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Electrochemical methods for determining the characteristic pitting potentials of 90Cu-10Ni alloy in
slightly alkaline chloride solutions are summarized and the results of measurements carried out using
potentiostatic, quasi-potentiostatic, potentiodynamic and galvanostatic techniques, complemented by
ex situ techniques — SEM and EDXA — are discussed. In borate buffer solution a passive state is
established due to the formation of the oxide film with low ionic conductivity. However, in the
presence of Cl~ ions, at potentials higher than a certain critical value, breakdown of the anodic
passivity occurs, caused by field-stimulated chloride entry into the passive oxide film at singular point
defects. The brightening of the pits formed after oxide film breakdown was established to be due to
the conversion of the passivating oxide film to one of high ion conductivity. “Contaminated oxide”
permits the passage of the metal cation into and through it, finally leaving it at the film/solution
interface where pitting can proceed. During localized attack two characteristic potentials have to be
distinguished: the potential of pit nucleation, E,, above which pit nucleation starts, and the break-
down potential, E,, above which the growth of nucleated pits develops. An attempt is made to
compare the values of E, and E, obtained through different methods, and to determine the factors
influencing these values in each particular method.

1. Introduction

Among the different forms of localized corrosion,
pitting is encountered most often in technologically
important metallic materials. Many metals and their
alloys such as carbon steels, stainless steels or various
Ni-, Al- and Cu- based alloys, suffer pitting in dif-
ferent environments, especially those containing Cl™
ions. When determining the susceptibility of metals to
pitting, the critical breakdown potential serves as one
of the most commonly used criteria. Breakdown of
passivity and localized corrosion are of considerable
practical and economic importance, as well as of
theoretical interest. For practical purposes, it is desir-
able to determine the corrosion resistance of materials
that will be exposed to various aggressive environ-
mental conditions. A number of accelerated tests are
available [1]. However, fundamental research has
shown that the processes involved in pitting corrosion
phenomena are generally extremely complex even
under controlled laboratory conditions. The problem
becomes even more complex because the exact poten-
tial at which pitting may initiate, develop or cease
proved to be dependent on many variables. Different
electrochemical methods are available to detect and
identify pitting corrosion. they offer the best approach
to providing information that would allow the interpret-

ation of the results obtained. Furthermore, a number
of environmental conditions can be studied quickly
because of the rapidity with which tests can be run.

While there is plenty of data on pitting of copper
[2-9], relatively little information is available concern-
ing copper-nickel alloys. The behaviour of these
alloys is presently a subject of much interest, par-
ticularly with respect to materials performance for
heat exchangers in marine or power plant instal-
lations. Studies covering four main aspects have been
undertaken, namely the structure and morphology of
the corrosion product film [10-12], the kinetics of film
formation [13-16], selective dissolution [17-22], and
finally, the role of Fe content [23-25]. Investigations
have been performed mainy in acid or neutral sol-
utions. Macdonald demonstrated that the presence of
sulphide in sea water induces a loss in the passivity of
both 90Cu-10Ni and 70Cu-30Ni alloys {26]. It was
reported recently that admiralty brass (70Cu-30Zn)
suffers pitting when a poorly protective film contain-
ing Cu,O exists on its surface [27].

Because of the lack of information concerning the
behaviour of Cu-Ni alloys in alkaline media, we
attempted to study the corrosion behaviour of 90Cu-
10N alloy in slightly alkaline solutions containing
chloride ions, once the metal is covered by a passive
film. The possibility of correlating the characteristic
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pitting potentials determined by using various electro-
chemical methods was of particular interest in this
work. The influence of various experimental con-
ditions such as Cl~ concentration, potential scan rate,
constant current density, constant potential and time
of anodization was examined.

2. Experimental details

Working electrodes were disc-shaped specimens,
1.5cm dia., cut from sheet material. The specimen
surface was abraded with SiC emery papers, finished
with alumina powder down to 0.05um and rinsed.
After placing in a Teflon holder, an area of 1cm? was
exposed. A carbon rod was used as the counter elec-
trode. Potentials were measured against a saturated
calomel electrode (SCE) provided with a Luggin capil-
lary probe. The three electrodes were mounted in a
PARC Corrosion Cell, Type K47.

Measurements were made in borate buffer solution,
pH9.25 (0.022M Na,B,0, + 0.002M NaOH). The
influence of NaCl addition was studied in the concen-
tration range from 0.005 to 0.5 M.

