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using potentiodynamic and potentiostatic techniques complemented by scanning electron microscopy.
The presence of Na,SO, enhances Cu electrodissolution through the passive layer and decreases the
breakdown potential. There is a critical OH ™ /sulphate concentration ratio for the onset of localized
corrosion. The competitive interaction between OH ™ and sulphate ions at the passive layer can explain
the experimental data. Pit initiation fits the point defect model for passivity breakdown. Pit growth
involves a number of current contributions which can be distinguished through the analysis of current

transients at constant potential by using nucleation and growth models.
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1. INTRODUCTION

The electrochemistry of copper in alkaline solutions
has been investigated in relation to the protective
characteristics of passive films and the electrochemi-
cal production of Cu oxide layers[1-13]. The char-
acteristics of electrochemically formed Cu oxides are
closely related to the structure and morphology of
these films, which in turn depend on the kinetics of
oxide film formation.

The formation of anodic Cu oxide layers takes
place over a relatively broad potential range within
the stability potential range of water. The composi-
tion and water content of these Cu oxide layers
depend considerably on the applied potential, and
under certain conditions, also on the electrolysis
time[1, 2, 4, 5, 9, 10]. In moderate alkaline solutions,
Cu passivity has been explained by the formation of
a duplex structured oxide layer[6, 7], consisting in
general terms of an inner Cu,O and an outer CuO
layer. The formation of Cu oxide layers is accompa-
nied by the appearance of Cu(I) and Cu(Il) soluble
species[8, 9] and, depending on the nature of anions
present in the solution, insoluble Cu salts can also be
formed, usually precipitated on the Cu oxide layer.

Passivity breakdown and copper pitting initiation
take place beyond the critical breakdown potential
(Ep) of the passive layer[3, 7]. The value of E,
strongly depends on the solution composition, and
inferred from the passivity breakdown of copper in
aqueous solutions containing C17[7, 13], Br [14],
ClO;[15], SCN[16, 17}, S?7[18], CO3~ and
HCOj ions[11]. Otherwise, insoluble salt deposits
are sometimes capable of blocking pit growth on Cu
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specimens at potentials more positive than E.[11].
Copper pitting corrosion induced by sulphate ions
has been reported by several authors[19-21]. In
neutral Na,SO, containing aqueous solutions, sul-
phate ions increase Cu oxide film formation in the
passivation potential range, as well as the anodic Cu
electrodissolution in the transpassive potential
region[21]. Passivity breakdown of Cu involves a pit
nucleation stage followed by pit growth[21]. Never-
theless, the knowledge of the kinetics and mechanism
of copper corrosion, passivation and passivity break-
down in sulphate-ion-containing aqueous alkaline
solutions still requires further investigation to deter-
mine the likely reaction models prevailing at each
stage, and also to establish the validity of these
models.

The main purpose of this work is to investigate
the mechanism of Cu electro-oxidation through Cu
oxide coatings, and Cu pitting in Na,SO,-containing
dilute NaOH solutions. As each one of these pro-
cesses becomes relevant within defined potential
ranges, it is possible to explore their kinetics through
the analysis of anodic current transients obtained at
constant potentials. As the electrochemical behav-
iour of the system resembles to some extent that
already decribed for Cu in alkaline solutions con-
taining aggressive ions, the model previously
described for the passivity and pitting corrosion of
Cu can be used[7, 14].

This paper shows that the electrochemical behav-
iour of Cu in Na,SO,-containing dilute aqueous
NaOH involves anodic oxide layer growth, anodic
Cu electrodissolution through the passive layer, and
Cu pitting. Potentiostatic and potentiodynamic data
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indicate that the influence of Na,SO, appears
already at the initial stages of Cu oxide formation
through a competitive adsorption between OH™ and
sulphate ions at the Cu surface. Passivity breakdown
can be explained as a vacancy diffusion from the Cu/
oxide interface to the oxide/solution enhanced by
anion adsorption. A model based on the heter-
ogeneous nucleation and growth theory is advanced
to account for the kinetics of pit growth.

2. EXPERIMENTAL

A conventional three-electrode electrochemical cell
was used. Working electrodes (specimens) consisted
of flat Cu discs (0.3cm dia.) resulting from the axial
cutting of electrolytic Cu rods. The working elec-
trode surface of each specimen was first mechanically
polished by employing a sequence of 30-5pum grit
(silicon carbide) emery papers, then degreased, rinsed
with distilled water, and finally dried in air. To elimi-
nate residual mechanical stresses, one set of those
specimens was annealed at 500°C for 2h under a few
mm Ar gas pressure, following the procedure
described elsewhere[12]. Also, thermally treated Cu
specimens were electropolished in 85% H,PO, at
03Acm™2 for 5-10min at room temperature.
Finally, they were thoroughly rinsed with distilled
water and dried in air.

