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The corrosion of  nickel under the influence of  alternating current (a.c.) in pH 1-7 Na2SO 4 solutions 
has been investigated with an alternating voltage (a.v.) modulat ion technique. The anodic polarization 
.curves and pitting behaviour of  nickel were examined with the superimposition of  sinusoidal, square, 
and triangular a.v. over a range of  a.v. magnitudes of 0-5000mV r.m.s., and a.v. frequencies of 
20-5000 Hz. It was found that a.v. reduced the passive d.c. potential regime by increasing the critical 
current density prior to passivation and by shifting the active-passive transitional potential toward 
the positive direction. In acidic sulphate solutions, a.v. increased the current density in the passive 
regime in a way similar to the addition of  chloride ions. A.v. destroyed the passivity and enhanced 
the pitting corrosion of  nickel at both the passive and transpassive d.c. potentials. The passivity of  
nickel was destroyed regardless of the a.v. waveforms. Triangular a.v. caused the severest destruction 
of passivity; this was followed by sinusoidal and square wave a.v. 

I. Introduction 

Alternating current (a.c.) is used in the electroplating 
industry to improve the corrosion of nickel anodes in 
nickel plating baths [1]. A.c. behaves as a depolarizer. 
[t reduces the protective passive film of nickel during 
the negative half-cycles, and causes the unprotected 
nickel to dissolve during the positive half-cycles. 
the  current efficiency and rate of nickel dissolution 
increase with increasing magnitude of a.c. 

Early investigations of the effect of 50-60 Hz sinu- 
soidal a.c. on nickel corrosion were made by Feller [2], 
Devay et al. [3], Abd E1 Rehim and Abd E1 Halim [4], 
and Deo et al. [5]. These investigations were con- 
ducted by superimposing a.c. onto either: (i) a gal- 
vanostatic d.c. circuit [4-5]; or (ii) a potentiostatic d.c. 
circuit [2-3]. The galvanostatic method had the draw- 
back that it did not permit the examination of pass- 
ivity phenomena. The second method requires complex 
electronic instrumentation [6] to simultaneously 
control the galvanostatic a.c. current and the poten- 
fiostatic d.c. potential. The method also suffered from 
a stability problem because of incomplete filtration of 
a.c. in the d.c. potential control circuit [7]. 

Recently, Chin and coworkers [8] have developed 
an alternating voltage (a.v.) modulation technique for 
studying the mechanism of a.c. corrosion. In this 
method, an alternating voltage signal, instead of an 
alternating current, was superimposed onto a d.c. 
]potential by connecting an a.v. signal generator to 
d.c. potentiostat. The resulting composite potential 
consisting of a.v. and d.c. potential was applied 
between the working and reference electrodes in the 
corrosion environment. The electric circuit was con- 
structed so as to enable measurement of the time- 

averaged d.c. current as a function of d.c. potentials 
using a d.c. potential sweeping circuit. This method 
had the advantage that the measurement was poten- 
tiostatically controlled, and the effect of a.v. on the 
active, passive, and transpassive states of the cor- 
rosion system could be analyzed from the experimental 
data. The n.y. modulation technique has been used in 
the investigation, of a.c. corrosion of iron [9-10], zinc 
[11], copper [12], stainless steels [13-14], and aluminum 
[15-16] in various aqueous environments. 

In the present investigation, the a.c. corrosion of 
nickel in acidic and neutral sulphate solutions is exam- 
ined with the a.v. modulation technique. The polar- 
ization measurements are made to determine the effect 
of a.v. magnitude, a.v. waveform, and a.v. frequency 
on the passivity of nickel in the solutions. The pitting 
behaviour of nickel under the influence of a.v. is 
examined with the potentiostatic pitting test and opti- 
cal photomicroscopy. The results are compared to the 
pitting corrosion of nickel caused by the addition of 
chloride ions. 