Electrochemical investigations were carried out by
the following methods. (i) The potentiodynamic
technique was used in two ways: (a) anodic polariz-
ation curves at slow scan rates (0.3-3mVs™') were
recorded as log current density (log i) against poten-
tial (£), after allowing the electrode to reach the open
circuit potential E,,, for a period of 1h; (b) cyclic
voltammograms were run between the cathodic and
anodic potential limits at different scan rates (0.5~
50mVs™'). (i) Galvanostatic potential transients
were recorded at a constant current density from the
cathodic potential —1.0V (oxide free surface) to a
certain anodic potential limit. (iii) Potentiostatic cur-
rent transients were run using electrodes which were
previously cathodically polarized at — 1.0V for 100s
to obtain an oxide-free surface, and then held for 300's
at the open circuit potential, E_,. Finally, the current
transients were monitored at a constant potential step
Eonw < E; < a certain value more positive than the
breakdown potential, E,.

The composition and morphology of the corrosion
products were examined by ex situ techniques. Energy
dispersive X-ray analysis (EDXA) and scanning elec-
tron microscopy (SEM) were carried out using a
Trakor TN-2000 energy dispersive spectrometer and a
JOEL SSM-35 scanning electron microscope.

3. Results and discussion

3.1. Linear anodic polarization: quasi-potentiostatic
measurements

Typical anodic polarization curves for a Cu-Ni elec-
trode in borate buffer containing different NaCl con-
centrations are shown in Fig. 1. In the potential range
examined, there are five distinct regions: the apparent
Tafel region (1), the peak current region (II) of active
etching, the current minimum — passive region (III),
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Fig. 1. Quasi-potentiostatic curves for a Cu-Ni electrode in borate
buffer (1) and in borate buffer containing 0.2M (2) and 0.5 M NaCl
(3). Scan rate 0.3mVs™!',

the limiting current region — the brightening region
(IV). At high chloride concentration, CI~ = 0.5M,
we can distinguish the regions of etched pits (IVa) and
brightened pits (IVb) and finally, the overall anodic
brightening region (V) where the current density at the
pit surface is nearly constant. The first feature observed
as the potential increases above the open circuit poten-
tial £, is the Tafel region, (I), followed by a current
peak region (II) of active etching (transition from
active to passive region). The values of Taffel slopes
were found to have lower values than the expected
slope of 60mV per current decade, already reported
for Cu in chloride solutions [28]. A decrease of Tafel
slope values is observed as the NaCl concentration
increases. Cuprous species are the only electrooxidation
product in this potential range, as measured using a
rotating ring-disc electrode [15]. The results indicated
mixed mass transfer and kinetic control with a cuprous
chloride complex as the limiting diffusion species [15].
Copper electrodissolution was essentially independent
of variation in H* concentration from 1M up to SM
[29]. The mechanism of Cu dissolution in chloride
media (< 1 M) can be generally expressed by the two
step sequence:

Cu+ Cl- =
CuCl + ClI- =

CuCl + e~ e
CuCly (2)

At chloride concentrations greater than 1 M, the con-
centration of higher cuprous chloride complexes, such
as CuCl~, becomes significant [15].