Each Cu specimen was axially mounted at the end
of a vertically movable cyclindrical shaft, which
made possible the contact between the Cu disc
surface and the solution through a hanging meniscus
arrangement with an appropriate meniscus
height[22]. The potential of the working electrode
was measured against a saturated NaCl/Hg,Cl,/Hg
electrode (ssce). A cylindrical Pt grid was used as
counter-electrode. All measurements were made at
250 + 0.1°C.

Solutions were prepared from twice-distilled water
and ar. chemicals, and purged with Ar. Electro-
chemical runs were made under Ar. Basically, the
following aqueous solutions were employed: 0.002 M
HaOH and 0002M NaOH+yM Na,S0,
(2 x 107° < y < 1), so that the sulphate/hydroxide
ion concentration ratio could be varied in the 0.01-
500 range. Occasionally, variable amounts of dilute
NaOH were added to yM Na,SO, solutions to
cover the 9 < pH < 11 range. A conventional elec-
trochemical circuitry was employed. Ohmic drop
correction, even in dilute solutions, was insignificant.

A linear potential sweep in the 0.001Vs™!'<
v<001Vs~! range was used to evaluate E,, the
critical breakdown potential. Average E, values from
five measurements at each v were obtained[23].
From the E, vs. v plots, the value of E, extrapolated
to v = 0 was found.

Apparent current density (j) vs. potential (E) pro-
files resulting from both single (STPS) and repetitive
triangular potential scans (RTPS) were run at
0.01 Vs~! between cathodic (E,) and anodic (E,,)
switching potentials. Current transients were run by
applying a constant potential step in the
—0.25 < E, £ 021V range. A new Cu specimen was
used for each run.
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Measurements of the Cu pitting induction time (t;)
were made with a new specimen in the following
way. The specimen was cathodized in 0.002M
NaOH at —0.80V for 4min to produce a bare
surface. Subsequently, a potential step to 0.90V was
applied, and the current transient was recorded at
this potential. When the accumulated charge was
about 40mCcm™2, a known amount of 0.002M
NaOH + 0.1 M Na,SO, solution was added to the
solution (about 5% total volume) to assure a
minimum change in pH, and the potential was
stepped to a value in the 0.20V < E, < 0.55V range.
Finally, the corresponding current transient was
recorded. Reported values of ¢; at each E, correspond
to the average value of 10 runs.

SEM micrographs were obtained with a Hitachi
$-450 scanning electron microscope at beam energies
in the 20-25kV range.

3. RESULTS AND INTERPRETATION

3.1. Current/potential profiles at low v, breakdown
potentials

The j vs. E profiles, recorded at 0.001Vs~! in
0.002M NaOH + yM Na,SO, (10"2 < y € 1) from
—1.00 V upwards (Fig. 1), exhibit a cathodic current
gradually decreasing to —0.30V. As the potential
becomes more positive than —0.30V, an anodic
current plateau which extends up to 020V is
observed. This current plateau has been assigned to
the formation of a Cu oxide layer, and the simulta-
neous Cu electrodissolution through the Cu oxide
layer[7]. However, at this low v value the oxide layer
formation current is much smaller than that of the
Cu electrodissolution. But as the applied potential
exceeds ca. 0.20V, a rapid anodic current increase is
observed, and then a straight line in the j vs. E plot
is approached. The transitions potential, resulting
from the intercept of the straight line, corresponds to
E,, the critical breakdown potential of passivated
Cu in the solution. Processes occurring at potentials
more positive than E, are mainly related to Cu
pitting, as can be observed by SEM.

To attempt to correlate the critical sulphate/
hydroxide concentration ratio for the appearance of
pitting corrosion, the Cu behaviour was explored
over a wide Na,SO, concentration range. In the
absence of sulphate ions in the solution, ie plain
aqueous 0.002 M NaOH, the positive-going potential
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Fig. 1. Apparent current density (j) vs. potential (E) profiles
of an annealed Cu specimen run at v =001Vs~! from
E, .= —100V upwards in 0002M NaOH + 001 M
Na,SO,; 25°C. The arrow indicates the critical breakdown
potential (E,).
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Copper passivation and pitting corrosion

scan exhibits a passive region up 0.75V, where the
O, evolution reaction (OER) commences, whereas
the reverse scan shows a small hysteresis loop which
disappears at the same potential, for which j = j,,
the corrosion current of passivated Cu (Fig. 2a).