2. Experimental details 

The electric circuit for a.v. modulation and the experi- 
mental set-up have been described in previous publi- 
cations [8-16], and will not be repeated here. The 
solution used in the present study was 1 N Na2SO 4 
(pH 1-7), which was prepared by dissolving Merck 
analytical grade chemicals in deionized water and 
was adjusted to the desired pH value by addition of 
small amount of H2SO4 or NaOH. The solution was 
deaerated by bubbling nitrogen gas before and during 
the experiments. A stationary circular nickel + disc 
having an exposed area of 0.307 cm 2 was used as the 
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working electrode. A 1 1 Plexiglas cell equipped with a 
platinum counter electrode and a saturated calomel 
reference electrode (SCE) were used for the experi- 
ments. For each run the working electrode was polished 
to 600 grit smoothness, degreased in alcohol, and 
cleaned in concentrated sulphuric acid. It was then 
introduced into the cell and was cathodically activated 
in the test electrolyte at - 3.0 V vs SCE for 3 min. The 
cathodic and anodic polarization curves with super- 
imposed a.v. were measured with the previously 
described a.v. modulation circuit and d.c. potential 
sweep procedures [16] at a d.c. potential scan rate of  
50 mV min -1. The measurements were made for three 
different a.v. waveforms (sinusoidal, square and tri- 
angular waves) over a range of a.v. magnitude from 0 
to 5000mV r.m.s. (root mean square), and a.v. fre- 
quencies from 20 to 5000 Hz. All the measurements 
were made at a constant room temperature of  
27 _ I~ 

Potentiostatic pitting tests of  nickel samples having 
1.287cm 2 exposed area were made at selected d.c. 
potentials with the a.v. modulation technique. A run 
was terminated after 5 C of d.c. had been passed 
through the cell. Pitting damages of the nickel sample 
were examined with an optical microscope. 

3. Results and discussion 

3.1. D.c. polarization curves without a.v. 

To establish a basis for comparing with a.v. modu- 
lation, a particular set of runs was made to determine 
the anodic polarization curves of  nickel in sodium 
sulphate solutions without any superimposed a.v. The 
results are given in Fig. 1 for a range of  pH 1-7. 
In pH 1-3 Na2SO4 solutions, the anodic polarization 
curves of nickel exhibited distinct active, passive and 
transpassive states, with the active-passive transition 
occurring at 0.1 V vs SCE and the passive-trans- 
passive transition occurring at 1.0 V vs SCE. Increas- 
ing pH decreased the peak critical current density 
prior to the transition to passivity as well as the passiv- 
ity current density in the passive regime. The polariz- 

Fig. 1. Anodic polarization curves of 
nickel in 1 N sodium sulphate solutions at 
pH 1-7, 27 ~ C. Scan rate = 50 mV min- ~. 
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ation curve for the pH 7 solution showed the spon- 
taneous passivation of nickel upon polarization at the 
anodic potentials. The passive-transpassive tran- 
sitional potential and the corrosion potential (or rest 
potential) were not changed by increasing pH values. 

3.2. Effect of  a.v. on nickel polarization in acidic 
sulphate solutions 

Figure 2 shows the effect of 60 Hz sinusoidal a.v. on 
the anodic polarization of nickel in pH 1 NazSO4 
solution. In the acidic sulphate solution, a.v. increased 
the current density in the active regime, and progress- 
ively shifted the active-passive transitional potential 
toward the positive direction. The critical current den- 
sity at the active-passive transitional potential 
increased with increasing magnitude of a.v. In the 
passive regime, a.v. increased the passivity current 
density and diminished the span of passive potentials. 
At the a.v. magnitudes greater than 1500mVr.m.s., 
the passive regime was completely eliminated, and the 
polarization curves exhibited a direct transition from 
the active to the transpassive states as shown in Fig. 2. 
The behaviour was similar to the a.v. modulation of  
iron in perchlorate solutions [10]. 

To explain the observed phenomena, one should 
note that there are four processes occurring during the 
anodic polarization of  nickel in acidic sulphate sol- 
utions. These are: (i) active anodic dissolution of nickel; 
(ii) formation of  protective nickel oxide films at the 
passive d.c. potentials; (iii) oxygen evolution reaction 
on the oxide film at transpassive d.c. potentials; and 
(iv) breakdown of oxide film and transpassive dis'- 
solution of nickel at the film-damaged locations. 
Without any superimposed a.v. the four processes 
took place at three distinct d.c. potential regimes 
during the potential sweep, with process (i) occurring 
at the active regime; process (ii) at the passive regime; 
and processes (iii) and (iv) at the transpassive potential 
regime. With superimposed a.v., the four processes 
could take place simultaneously at a given d.c. poten- 
tial because of the periodic fluctuations of instan- 
taneous potentials between a high and a low value. 
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Fig. 2. Effect of  60 Hz sinusoidal a.v. on the anodic polarization curves of  nickel in pH 1 sodium sulphate solution. 