The anodic polarization curve for Cu-Ni in chloride-
free borate buffer is given in Fig. 1. Two anodic peaks
at —0.13Vand —0.06 V(A, and A,) precede a broad
passive region extending from 0V to 0.8V. It has
already been shown that the passive film on copper
[8~11] and copper-nickel alloys [30-32] is twofold,
consisting of one layer growing from the original sur-
face and an outer growing layer on the top of inner
layer of thickness varying with the composition of the
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electrolyte. By comparison of the current peak poten-
tial values obtained with the equilibrium potentials of
Cu, O and CuO formation [33] we can assign this
behaviour to the successive formation of cuprous and
cupric oxide. The electrode surface is thus covered by
a protective oxide film and a passive state is estab-
lished. The corresponding region in the presence of
Cl~ ions is the region (III), curves 2 and 3 in Fig. 1.
The increase of anodic current plateau in the passive
region, as well as the narrowing of the passive range,
are observable with increasing NaCl concentration.
At a certain potential, B}, a current rise starts. How-
ever, for NaCl concentrations greater than 0.05M
(curves 2 and 3 in Fig. 1), another current plateau
region appears after the current rise, denoted as the
brightening region (IV). It could possibly be corre-
lated with the formation of a certain amount of CuCl
on the top of the Cu,O layer, coinciding with the
growth of the CuO layer. The important quantitat-
ive difference between the essential current density-
potential relationships found for anodic passivity (see
curve 1 in Fig. 1) and brightening (region I'V) is in the
magnitude of the limiting current density; the limiting
current density may range from approximately 107 to
10~ A cm~? for passivity and from 107> to 1Aem™?
for brightening. The subsequent anodic behaviour of
the passive films depends upon the electrical charac-
teristics of the surface layer. If its electron conductiv-
ity is low, film growth by ion transport may occur at
high positive potentials. If the electron conductivity is
high, electroreduction or elecrooxidation of the sol-
ution species occurs at the passive film/solution inter-
face at a quite low anode potential. The passive film
behaves like a semiconductor or insulator [34-37].
Local breakdown of passivity at a less positive poten-
tial than that required for transpassivity (the anodic
oxidation of the passive film to a soluble oxide) is
often induced by the presence of halide ions, of which
chloride ions are the most important in practice, and
the resulting local pitting is frequently rapid. It is
reasonable to suggest that the thin compact solid films
responsible for anodic brightening are in general not
simple oxides, but are oxides “contaminated” with
significant amounts of the anions from the solution
[38] which permit metal cations to pass into and
through it, and finally to accumulate at the film/
solution interface at the same rate; the film ““dissolves
as fast as it forms” at quite low anode potentials
[39-42].

Breakdown of the inner barrier Cu,O layer at and
above a critical breakdown potential, E%;, see Fig. 1,
curves 2 and 3, is caused by a greatly increased cation
conductivity through the “contaminated” oxide film
when steady state conditions have been established.
According to Hoar [42], brightening is produced
because crystallographic etching is suppressed by the
film which dictates random removal of cations from
the metal lattice on account of the random and rare
arrival of film cation vacancies at the metal/film inter-
face. At very high potentials (and high chloride con-
centrations) the pits formed continue to grow in extent
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Fig. 2. Cyclic voltammograms for a Cu-Ni electrode in borate
buffer containing various NaCl concentrations: (1) 0.05, (2) 0.1,
{3) 0.2 and (4) 0.5M NaCl. Scan rate SmVs~!,

and number until they condense and produce overall
anodic brightening. The current density is constant
and potential independent, as shown in Fig. 1, region

V).
3.2. Cyclic voltammetry measurements

Up to this point, only processes occurring during
anodic polarization were considered. In order to study
both the oxidation and reduction processes on the
oxide-free clectrode, cyclic voltammograms starting
from a limiting cathodic potential of —1.0V were
recorded. In this way, the values denoting repass-
ivation potential, E,,, and breakdown potential, E,,
could also be obtained.

Figure 2 shows the influence of NaCl concentration
in the solution. The potential range examined is limited
by the anodic potential limit £ = 0.12V. In chloride-
free borate buffer solution, curve 1 in Fig. 1, a double
anodic peak appears, splitting into two well defined
cathodic peaks upon potential scan reversal. This
behaviour is consistent with the formation of a duplex
passive film. Its solid state reduction takes place in two
stages, namely an outer CuO layer reduces to Cu,O
and an inner Cu,O layer to pure copper metal [32].
Addition of NaCl to the solution results in the better
separation of the anodic peaks, and the first anodic
peak corresponding to the Cu(I) oxide now predomi-
nates, Fig. 2. The area under the first anodic peak
increases proportionally to the NaCl concentration,
and such behaviour can be linked to an increasing
amount of cuprous soluble species in the vicinity of
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Fig. 3. Cyclic voltammograms for a Cu~Ni electrode in borate
buffer containing 0.1 M NaCl, obtained using different scan rates:
(1) 1,(2) 5,(3) 10 and (4) 20mVs~".

the electrode surface [28]. Current rise starts at the
breakdown potential, E,, continuing even after the
potential scan reversal. The hysteresis loop thus
obtained allows the repassivation (nucleation) poten-
tials, £, (E,), to be determined [43]. Within the poten-
tial range examined, Fig. 2, the breakdown potential,
E,, is not reached unless the NaCl concentration is
greater than 0.05M. Repassivation potentials corre-
spond to the potential values below which no pitting
occurs and above which pit nucleation begins. Increas-
ing the NaCl concentration produce a more pro-
nounced hysteresis loop and causes a shift of the
corresponding breakdown potential toward more
negative values. Consequently, the difference between
E,, and E, is smaller.

