < c.) the values of constant a shift
readily towards more negative potentials with in-
creasing nickel content from 10 to 40 wt % (Table 1).
When the chloride concentration, however, exceeds
the critical concentration (¢ > ¢ the values of
constant ¢ move towards more positive potentials
with increasing nickel content. Therefore the resis-
tance to localized corrosion increases. In the con-
centration range c¢ < ¢ all copper—nickel alloys
exhibit values of constant b similar to that of copper,
that is, —0.68, —0.78, —0.85 and -0.84Vdec™'
(Table 1, Fig. 7). For higher chloride concentrations,
however, the straight lines change their slopes, which
now become similar to that of nickel metal, that
is, —0.22Vdec™" for Cu-20Ni, —-0.21Vdec™" for
Cu-30Ni and -0.21Vdec™' for Cu-40Ni and
—0.20 Vdec™" for nickel.

It is noteworthy that an increase in nickel content
above 40wt % obviously has only a small effect on

the improvement of the localized corrosion resis-
tance. The constant a determined for nickel is only
70mV more positive than that of Cu—40Ni alloy
(Table 1). This result indirectly corroborates the hy-
pothesis suggested by North and Pryor that an in-
crease in nickel content above 40wt % would not
have a significant effect on the corrosion resistance of
Cu—xNi alloys [1, 2].

The values of ¢, decrease with increasing nickel
content in the alloy, that is, from 0.5mol dm™3 for
Cu-10Ni, 0.2moldm™ for Cu-20Ni, 0.l moldm™
for Cu—30Ni to 0.05moldm™ for Cu—40Ni alloy.
Therefore, with increasing nickel content in the alloy,
the critical chloride concentration above which the
alloy behaves similarly to nickel metal decreases.

The third significant parameter which can be de-
termined from E. against cnacy diagrams is denoted
as canoyni (Fig. 7). It is related to the chloride con-
centration at which the straight line of a particular
alloy intersects that of nickel metal. With increasing
nickel content the values of c,y0y/ni decrease linearly.
At the same time the difference between c. and
Calloy/Ni becomes progressively smaller and for Cu—
40Ni alloy the values of cqi¢ and canoy/ni reach the
same value, that is, 0.05moldm™>.

It should be emphasised that, although copper also
shows a break in the straight line for chloride con-
centrations higher than 0.5moldm™, we believe that
this is a different effect from that observed for cop-
per—nickel alloys. First, in this concentration range
copper does not undergo typical localized corrosion
attack, and, secondly, the constant » amounts to
—0.09 Vdec™', whereas for alloys an average value of
—0.21 Vdec™' is obtained, which is almost identical to
that for nickel metal, that is, —0.20 V.dec™!. As far as
Cu-10Ni alloy is concerned, it is difficult to say which
effect prevails, since the value of constant b lies
between that of copper and nickel, that is,
—0.11 Vdec™.

Summarizing, E. against c¢nac; diagrams deter-
mined from anodic polarization curves denote the
regions where a particular material is protected
against localized breakdown, and where it is suscep-
tible to localized breakdown of the passive layer.
With increasing chloride concentration the resistance
of copper—nickel alloys to localized breakdown in-
creases with increasing nickel content. This is due to
the change in constant b, which for ¢ > ¢ becomes
four times smaller and therefore similar to that of
nickel metal.

3.3. Analysis of corrosion products

The results presented above prove that an increase in
chloride concentration strongly influences the resis-
tance of Cu—Ni alloys to localized corrosion. In
the presence of a low chloride concentration
(0.025moldm™) the current density measured for
both nickel and Cu—40Ni and alloy starts to increase
at potentials which are more negative than those of
both copper and Cu—10Ni alloy (Figs 1-6). The nickel
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Fig. 7. E./cnact diagrams for Cu metal, Cu—xNi alloys and Ni metal. The critical potential E, is determined from the anodic polarization
curves (Figs 1-6) as the potential at which the current density reaches 1x 107*Acem™. ccuyni 1s the chloride concentration at which straight
lines of copper and nickel intersect (ccyni = 0.1mol dm™. ¢,y denotes the chloride concentration at which the straight line
E. = a + blog cnaci changes its slope. c,j0y/ni 1S the chloride concentration at which the straight line of a particular alloy intersects that of
nickel metal. For comparison, straight lines for nickel or copper are given.

surface is covered by round pits surrounded by a ring
of pale yellow corrosion product retained after rins-
ing. Initially formed pits at the surface of Cu-40Ni
alloy are rapidly covered by large patches of a volu-
minous green product. In the case of copper an in-

crease in the current density is followed by the
appearance of localized corrosion spots which are
rapidly covered by a large amount of blue—green
voluminous product. No apparent corrosion attack
was identified for Cu—10Ni alloy.
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More detailed information regarding the mor-
phological and compositional changes at the elec-
trode surface were obtained by SEM and EDS
analyses (Figs8-11). A typical image of a localized
spot attacked on the nickel surface is given in
Fig. 8(a). At the pit bottom nickel metal is identified.
Pits of round shape are surrounded by the undis-
solved reaction product. Its morphology and com-
position are given in Fig. 8(b) and (c), respectively.
The EDS spectrum identified this product as nickel
oxide. No chloride signal was identified. It should be
taken into account, however, that NiCl,. 6H,0 is
very soluble. Thus even if a certain amount was
formed, it was dissolved more readily compared to
the oxide, which remained at the surface.