The present polarization curves suggest that at suf- 
ficiently positive d.c. potentials, a.v. selectively 
destroyed the protective oxide film of nickel at its 
weak locations, where the unprotected nickel dis- 
solved at a high rate to form localized pits on the 
nickel surface. On the areas where the oxide film 
remained intact, oxygen evolution reaction took place 
during the positive half-cycles of a.v. This combined 
oxygen evolution reaction at the oxide covered areas 
and nickel dissolution at the oxide removed areas 
caused the passive-transpassive transitional potential 
to shift toward the positive direction and the current 
density in the passive regime to increase with increasing 
a.v. values. 

Figure 3 shows the effect of sinusoidal a.v. fre- 
quency on the anodic d.c. polarization curves of  nickel 
in pH 1 sodium sulphate solutions. The curves are 
given for a range of  a.v. frequencies from 20 to 
5000 Hz, while the a.v. magnitude was kept at a con- 
stant value of  750 mV r.m.s. There was no significant 
=hange on the shape of d.c. polarization curves at the 
low frequency range of 20-200 Hz. At higher frequen- 
cies, a portion of the a.c. passing across the electrode- 
electrolyte interface became non-faradaic, and was 

consumed in the charge and discharge of the electric 
double layer at the electrode surface. Thus, the effect 
of a.v. decreased with increasing frequency as shown 
in the figure. 

In the acidic sulphate solutions, a.v. slightly sh3ted 
the corrosion potential of nickel toward the negative 
direction. However, the extent of the corrosion poten- 
tial shifts was not a strong function of  a.v. magnitude 
and a.v. frequency as noted in Figs 2 and 3. 

3.3. Effect of  a.v. on nickel polarization in neutral 
sulphate solutions 

The effect of 60 Hz sinusoidal a.v. on the polarization 
of nickel in pH 7 Na2SO 4 is shown in Fig. 4. The 
polarization curve without a.v. had no active dis- 
solution regime, and nickel was spontaneously passi- 
vated upon the anodic polarization in the neutral 
sulphate solution. On the other hand, the polarization 
curves with superimposed a.v. exhibited distinct 
active, passive, and transpassive d.c. potential 
regimes. The alternating voltage shifted the active- 
passive transitional potential toward the positive 
direction. The peak critical current density prior to the 
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Fig. 3. Effect of a.v. frequencies on the anodic polarization of nickel in pH 1 sodium sulphate solution. The sinusoidal a.v. was maintained 
at a constant magnitude of 750mV r.m.s. 
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Fig. 4. Effect of 60 Hz sinusoidal a.v. on the anodic polarization curves of nickel in pH 7 sodium sulphate solution. 

occurrence of passivation as well as the current density 
in the passive potential regime increased with increas- 
ing a.v. magnitude. A.v. also increased the d.c. cur- 
rent density in the transpassive regime; however, the 
passive-transpassive transitional potential was not 
affected by the application of a.v. 

These results suggest that a.v. had the ability to 
reduce the passive oxide film of nickel in neutral sul- 
phate solutions, when the anodic d.c. potential was 
low and the instantaneous potential was in the cathodic 
regime during the negative half-cycles of a.v. During 
the positive half-cycles of a.v., the bare nickel surface 
proceeded with the active dissolution without the 
protection of the oxide film. As the d.c. potential was 
scanned toward more positive values, the rate of the 
film reduction process decreased, and some of the 
nickel surface became re-passivated by a film repairing 
process during the positive half-cycles of a.v. The rate 
of film repairing process increased with increasing d.c. 
potentials. Eventually the rate of film repairing 
process exceeded that of the film reduction process, 
and the nickel surface became passivated at the active- 
passive transition potential as shown by the a.v. 
modulated polarization curves in Fig. 4. It is interest- 
ing to note that the passivity current density with 250 
and 500 mV r.m.s.a.v, was smaller than that without 
superimposed a.v. However, the passivity current with 
a.v. was not stable as evidenced by the current spike 
on the 500mV r.m.s.a.v, curve at 0.75V vs SCE. 