Figure 3 indicates the importance of the appropri-
ate choice of scan rate when determining the break-
down potentials. The voltammograms were recorded
in a borate buffer solution containing 0.1 M NaCl.
While the slow scan cycle yields two anodic peaks
followed by the onset of passivity, the sharp current
increase associated with the localized attack and a
hysteresis loop after potential scan reversal, when
using a rapid scan rate, results in a single anodic peak
and does not show the loop at all. This behaviour
suggests that in the presence of CI~, besides the poten-
tial, the time of anodization also plays an important
role in determining the breakdown potential. It will be
shown below that the more noble the potential, the
shorter the incubation time for breakdown of the
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Fig. 4. Galvanostatic charging curves for a Cu-Ni electrode in
borate buffer containing 0.1 M NaCl recorded at various constant
current densities: (1) 0.05, (2) 0.1, (3) 0.15, (4) 0.2, (5) 0.25 and
(6) 0.3mAcm™2. Detail showing the breakdown potential, E,
against current density plot.

oxide film, which leads to pit growth or general cor-
rosion. Consequently, when the potential scan rate is
high, a rapid current increase can be observed only at
more noble potentials, corresponding to a sufliciently
short pit incubation time.

3.3. Measurements of the potential/time transients at
a constant current density

Figure 4 shows potential/time transients for a Cu-Ni
electrode in borate buffer containing 0.1 M NaCl.
When a current density higher than the critical current
for passivation is applied to the oxide-free surface, the
anode potential increases rapidly with time due to
alloy dissolution. The potential arrest is eventually
reached at —0.18V as a consequence of oxide film
formation. For transients recorded at lower current
densities, another potential arrest appears at approxi-
mately 0.05V, confirming the formation of the CuO
layer. The region of almost linear increase of anodic
potential which follows is mainly due to the growth of
the oxide film. In a chloride-free solution, the region
of linear potential increase extends up to approxi-
mately 0.8V, and can be correlated to the passive
region in quasi-potentiostatic curves, see curve | in
Fig. 1. In chloride containing solutions, the potential
rise, i.e., the passivation rate, is slowed down, and
furthermore, a potential maximum appears at a cer-
tain potential. This maximum is thought to corre-
spond to the breakdown potential, £, , the appearance
of which is the consequence of competition between
two processes, namely, further oxide film growth and
its breakdown. After prevalence of the latter reaction
at E,, the potential drops to a steady value, corre-
sponding to the repassivation potential, E,,. Under
galvanostatic conditions, it is the only potential at
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Table 1. Correlation between breakdown potential values determined
by the quasi-potentiostatic and galvanostatic methods. E} — poten-
tial value at which the current density of 0.2mAcm™" is reached,
evaluated from curves presented in Fig. 1; EX* — value of potential
maximum of EJt curve, at a constant current density of 0.2mA cm™?,
Fig. 4

Craci E}V E}*V
0.05 0.49 0.52
0.10 0.25 0.24
0.20 0.12 0.10
0.50 0.04 0.03

which the active area remains constant and indepen-
dent of time [43]. The values of maximum E, are
dependent upon the constant current density applied,
see detail in Fig. 4, according to the following relation:

E, = a+ bi 3)

The repassivation potentials, E,, are, however, unaf-
fected by the current density applied, reaching almost
identical values after the potential drop.

Table 1 is given in order to correlate the breadown
potential values determined by quasi-potentiostatic
and galvanostatic measurements. As a reference value,
the potential at which the current density reaches
the value of 0.2mA cm™2, E*, and the value of the
potential maximum at constant current density of
0.2mAcm™?, E**, were chosen for quasi-potentiostatic
and galvanostatic experiments, respectively, see Figs 1
and 4. The results obtained are comparable, which
confirms that the potential maximum on the potential/
time curve could be identified as a breakdown poten-
tial. However, when comparing the results with those
obtained by some other method, the dependence upon
the value of the constant current density should be
considered, see detail in Fig. 4.