Otherwise, the addition of small amounts of
Na,SO, (y < 10~ %) does not significantly change the
shape of the positive-going potential scan, in con-
trast to the reverse scan, which shows a remarkable
hysteresis loop (Fig. 2b, c). In fact, the addition of
Na,SO, to 0.002N NaOH promotes a localized Cu
attack in the potential region where the OER takes
place. This is accomplished by an increase in the Cu
electrode area. Repassivation of pits formed in the
OER potential range takes place at E, ~0V.

On the other hand, for y = 10™*M, current fluc-
tuations related to the birth and death of pits initiate
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Fig. 2. Apparent current density (j) vs. potential (E) profile
of annealed Cu specimens run at v=001Vs~! from
E, .= ~—100V upwards in 0002M NaOH +yM
Na,SO,, for the following y values: (a) 0; (b) 2.4 x 10~3;
(©) 1.2 x 107%; (d) 5.1 x 107%; and (e) 1.2 x 1073; 25°C.
Arrows indicate the potential scan direction.
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in the positive-going potential scan when the applied
potential enters the OER range. These current fluc-
tuations continue in the negative-going potential
scan down to E, =00V (Fig. 2¢. For
y > 2.5 x 1074, the enhancement of pit birth and
death in a rather broad potential range starting from
0V upwards can be observed (Fig. 2d), although
stable pitting can be formed in the OER potential
range. This fact makes the evaluation of E, rather
uncertain. Finally, for y > 1073 M (Fig. 2e), the j vs.
E profile reveals a well-defined E, value for E < E,,
the OER threshold potential.

The described results above indicate that there are
three different regions in the E vs. log ¢ plot (Fig. 3)
after the addition of Na,SO, to 0.002M NaOH,
where ¢ is the Na,SO, molarity in the solution.
Thus, for y < 2.5 x 10™*M, the critical breakdown
potentials of Cu lie in the OER potential range,
whereas in the 25x 107*<y< 1073 range,
unstable pitting can be observed at E < E,,. Only
for y > 107 3M can a reliable value of E, be deter-
mined. In this case, an increase in y shifts E, nega-
tively, according to a linear E, vs. log ¢ plot with a
slope close of 0.085V decade™!. Further, the pH
dependence on E, can also be derived from the j vs.
E plots at constant y and varying pH. Accordingly, a
linear E, vs. pH relationship is obtained with the
slope AE,/ApH = —0.018 V/pH unit. On the other
hand, pit repassivation occurs at E, =~ 0.0V, irrespec-
tive of c.

3.2. Voltammetry data

Cyclovoltammograms were particularly aimed at
determining the potential ranges of the different elec-
trochemical reactions, and at selecting the most ade-
quate operating conditions for potentiostatic
experiments related to both the Cu oxide layer for-
mation and Cu pitting.

For IM Na,SO, + 0002M NaOH the first
cyclovoltammogram run from E, = —120V to
E,,=020V at v =0.01Vs~! (Fig. 4) shows region
I extending from —0.30V to ca. 0.06V, which is
related to Cu oxide layer formation, and region II
covering from E ~ 0.06 V upwards, which is associ-
ated with Cu pitting. The transition from region I to
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Fig. 3. Semilogarithmic plot of breakdown potential vs.

Na,SO, concentration; 25°C. Data correspond to j vs. E

profiles run at v =0.01Vs~!. Definition of E, in the
dashed area is uncertain.
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Fig. 4. Voltammogram of an annealed Cu specimen at
001Vs™!; 0.002M NaOH + 1M Na,SO,; 25°C. Arrows
indicate potential sweep directions and repassivation
potential (E,), and E, values. I and II identify the Cu oxide
layer and Cu electrodissolution region, and the Cu pitting
corrosion region, respectively.

region II takes place at E,. The nearly constant
anodic current observed in region I can be con-
sidered as the sum of the Cu,O and the CuO forma-
tion, together with the current of Cu
electrodissolution through the passive layer[7].
Region II involves Cu pitting as the main process
yielding soluble Cu?® species, presumably as
HCuO; anions at pH ~ 11, Macroscopic observa-
tion of specimens removed from the solution in
region II shows both generalized attack and pitting.
The subsequent reverse potential scan runs from
0.20V downwards, exhibiting the typical hysteresis
loop of pitting corrosion. The repassivating potential
(E,) is found at ca. 0.0V, a value close to the poten-
tial where the anodic—cathodic current switching is
observed. In addition, there is a broad and asym-
metric cathodic peak (III)) at —0.09 V, which corre-
sponds to the electrodeposition of soluble Cu(II)
species produced in region II. It should be noted that
the above-described voltammetric behaviour is
somewhat similar to that reported earlier for Cu in
NaClO,-containing media at the sample pH[15].
Stabilized cyclovoltammograms, ie those voltam-
mograms which remain independent of the number
of potential scans, run from E, .= —120V to
E,,=0V (E, < E,) (Fig. 5) allowing us to establish
the minimum number of reactions involved in Cu
oxide layer formation. The positive-going potential
scan starts to show an anodic current from —1.10V