Figure 4 also indicates that the corrosion potential 
(or rest potential) of nickel in the neutral sulphate sol- 
ution was first shifted by a.v. toward the negative 
direction. As the a.v. magnitude became greater than 
250 mV r.m.s., the corrosion potential was systematic- 
ally shifted back toward the positive direction. The 
corrosion potential data for the superimposition of 
60 Hz sinusoidal a.v. are plotted in Fig. 5 for a range 
of a.v. from 0 to 5000 mV r.m.s. The initial drop in the 
corrosion potential provided further evidence that the 
oxide film on the nickel surface was removed by 
superimposition of a.v. The data for the a.v. greater 
than 250 mV r.m.s, could be regarded as the corrosion 
potentials of bare nickel surface in the deaerated 

sodium sulphate solution at pH 7. Figure 5 also shows 
the corrosion potentials with 60Hz triangular and 
square-wave a.v. Qualitatively, the three different a.v. 
waveforms had a similar effect on the anodic polar- 
ization of nickel in both the acidic and neutral sul- 
phate solutions. However, for a given r.m.s, value, the 
triangular a.v. caused the severest destruction of pass- 
ivity and largest shift in the corrosion potential. This 
was followed by the sinusoidal a.v. and then the 
square-wave a.v. according to the sequence 

Triangular a.v. > Sinusoidal a.v. > Square a.v. (1) 

The sequence was similar to the effect of a.v. waveforms 
on the a.c. corrosion of iron [10], stainless steels [13-14], 
and aluminum [16] in aqueous environments. The 
sequence was explained by Chin and Sachadev [10] on 
the basis of peak voltage of different a.v. waveforms. 
The triangular a.v. had the highest peak voltage (1.73 
times r.m.s, value) and accounted for the severest des- 
truction of passivity. The sinusoidal a.v. had the second 
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Fig. 5. Shift in the corrosion potential of nickel in pH 7 sodium 
sulphate solution by the superimposition of 60 Hz sinusoidal (o), 
square (rn), and triangular (zx) wave a.v. 
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Fig. 6. Effect of the addition of NaC1 on the anodic polarization curves of nickel in pH 1 sodium sulphate solution. 

largest peak voltage (1.41 times r.m.s, value), and its 
effect on the nickel corrosion was between those of  the 
triangular and square waves as shown in Fig. 5. 

Experiments were also carried out to determine the 
effect of  a.v. frequencies on the behavior of nickel in 
pH 7 Na 2 SO4 solutions. The results were similar to the 
nickel in acidic sulphate solutions that the a.v. affect 
diminished with increasing a.v. frequencies. 

3.4. Compar&on with the addition of chloride ions 

The a.v. modulated polarization curves shown in Figs 
2-4 had some features similar to the addition of 
chloride ions to aqueous environments. Chloride ion 
is known for its ability to chemically destroy the 
protective oxide film on metals and to cause localized 
attack on passivated surfaces. To compare the des- 
truction of  passivity by a.v. to that by chloride ions, a 
series of  polarization measurements were made for 
nickel in 1 N Na2SO 4 solutions containing various 
amounts of  NaC1 without any superimposed a.v. The 
results are given in Fig. 6 for pH 1 Na2SO 4 solution 
containing 0-100 000 ppm NaC1 and in Fig. 7 for pH 7 
Na2 SO4 solution containing 0-2500 ppm NaC1. In the 
acidic sulphate solutions, there was a remarkable simi- 
larity between the a.v. modulated polarization curves 

in Figs 2-3 and those with chloride ions shown in Fig. 
6. Addition of chloride ions to the acidic sulphate 
solution caused the active-passive transitional poten- 
tial to shift toward the positive direction, and the 
passive-transpassive transitional potential to shift 
toward the negative direction. As a consequence, the 
span of  the passive potential regime was decreased by 
the addition of  chloride ions. The critical current: den- 
sity at the active-passive transitional potential, and 
the current density in the passive regime increased 
with increasing concentrations of chloride ions. With 
the addition of 105ppm NaC1, nickel no longer 
possessed a passive state as shown by the polarization 
curve in Fig. 6. This similarity between the polar- 
ization curves for a.v. modulation and those for the 
addition of chloride ions was also observed for iron 
and stainless steels in sulphate solutions [7, 14]. 

In pH 7 Na2 SO4 solution, the destruction of  passivity 
of  nickel by chloride ions followed a pattern different 
from that of  a.v. The chloride ion did not generate 
the active dissolution regime; instead, it shifted the 
passive-transpassive transitional potential toward the 
negative direction. With the addition of 2500ppm 
NaC1, the passive-transpassive transitional potential 
was shifted from 1.0Vvs SCE to 0.5Vvs SCE as 
shown in Fig. 7. 
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Fig. 7. Effect of the addition of NaC1 on 
the anodic polarization curves of nickel in 
pH 7 sodium sulphate solution. 
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Fig. 8. Photomicrographs of nickel surface 
after the potentiostatic pitting tests at a 
d.c. potential of 0.5 V vs SCE in pH 1 sodium 
sulphate solution. The test condition and 
scale of the photomicrographs were: (a) 
0a.v., 0.025mmdiv-~; (b) 750mVr.m.s. 
sinusoidal a.v., 0.05mmdiv-l; (c) 750mV 
r.m.s, sinusoidal a.v. 0.025 mm div-I. 