3.4. Measurements of current/time transients at a
constant potential

Current/time transients obtained by changing the
potential gradually at a constant rate and recording
the current-time relationships at each assigned poten-
tial, E,, are shown in Figs 5 and 6. Curves recorded at
the same potentials in chloride-free borate buffer are
given in detail. In the absence of NaCl, the current
decreases monotonically to reach the corresponding
steady passive state, where electronic conductivity
prevails. Similar behaviour is obtained in the presence
of NaCl when the constant potential E; is more nega-
tive than a certain critical potential, E,, Fig. 5. How-
ever, the anodic currents are much higher in the
presence of Cl~ ions as a result of the hindered for-
mation of oxide film. At potentials close to £, Fig. 6,
the current initially decreases to a minimum value,
yielding the corresponding characteristic pitting time
parameter, namely the incubation time, #. A steady
current rise starts later. Such behaviour can be
explained through continual competition between film
repassivation and localized breakdown, the latter
gradually becoming the dominant factor. The dehy-

6.5
20
o o~
\ £ 15
6.0 g
U\ =10
<~ o
5 N\ 0 80 160 240
< 55 AN t/s
2 o
Py \D\D
\D\
501 ™
i G\D\D\D\
D\D
45 | i | I { i
0 20 40 60 80
t/s
Fig. 5. Current transients recorded at constant potential

E, = 0.05V for a Cu-Ni electrode in borate buffer (detail) and in
borate buffer containing 0.1 M NaCl.

drated Cl~ ion adsorbed on the oxide film/electrolyte
mterface begins to enter and penetrate the oxide film
at singular point defects of less perfection [44]. Thus,
the incubation time, #, for initiation of passivity
breakdown, i.e., for pit nucleation after C1~ has been
introduced into an oxide film held at or just above the
pit nucleation potential, E,, is caused by the time
required for C1~ penetration into the outer CuQ layer
of the duplex film [45). Since an oxide containing
foreign anions (“‘contaminated”) is a much better
lonic conductor than the original passive oxide, it may
be able to release the Cu(I) cations rapidly at the
film/solution interface so that consequent pitting can
proceed.

The relationship between the constant potential E,
and the rate of Cl~ penetration, defined as 1/z, is
shown in Fig. 7. The following equation is fulfilled:

1/l = q + b/Et (4)

where a’ and 4" are constants and ¢ is the period of
time after which the current rise starts. The rate of C1~
penetration initially rises steadily with potential and
the constant &’ has a value of approximately 0.1
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Fig. 6. Current transients recorded at constant potential

E, = 0.15V for Cu-Ni electrode in borate buffer (detail) and in
borate buffer containing 0.1 M NaCl.



ELECTROCHEMICAL METHODS TO STUDY LOCALIZED CORROSION 453

N F Eb~o
— L 02k
]
g > 01 a
g row £
o | En a
= o,
= - o1k \"\u g
~02 b | \“’*
107 1072 1071 1 g
E tog Cyacl /
C g
,Mﬁ/
- .0
p f
no G /
L u] /
/
/ /
1072 En 47 1 | 1 ) ] EIL/I ] i
-0.10 0 0.10 0.20 0.30 0.40
EtlVsce

Fig. 7. Rate of C1™ penetration log (1/¢) as a function of the con-
stant potential, E, for a Cu-Ni electrode in borate buffer containing
0.1 M NaCl. Detail showing the dependence of the extrapolated
values, E; and E,, upon NaCl concentration.

However, as the potential E, is made more positive,
the breakdown rate becomes progressively higher, and
the value of b’ changes to 3.9. Two straight lines of
different slopes are obtained, Fig. 7. Extrapolation of
each of these straight lines to infinite time gives the
exact values of the critical pitting potentials: the
potential of pit nucleaction, E,, and the breakdown
potential, E,. In this way, two defined potential
regions are obtained: the region of pit nucleation
between the E, and E,, and the region of pit growth
at potentials more positive than %, . The extrapolated
values of E, and E, move toward more negative poten-
tials with increasing NaCl concentration, see detail in
Fig. 7. The following equation is fulfilled:

E, By = a” 4 b" log enyq )

where @” and b” are constants, »” is — 0.14 V™! for the
E,and —0.07V~! for the E,.