R. M. Sourto et al.

upwards, which leads to a current plateau extending
up to —0.40V. It includes a broad, although very
weak, peak with a point of inflexion at about
—0.60V, presumably related to the formation of the
Cu(OH),; submonolayer{7]. At potentials greater
than —0.30V, two anodic current peaks (I, and IL,)
are recorded, but peak II, is not observed for E, , <

—0.15V. Peak I, at —020V and peak II, at
—0.12V are related to Cu,O and CuO-Cu(OH),
electroformation, respectively. When E,, < —0.30V,
neither anodic nor cathodic current peaks are seen.
In this case, only an anodic current contribution
appears, even in the reverse scan down to —0.90V.
Under these conditions, the Cu oxide layer continues
growing without further qualitative modifications.
Otherwise, the reverse scan exhibits either peak I, or
peaks I, and II_, depending on whether E,, =

—0.17V or E,, = —-0.09V (Fig. 5). Peak II_ at
—0.29V and peak I_ at —0.45V are assigned to the
electroreduction of CuO—Cu(OH), to Cu,0, and to
the electroreduction of Cu,0O to Cu,
respectively[10]. Finally, a small peak IV  appears at
—1.10V, just at the beginning of the hydrogen evol-
ution reaction (HER). The HER contribution
extends from —0.90V downwards. The value of
4./49., the anodic to cathodic voltammetric charge
density ratio, varies with E,,, as given in Table 1. In
the —0.30 < E,, <0V range, that ratio decreases
with E, ,. These results are consistent with the for-
mation of soluble Cu(l) species already observed at
potentials lower than —0.30V[7, 8]. For E, >

—0.30V, the formation of the Cu oxide film hinders
the electrodissolution of Cu as soluble Cu(l) or
Cu(ll) species in the solution. However, as the value

Table 1. Values of the anodic to cathodic charge ratio
determined from the stabilized voltammograms recorded
for different E, , (Fig. 5)

E (V) g x10°(Cem™) ¢, x10°(Cem™%) 4q,/g.
-0.30 0.288 0 =00
-0.17 0.571 0.203 281
-0.09 0.824 0397 2.08
0 1.102 0.579 1.90
0.20 195.1 62.72 3

-0.03f

1 IC 1

-1.2 ~ 0.8

-0.6 ~0.3 (v}

E /V(vs SSCE)

Fig. 5. Stabilized voltammogram of an annealed Cu specimen run at 0.01 Vs~! changing E, ,; 0.002M
NaOH + 1M Na,SO,; 25°C.
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of E, is approached, an increase in the ¢,/q, ratio is
observed.

Generally, the above cyclovoltammetric features
depend on pH and Na,SO, concentration (Fig. 6).
The value of E, shifts negatively as the pH is
decreased at constant y. Consequently, both peaks
I1, and II_ are no longer observed at pH 9. Further-
more, an increase in pH results in a negative poten-
tial shift of peaks I,, I, and IV,. The comparison
between Fig. 6b and ¢ allows us to conclude that, at
a constant pH, the influence of Na,SO, concentra-
tion on the voltammetric features reflects principally
on the value of E,, (Fig. 3), and on the relative height
of those peaks located in the —0.8 to — 1.2V range.
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Fig. 6. Stabilized voltammograms of annealed Cu speci-
mens at 0.01 Vs~! for different pH and Na,SO, concentra-
tions; 25°C. The potential routine is shown in the inset.
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3.3. Potentiostatic current transients

Potentiostatic current transients were run for both
E, < E, and E, > E,, after applying a specific two
potential step electrode pretreatment. A new Cu
specimen was used for each run.

For E, < E,, the electrode was first held at E, =
—1.20V for 4min to assure an electroreduced Cu
surface, then the potential was stepped to —0.40V
for 100s to produce a fixed amount of Cu oxide
coating, and immediately afterwards the potential
was set to E, for current transient recording. The
potentiostatic current transients run in 0.002M
NaOH + 1M Na,SO, for —025V < E, < 0V show
a continuous anodic current decrease until the quasi-
steady Cu electrodissolution current through the Cu
oxide layer has been attained (Fig. 7).