Whereas no significant corrosion attack was ob-
served for Cu—10Ni alloy, large patches of green
corrosion product are formed on Cu—40Ni alloy. Its
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Fig. 8. Round pits (a) formed on nickel after a polarization ex-
periment in borate buffer containing 0.025mol dm™ NaCl. Pits are
surrounded by crystallites (b) of nickel oxide (c).

well defined grain structure and composition are
given in Fig.9(a) and (b), respectively. Considering
that the content of Ni in the bulk alloy is 40 wt %, the
corrosion product contains only a small amount of
nickel (compare Fig.9(b) and (c)). Obviously, the
major product formed on Cu—40Ni alloy is cupric
oxychloride, which contains a certain amount of in-
corporated nickel. The green colour of this oxychlo-
ride suggests the presence of cupric oxychloride
CuCl,.3 Cu0O.4 H,O (Brunswick green), or atacamite
CuC12.3 Cu(OH)z

The SEM image and EDS spectrum of the blue—
green corrosion product precipitated on the surface
of copper are depicted in Fig. 10. The EDS spectrum
suggests that it may correspond to cupric oxychloride
CuCl,.2 CuO.4 H,O. It exhibits a well defined grain
structure, with grains sometimes growing together to
form bigger clusters.

A quite different situation is encountered in the
presence of high chloride concentrations. The
breakdown potentials of copper and Cu—10Ni alloy
are more negative than those of nickel and Cu—40Ni

b
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i Cu
0.000 VFS=2048 10.240

Fig. 9. SEM image (a) showing the well defined grain structure of
a green corrosion product precipitated at the surface of Cu—40Ni
alloy after a polarization experiment in borate buffer containing
0.025moldm™ NaCl. The EDS spectrum identifies it as cupric—
nickel oxychloride (b). Compared to the bulk alloy (c), it contains
little nickel.
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Fig. 10. Morphology (a) and composition (b) of the cupric oxy-
chloride (blue-green) precipitated at the copper surface after
a polarization experiment in borate buffer containing
0.025mol dm™ NaCl.

alloy (Figs 1-6). No corrosion product is formed at
the surface of Ni and Cu—40Ni alloy in the presence
of 0.5moldm™ NaCl. In contrast, copper is covered
by a red—orange homogeneous corrosion product and
does not exhibit typical pitting corrosion. The cor-
rosion attack on Cu—10Ni alloy starts at randomly
distributed local points which rapidly decorate the
whole surface. These spots are progressively covered
by a large amount of a green corrosion product,
forming patches at the surface. The detail in
Fig. 11(a) illustrates the progressive coverage of the
attacked spot by crystallites of corrosion product. As
suggested by the EDS spectrum, this product corre-
sponds to cupric oxychloride with a certain amount
of incorporated nickel (Fig.11(b)). The content of
nickel does not differ significantly from that of the
bulk alloy (Fig. 11(c)).

The EDS spectra in Figs9(b) and 11(b) indicate
that the composition of the corrosion product formed
on Cu—10Ni and Cu—40Ni alloys is similar, that is,
cupric oxychloride which contains a certain amount
of nickel. Obviously, the amount of nickel incorpo-
rated in the layer is not strongly dependent on the
nickel content in the bulk, since an increase to
40 wt % does not induce a corresponding increase of
nickel signal in the corrosion product.

4. Conclusions

(1) The resistance of copper-nickel alloys to local-
ized pitting attack is influenced by the chloride
concentration range. There is a critical chloride

0.000 VFS=542 10.290

Cu c
Cu

Ni Cu

0.000 VFS=2048 10.240

Fig. 11. SEM image (a) showing the grain structure of a green
corrosion product precipitated at the surface of Cu—10Ni alloy
after a polarization experiment in borate buffer containing
0.5mol dm™ NaCl. The EDS spectrum identifies it as cupric—nickel
oxychloride (b). It contains a similar amount of nickel as the bulk
alloy (c).

concentration above which the resistance in-
crease with increasing nickel content in the bulk

alloy, and below which it increases with
decreasing  nickel content. Comparative
measurements performed on pure metal

constituents, that is, copper and nickel, ex-
plained this behaviour.

(i) On the basis of potentiodynamic polarization
curves, E. against cnaci diagrams were created
and three characteristic chloride concentrations
are recognized: ccuNi, Cerit aNd Calioy/Ni-

(iii) The concentration at which the straight lines of
copper and nickel intersect is denoted as ccy/nis
that is, ccyni=0.1 M. In the lower concentration
range (¢ < ccyni)» copper exhibits a superior
resistance to localized corrosion compared to
nickel. However, since the constant b of nickel
metal changes only slowly with increasing con-
centration, the situation becomes just the oppo-
site as ccyni s exceeded. At higher chloride
concentrations nickel exhibits a better resistance
than copper.
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(iv)

V)

(vi)

The critical chloride concentration, c.;, 1S re-
lated to the concentration at which the straight
line of a particular alloy changes its slope. The
concentration at which the straight line of a
particular alloy intersects that of nickel is de-
noted as cyoyNi- Both these concentrations de-
crease with increasing nickel content, although
the second one to a higher extent.

With increasing nickel content the difference
between c,ioyNi and ceit becomes progressively
smaller. Therefore, the critical concentration
above which the alloy behaves similarly to nickel
metal decreases. When the nickel content reaches
40 wt %, these two concentration become almost
identical.

Although the behaviour of copper nickel alloys
is strongly dependent on the nickel content, it
seems that the composition of the precipitated
outer layer is not greatly influenced by the bulk
nickel content. For both Cu—10Ni and Cu—40Ni
alloys corrosion attack is accompanied by the
formation of green cupric oxychloride with a
similar amount of incorporated nickel. It is thus
reasonable to assume that the properties of the
inner Cu,O layer are mainly responsible for the
corrosion resistance of copper-nickel alloys.
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