For a constant potential E, close to E,, the tran-
sition from the period of pit nucleation to that of pit
growth can be recognized in the current/time plot as
the change of the current rise slope at the inflection
point, denoted as the induction time, 7. By represent-
ing the current-time relationships in logarithmic form,
this point is seen more clearly, Fig. 8. In this way,
more accurate values of the induction times, t, could
be obtained. Thus, the period between the incubation
time, 4, and induction time, 7, corresponding to the
period of pit nucleation, is characterized by a small,
but measurable, increase with time. The apparent pit-
ting current density (7, — i,) against time ( — £,) plot
in Fig. 8 fits the Engell-Stolica equation, [46]:

(.~ §) = k(t — 1) (6)

where i, and i, are the corrosion and passive current
densities, respectively, ¢ is the total time, 7 is the
incubation time, and k and b are constants. The slope
of the first straight line, corresponding to pit nucleation,
is by = 0.33, but changes to b, = 1.96 after 7 is
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Fig. 8. log (i, — i,) against log (1 — ) plot evaluated from the
current transients recorded at constant potential £, == 0.2V for a
Cu-Ni electrode in borate buffer containing 0.1 M NaCl. Detail
showing the current transient obtained at the same potential in
chloride-free solution.

exceeded, thus indicating the development of steady
pit growth [43, 46].

At constant potential E,, the value of b, is depen-
dent upon NaCl concentration. An increase of NaCl
concentration to 0.5 M causes a change in the value of
b, to 2.63, Fig. 9, revealing that the number of pits
increases with time [43].

In order to check the critical pitting potentials
obtained using potentiostatic transients, a comparison
with the critical potentials evaluated from the quasi-
potentiostatic curves in Fig. 1, was made. The potential
of pit nucleation, E,, is defined as the potential below
which no pitting occurs, and above which pit nucleation
begins. Consequently, it can be correlated with the
potential E);, at which the sudden current increase
within the passive range takes place. However, it has
to be emphasized that only the values obtained using
very slow scan rate can te taken for such a correlation.
The polarization curves obtained using a high scan
rate do not show such detailed structure and, usually,
only the critical pitting potential, £Z;, can be recog-
nized. Satisfactory agreement was found between the
breakdown potentials, £, and critical potentials E2,,
Table 2.
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Fig. 9. log (i, — i,) against log (+ — ) plot evaluated from the
current transients recorded at constant potential E, = 0.2V for a
Cu-Ni electrode in borate buffer containing 0.5 M NaCl.
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Table 2. Correlation between potential of pit nucleation, E, and
breakdown potential, E,, evaluated from 1/t; against E, plots, Fig. 7,
and EL,, and EZ, determined from quasi-polentiostatic curves, Fig. 1

Enaci! M E YV EglV 1294 Eclm/ 4
0.1 —0.08 —0.05 0.27 0.27
0.2 —0.12 —0.08 0.24 0.20
0.5 —0.18 —0.10 0.23 0.19

The transition from the passive region (III) to the
etched pits region (IVa) is represented by the current
transient in Fig. 6. Figures 8 and 9 show the current
transients for transition from the passive region (IIf)
to brightened pits region (IVb). Since in the latter case
the CI~ concentration in the solution is high, the value
of induction time 1 is very short and pit growth
develops almost immediately. However, after this
sharp increase the current reaches a maximum, having
values up to SOmA cm~?, and finally decreases very
slowly, although it is still very large. In logarithmic
form, such a maximum appears at the transition time,
1,, where an inflection between the two stages occurs,
Fig. 9. The current maximum observed at the tran-
sition point is related to the first appearance of blue-
green spots of Cu,(OH);Cl at the electrode surface,
which precipitate very rapidly. The second current
plateau decrease which then follows is related to the
complete coverage of the electrode surface by a large
amount of precipitated product as shown in Fig. 10a.
A further insight into the processes occurring at a
Cu-Ni electrode in chloride solutions was enabled by

0

Fig. 10. (a) SEM micrograph showing large crystals of the precipi-
tated product, obtained after an anodic cycle in borate buffer con-
taining 0.5M NaCl and (b) EDXA spectrum of the precipitated
product.

SEM observations and EDXA data. The SEM micro-
graph of the electrode surface, after an anodic cycle in
borate buffer containing 0.05M NaCl, revealed the
presence of holes in the zone of attack, filled with a
whitish orange corrosion product. The EDXA signals
of this product correspond to the presence of a CuCl
layer, Fig. 10b. However, an increase of NaCl con-
centration to 0.5M results in the appearance of an
additional product, Fig. 10a. A thick blue-green layer
forms, which is very poorly adherent and obviously
precipitates from solution. Large crystals form very
rapidly, completely covering the electrode surface and
even accumulating at the bottom of the cell. The
attacked surface, covered by randomly distributed
holes, could be seen only after removing this outer
non-adherent layer. This behaviour is consistent with
that already observed in the anodic polarization
curves, Fig. 1, as a secondary current limiting region.
The electrode surface under progressive pitting thus
becomes covered by a thick layer of precipitated
Cu,(OH);Cl, which acts as a barrier to separate the pit
interior from the bulk solution and contributes, in a
way, to process stabilization. Nevertheless, current
values are still very high, as a consequence of the
previous enhanced dissolution. The improvement of
the brightening at high anode potentials is caused by
better maintenance of the compact solid film in con-
tact with the metal/film interface by the higher field.