Otherwise, for E, > E,, Cu specimens were pre-
viously held at —1.20V for 4min, subsequently
potential-stepped to —0.025V for 100s to form a
stationary Cu oxide coating, and finally, potential-
stepped to 0.15 < E, £0.24V to obtain the anodic
current transient. In these transients (Fig. 8) the
current initially decreases to I, the minimum
current reading at time t;, and then increases to
approach a steady value. The value of ¢; which can
be considered as an induction time for Cu pitting
decreases as E, is positively shifted. In order to
obtain more accurate values of ¢;, current transients
and E, > E, were recorded in 0.01M Na,SO,
+ 0.002M NaOH. As in this solution, longer and
more accurate ¢; values than in 1M Na,SO,
+ 0.002M NaOH were determined. Data show that
t; decreases markedly on increasing the (E, — E,) dif-
ference (Fig. 9).

3.4. SEM micrographs

SEM micrographs of annealed and electropolished
(blanks) Cu specimens reveal rather large, rounded
Cu grains (Fig. 10a), and small hemispherical ran-
domly distributed micropits. Micrographs of Cu
specimens subjected to anodization in region I (Fig.

tis
Fig. 7. Current transients obtained at E, < E,; 0.002M
NaOH + I M Na,S0,; 25°C. Symbols denote experimen-
tal data and solid lines correspond to current transients cal-
culated with equations (11) and (12). E, values: (@)
—020V;(¥) —0.10V;and (M) O V.
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Fig. 8. Current transients recorded at E, > E,; 0.002M
NaOH + 1M Na,SO,; 25°C. Symbols denote experimen-
tal data and solid lines currespond to current transients cal-
culated from equations (11), (16) and (17). E, values: (@)
0.175V;(l) 0.21 V; and (¥) 0.24 V.

10b) resemble the blank, although the details are
rather veiled by a thin coating.

On the other hand, the micrograph of Cu speci-
mens anodized in region II (Fig. 10c) show crystallo-
graphic pits together with corrosion products
located around the pits. At the highest positive
potentials, corrosion products inside large pits can
also be seen (Fig. 10d). Both pit density and average
pit size increase as E, is shifted positively.

4. DISCUSSION

4.1. Preliminary considerations

Several complex electrochemical processes are
involved in the anodization of Cu in alkaline
Na,SO,-containing alkaline solutions[20]. The
initial reaction leading to the electroformation of a
Cu oxide film at pH =~ 11 is accompanied by the
appearance of soluble species, such as Cu,O,H™

T

0 0.1 0.2

AENV

Fig. 9. ¢; vs. (E, — E,) plot; (A) experimental data, (——)
calculated with equation (8).
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produced either from Cu(OH),, or Cu,0[4, 8, 24,
25]. The formation of soluble Cu(l) species can
explain the complex voltammetric response resulting
in the —1.00 to —0.50V range[25]. Otherwise, in
the absence of Na,SO,, the largest amount of
soluble Cu(l) species is formed for E,, <
—0.30V[7].

From the voltammograms run at different E,,
(Fig. 5), it appears that the anodic layer is predomi-
nantly composed either of Cu,O or a mixture of
Cu,0 and CuO or Cu(OH),, depending on whether
E,,~—-020VorE, ,~ —0.10V, as peaks II_ and
I, are located in the potential range predicted by
thermodynamics for the following electroreduction
reactions:

2CuO + 2H" + 2¢~ = Cu,0 + H,0 )
and
Cu,0 +2H* + 2~ =2Cu + H,0, (2)

where the reversible potentials of reactions (1) and
(2) are E_ (1)= —023V and E_(2)= —043V at
pH 11 and 25°C, respectively[26]. Under these cir-
cumstances, the formation of both Cu oxides and
soluble Cu species has been observed[7, §].

On the other hand, when E_, > 0V, both the
rupture of the oxide film and Cu pitting are assisted
by the presence of Na,SO, in the solution. In this
case, the main corrosion product is either HCuO,
or Cu?*. The formation of Cu?* species would be
favoured by the local decrease in pH at the pit
surface. According to thermodynamics[26], the elec-
troreduction of HCuO,; to Cu,O or Cu can be
assigned to the following overall reactions:

2HCuO; + 4H* + 2¢~ = Cu,0 + 3H,0 (3a)
HCuO; +3H* + 2~ = Cu +2H,0 (3b)

and E_ (3a) = 0.365 + 0.0591 log(HCuO3) + 0.1182
log(H*), and E,, (3b) = 0.005 + 0.0295 log(HCuO;)
+ 0.0886 log(H*), at 25°C, respectively. Reaction
(3b) is related to the complex peak III_ (Fig. 4).

Therefore, the comparison between voltam-
mograms run in Na,SO,-containing solution and
those resulting in plain NaOH under equivalent
conditions[27] reveals the considerable influence of
Na,SO, on the electrochemical behaviour of Cu in
alkaline solutions, particularly by assisting electro-
oxidation processes. In fact, the anodic voltammetric
charge resulting in the potential range in which Cu
oxide formation and Cu electrodissolution are the
main processes through the oxide coating (Fig. 5) is
always greater than the complementary cathodic
charge, independently of E, ,. This fact is consistent
with the previous observation that, for constant
ionic strength in Na,SO,-containing solutions, the
slope of the Cu,O electroformation current peak vs.
square root of the speed of the rotating Cu disk elec-
trode is greater than that of plain NaOH. These
results suggest that the competitive adsorption
between OH~ and sulphate ions should play an
important role already at the early stages of Cu
oxide layer formation, through a number of equi-
librium reactions, such as

Cu+ OH™ = Cu(OH™) 4)
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Fig. 10. SEM micrographs of electropolished Cu specimens obtained at different magnifications, (a)
before (blank), (b—d) after 100s anodization in 0.002M NaOH + 1M Na,SO,: (b) E,=0V; (c) E, =
0.18V; and (d) E, = 0.25V; 25°C.

Cu(OH") + SO~ = Cu(SO2") + OH™ (5
or
Cu(OH) + SO,H™ = Cu(SO,H™) + OH". (6)

In these reactions, parentheses denote adsorbed
species which act as precursors for Cu electro-
oxidation via Cu,0, Cu(OH), and soluble Cu
species. These reactions can explain the increase in
the Cu electrodissolution current in Na,SO, solu-
tions. In fact, competitive adsorption reactions

should be considered in the reaction pathway
already proposed for Cu electro-oxidation in base
solutions[8], in order to extend the validity of the
proposed reaction mechanism to other aqueous elec-
trolytic environments.

4.2. Pit initiation on Cu in Na,SO,-containing
alkaline solutions

The presence of Na,SO, also produces passivity
breakdown of Cu in alkaline solutions. The effect for
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sulphate anions on this process is clearly revealed by
the decrease in the value of E, with the increase in
the Na,SO, concentration. This is an indication of
the strong interactions between the passivated Cu
surface and sulphate ions, which become even
stronger as the applied potential is shifted positively.
Runs performed at different pH and Na,SO, con-
centration allowed us to admit that if there is a criti-
cal OH'/SOi‘ molar concentration ratio for Cu

pitting in these solutions, its value should be greater
than 102\ Tt appears that the nature of the Cu oxide

VAR AV av & vals Al U NalNIC O U8 8 QA

passnvatmg layer depends considerably on this ratio.
Thus, when it is greater than 102, the aggressive
behaviour of sulphate ions is hindered by OH ™ ions,
favouring the formation of a stable Cu oxide layer.
But as it is further decreased, sulphate ions make the

nacciva laver maora nrone ta attack Accordinelv the
passive 2YCr more pronc 1o attack, Accoerading:y, e

behaviour of the system approaches that recently
described for the breakdown of passive films on Cu

in HCO; solutions containing SO2~ ions[21].

The above interpretation explains the dependence
of E, on Na,SO, concentration at a constant pH, as
given by the equation

E, = C + b log cnays04» )

where C is the breakdown potential for cy,,50, =
1M,

According to the point defect model[29], passivity
breakdown is due to the diffusion of vacancies from
the metal/oxide interface to the oxide/solution inter-
face, enhanced by anion adsorption. In this model
b = 2.3RT/aF, where o represents the dependence of
the electric field drop across the film/solution inter-
face on the applied potential. Thus, by using
b=008Vdec™!,a =075

On the other hand, from the point defect model,
the potential dependence of ¢; is given by the equa-
tion

t,= él exFa(E.—Eb)/2RT + 1, (8)

where 7 is the time required for vacancy diffusion, x
is the cation charge, and &' is

fl = 6 /Jo U - x/Z( (- )x/lexFaEblzk T,

¢ being the critical amount of accumulated metal
holes, and the expression for j, is given by

jO = XKD(N/Q)I + X/ZeAGOIRT,

(82)

(8b)

where Q is the molecular volume per cation, D is the
diffusivity of metal vacancies, N is Avogadro’s
number, K is a constant, g is the chemical potential,
and AG° is the free energy for the Schottky pair
reaction. The present results can be fitted with £ = 6,
7=0.50s, x =2 and « = 0.8 (Fig. 9), leading to a
reasonable agreement between o values estimated
from equations (7) and (8). It should be noted,
however, that in Na,SO,-containing alkaline solu-
tions the value of a is greater than that recently
reported for aqueous solutions containing carbonate
and sulphate anions[21]. Attempts to fit experimen-
tal results with other passivity breakdown
models[21] led to poorer results. Therefore, as it has
been recently suggested[21], the point defect model
offers, at present, the best explanation for the initial
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stage of Cu pitting in Na,SO,-containing alkaline
solutions.