4. Conclusions

Investigations of pitting corrosion phenomena on
Cu-Ni alloy were performed through several electro-
chemical methods. Results obtained by potentio-
dynamic, galvanostatic and potentiostatic modes
revealed that actually two characteristic time par-
ameters (incubation time, 7, and induction time, )
and two characteristic potentials (critical potential of
pit nucleation, E,, and breakdown potential, E,) can
be recognized during duplex passive film breakdown.
It is necessary to distinguish which one of these poten-
tials is being measured by a particular method.
Analysis of the current/time transients recorded at
a constant potential allows the determination of both
characteristic pitting potentials, E, and E,, Fig. 7.
These potentials clearly divide the regions where pit
nucleation occurs from that where pit growth is poss-
ible. E, is denoted as the potential below no pitting
occurs, and above which pit nucleation starts. In that
sense, it can be regarded as the protection or repassi-
vation potential, E,,, which can be determined from
the potential/time transients, Fig. 4, or from potentio-
dynamic measurements after the anodic scan reversal,
Figs 2, 3. During linear anodic polarization pit
nucleation can actually start before the sudden current
rise is observed at E,, but continual change of poten-
tial with time does not allow this change to be recog-
nized. Consequently, the potentiodynamic method is
not recommended for detailed examination of the
pitting process unless a very slow scan rate is used,
as in Fig. 1. From the anodic polarization curves
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recorded using 0.3mV s™' both critical pitting poten-
tials could be distinguished. The values of E., and
EZ;., representing the potential of pit nucleation and
the breakdown potential, respectively, compare well
with the corresponding critical pitting potentials
obtained through the other methods used, Tables 1
and 2.

The indubation time ¢, for initiation of passivity
breakdown, i.e., for a first pit nucleation is caused by
the time required for CI™ penetration into the outer
CuO layer of the duplex passive film.

Breakdown of the inner barrier Cu,O layer at and
above critical anode breakdown potential, E,, is
caused by a greatly increased cation conductivity
through the *“contaminated” oxide film when steady
state conditions have been established during the
induction time, 7. The breakdown potential, E,, can
be recognized relatively easily by each of the methods
used: (i) from current/time transients as the extrapo-
lated value in the 1/r against E, plots (where ¢ is
infinite); (ii) from quasi-potentiostatic measurements
as the potential within the brightening range at which
the current abruptly starts to rise, Fig. 1; (iii) from
potential/time measurements as the potential maxi-
mum, the appearance of which is the consequence of
competition between two processes, namely, further
oxide film growth and its breakdown, Fig. 4.

However, the limitation of individual methods
should be considered in order to achieve exact results,
or to compare the values determined through different
methods. Cyclic voltammetry measurements and
measurements performed at a constant current density
allow the determination of both critical parameters,
the repassivation potential, E,,, and the breakdown
potential, E,. E, values are, however, strongly depen-
dent upon the constant current density applied, as
a consequence of the different passivation and pit
nucleation rates thus taking place, Fig. 4. On the other
hand, E, values are dependent on the potential scan
rate: the higher the scan rate, the more positive E,
values become, Fig. 3. When the potential scan rate is
high, a rapid current increase can be observed only at
potentials corresponding to a sufficiently short incu-
bation time. Therefore, E, values will be overestimated.

It was shown that the current/time transients
recorded under a constant potential step could be
successfully used for kinetic studies of passive film
breakdown, thus enabling the different stages involved
in an overall process to be recognized. Nevertheless,
the reproducibility of the results obtained can still be
poor. For that reason, the conditions of the passive
film formation and its growth should be controlled in
order to obtain the exact correlation between the criti-
cal pitting parameters and the properties of the passive
film itself. A new passive film should be used for each
constant potential being measured. In that way, the
characteristic pitting parameters could be measured as
a function of each particular property of the passive
film, which could affect its susceptibility towards

localized breakdown, e.g., passive film thickness or
potential and time of anodic pretreatment [32, 45].
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