4.3, Pit growth kinetics of Cu in Na,!
alkaline solutions

Following pit nucleation, the localized corrosion
of Cu actually implies a pit growth process[30] at a
defective passive metal surface. Current transients
associated with pit growth involve different contribu-
tions, which can be independently evaluated by ade-
quately selecting both the potential and time
windows. To discriminate the different current con-
tributions, it is convenient to analyse first those
current transients recorded at E, < E,.

Thus, for E, < E,, the overall anodic current
density (j), can be interpreted as a sum of several
terms, namely, the apparent current density associ-
ated with the double-layer charging (jy), a term
related to the Cu oxide layer formation (j,), and a
term related to Cu electrodissolution through the Cu
oxide coating (j ). Thus[30],

h=Ja+i,+js ©

The double-layer charging component drops to
zero in time, therefore, in the time domain of this
study, its contribution can be neglected. Accordingly,
equation (9) reduces to

ho=Jptia- (10)

The term j, in equation (10) is specifically related
to the growth of the Cu oxide coating which can be
described as an instantaneous nucleation and circu-
lar two-dimensional growth under diffusion control.
The corresponding rate equation is[31]

jp = Py exp(—P,1), an
where
P, = K'ngDN, (11a)
P, =K'nDN, (11b)
P,/P, =g, (1o

q is the apparent charge density involved in the for-
mation of the Cu oxide layer, D is the diffusion coef-
ficient of species involved in the oxide layer growth,
N, is the number of sites available for nucleation,
the K’ is a proportionality constant.

The term j, in equation (10) represents the rate of
Cu electrodissolution through the oxide coating,
which can be interpreted as a linear diffusion con-
trolled process[32] expressed by the equation

jo= Pyt~ V2, (12)

where

P, = zFn~ 2D} Ac (12a)

and D, and Ac are the diffusion coefficients and the
concentration gradient of the diffusion species
through the Cu/Cu oxide coating, respectively.

By using equations (10)-(12), current transitions
recorded at E, < E, (Fig. 7) can be reproduced with
the set of parameters assembled in Table 2.
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Table 2. Parameters used for curve fitting with equations
(11) and (12), as shown in Fig. 7

E, P, P, Py q

(V) (mAem~?3) () (mAs¥?’ecm~?) (mCem~?)
—0.25 0.30 21 0.04 0.014
—-0.20 093 15 0.06 0.062
—0.15 1.9 17 0.09 0.11
-0.10 1.2 10 0.10 0.16
—-0.05 20 12 0.12 0.16

0 1.6 13 0.17 0.12

Considering the duplex passive layer structure of
Cu oxide coatings electrochemically formed, the
value of g, resulting from the P,/P, ratio at each E,,
can be assigned to the inner part of the oxide layer,
which consists principally of Cu,0. Values of g
increase from 0.014mCcm~? at E, = —025V, a
potential at which the surface coverage is below the
expected saturation coverage, ie 0.210mCcm ™2 for
Cu,0[7), to a maximum coverage attained in the
—0.10 to —0.05V range. At these potentials, about
80% of the total surface is covered by Cu,O species.
At the maximum coverage, the average thickness
(h) of the Cu,O layer can be estimated from the
equation

h = MP,/zFpP,, (13)

taking M = 143gmol ™!, p = 60gem™3, and z = 1.
Then, from equation (13), h =~ 0.4nm, a figure which
is consistent with the thickness expected from a
hydrous Cu,O monolayer. As E, = E,, a decrease in
the value of g can be noted.

Otherwise, the value of P, is almost independent
of E,, a fact which indicates that in region I (Fig. 4)
the number of nucleation sites remains practically
constant in agreement with the predictions of the
model. Conversely, the value of P, increases with E,
to reach a nearly constant value when E, > —0.10V.
The P, potential dependence should be attributed to
a potential-dependent Ac value, which also reaches a
limiting value at high positive potentials. As the
potential is increased, a maximum potential-
independent, concentration gradient of the reacting
species should be reached. Under these conditions,
Ac can be related to c*, the maximum concentration
of the reacting species at the Cu/Cu oxide layer
interface (Cu?*). Accordingly, provided that
Ac* = 6 x 10" 2molcm ™ 3[7], the maximum value of
D is ca. 107 *3cm?s™!, a figure which is consistent
with Cu electrodissolution involving the diffusion of
Cu?* ions across the Cu oxide layer.

Let us consider now those current transients
resulting from E, > E,. In this case, two new current
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contributions to j, must be considered, i.e. one term
(j.) related to the Cu pitting, and another term (J4)
associated with a non-uniform Cu corrosion through
a basic sulphate layer. Then,

h=Jp+iatja +ic (14)

where j, involves the Cu electrodissolution of Cu
through the passive layer influenced by the presence
of sulphate ions. At this stage, it is reasonable to
admit that the condition j, < j, is applicable to the
results shown in Fig. 8. Then,

(15)

The term j, in equation (15) is given by equation
(11), and new expressions should be considered for j,.
and j,.

The term j,, represents Cu electrodissolution
through a basic Cu salt layer formed at certain
regions of the electrode surface. Under these circum-
stances, Cu electrodissolution can be described as a
three-dimensional nucleation and hemispherical
growth under diffusion control. Correspondingly, the
expression for j . is[32]

jl =jp +.lc +jd"

ja = Pgt™Y*[1 — exp(— P, 1)}, (16)

with
Pg = zFrn~V2D'V2 A (16a)
P,=K'zD'N,, (16b)
K = (87M Ac)'*p~172, (16¢)

where D' is the diffusion coefficient of Cu ions in the
solution, N, stands for the number of sites for pit
growth, and Ac’ is the concentration gradient of
Cu(Il) ionic species at the salt/solution interface
which in turn, is determined by the solubility of Cu
salts in the solution.

The corrosion of Cu at pits can be tentatively
explained in terms of an instantaneous nucleation
and three-dimensonal conical pit growth charge
transfer control. The kinetic equation for such a
process is of the following form[33]:

Jo = P.[1 — exp(—PstY)], 17

with
P, =zFk (17a)
Py =aM*Nok'?p~2, (17b)

N, is the number of sites available for pit nucleation,
M and p are the atomic weight and the density of
Cu, respectively, and k and k' are the apparent rate

Table 3. Parameters used for curve fitting with equations (11), (16) and (17), as shown

in Fig. 8
E, P, P, P, P, P, P,
) (mAem~2) (') (mMAem~? (7)) (mAsY*’cm~%) (7Y
0.140 0.12 123 0.64 0.02 63 0.02
0.175 0.34 137 0.62 0.37 28 0.20
0.210 0.44 95 0.36 0.20 27 0.14
0.240 0.65 60 1.11 0.05 28 0.15
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constants for pit growth in the directions perpen-
dicular and parallel to the corroding surface plane.
respectively. By using equations (11), (16) and (17),
current transients shown in Fig. 8 can be reproduced
with the set of parameters assembled in Table 3.

Values of P, and P, are comparable to those
shown in Table 2, at least within one order of magni-
tude. It should be noted, however, that the increase
of P, in region II (Fig. 4) can be assigned to an
increase in active area, ie seemingly, a roughness
factor of about five appears in the E, range covered
by experiments. Otherwise, the decrease in the value
of P, by a factor of two would indicate that N,
decrease with E, because the actual portion of the
Cu surface available for oxide layer formation is
diminished. Furthermore, from the P,/P, ratio, it
can be concluded that the contribution to Cu,O
oxide formation is drastically reduced in region II
(Fig. 4). The values of P4 and P, remain appreciably
constant, at least within the errors of this work, in
agreement with the expectation of a diffusion con-
trolled process. In contrast the fluctuations in the
values of P, and P impede an adequate evaluation
of their potential dependences as would be expected
from a charge transfer controlled reaction.

5. CONCLUSIONS

The electrochemical behaviour of Cu in alkaline
solutions depends considerably on the Na,SO, con-
centration. The presence of this salt produces an
enhancement of Cu electrodissolution through the
passive layer, and decreases the passivity breakdown
potential.

There is a critical OH™ /sulphate concentration
ratio for the onset of localized corrosion in these
solutions. A very early competitive interaction
between OH ™ and sulphate ions at the passive layer
may play an important role in the kinetics of the
overall process.

Pit initiation can, in principle, be explained by the
point defect model for passivity breakdown.

Pit nucleation and growth involve a number of
contributions which can be distinguished through
the analysis of current transients at constant poten-
tial by using nucleation and growth models.
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