3.5. Results of potentiostatie pitting tests 

The p h o t o m i c r o g r a p h s  o f  nickel  specimens af ter  the 
po ten t ios ta t i c  p i t t ing  tests in p H  1 and p H  7 Na2SO4 

solut ions  are shown in Figs  8 and  9 (respectively).  The  
p h o t o m i c r o g r a p h s  were taken  after  5 C of  anodic  d.c. 
cur rent  had  been passed  across  the specimen with an 
exposed  a rea  o f  1 .287cm 2. This a m o u n t  o f  charge  
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Fig. 9. Photomicrographs of nickel surface 
after the potentiostatic pitting tests at a 
d.c. potential of 0.75 V vs, SCE in pH 7 
sodium sulphate solution. The test con- 
ditions were: (a) 0a.v.; (b) 750mVr.m.s. 
sinusoidal a.v. (c) 0a.v. but with 
2500ppm NaCt. All the photomicro- 
graphs had a scale of 0.025 mmdiv-~ 

co r re sponded  to a theore t ica l  value  o f  1.5 m g  o f  nickel  
r emova l  or  0.001 m m  of  surface pene t r a t i on  if  the 
nickel  d isso lu t ion  were t ak ing  place  un i fo rmly  across  
the specimen surface. 

The  specimens in Fig. 8 were held  at  a passive d.c. 
potent ia l  o f  0.5 V vs SCE in p H  1 sulphate  solution. N o  
a.v. was appl ied  to the specimen in Fig. 8a, and  750 mV 
r.m.s, o f  60 Hz  s inusoida l  a.v. was supe r imposed  onto  
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the specimens in Figs 8b and 8c. Without any super- 
imposed a.v. the specimen in Fig. 8a was covered by 
a layer of dark film, and had small isolated hemis- 
pherical pits of 0.003-0.03 mm in diameter, randomly 
scattered across the surface. The polishing lines result- 
ing from the specimen preparation were no longer 
visible, suggesting that in addition to the pitting 
process, there was a mild uniform nickel dissolution 
process across the specimen surface in the acidic sul- 
phate solution. With the application of a.v., the nickel 
dissolution process became more localized and the 
pitting process was enhanced as shown by the visible 
polishing lines and large pits in Figs 8b and 8c. The 
pits caused by a.v. did not have any particular shapes; 
they ranged from large irregular shaped pits in Fig. 8b 
to shallow elongated trenches in Fig. 8c. The pit 
shown in Fig. 8b was approximately 0.2ram long by 
0.13 mm wide and 0.04ram deep. 

Figure 9 shows the nickel specimens held at a pass- 
ive d.c. potential of 0.75V vs SCE in pH7 Na2SO 4 
solutions. The specimen without any superimposed 
a.v. in the neutral sulphate solution was truly pass- 
ivated and did not exhibit any dissolution as shown in 
Fig. 9a. With the application of 2000mV r.m.s. 
of 60Hz sinusoidal a.v., irregular shaped pits of 
approximately 0.05 mm in diameter and 0.03 mm deep 
were developed (Fig. 9b), Figure 9c shows the pits 
initiated by the addition of 2500ppm NaC1 to the 
pH 7 N a z S O  4 solution; the specimen was held at the 
same d.c. potential of 0.75V vs SCE without any 
superimposed a.v. Although the mechanism of destruc- 
tion of passivity by chloride ions differed from that by 
a.v., they all removed the passivity on localized areas 
on nickel surfaces, resulting in a similar pitting process 
as shown in Figs 9b and 9c. The pitting behavior 
appeared to be predictable from the shapes of the d.c. 
polarization curves shown in Figs 2-4 and 6-7. 

4. Conclusions 

A study has been made of the effect of sinusoidal, 
square and triangular wave a.v. on the corrosion of 
nickel in pH 1-7 sodium sulphate solutions over a 
range of a.v. magnitudes from 0 to 5000mV r.m.s., 
and a.v. frequencies from 20 to 5000 Hz. The results 
can be summarized as follows. 

(1) The alternating voltage increased the nickel dis- 
solution current density in both the active and trans- 
passive d.c. potential regimes. 

(2) The alternating voltage caused a shift in the 
corrosion potential in neutral sulphate solutions. The 
shift was toward the negative direction at low a.v. 

magnitudes. At a.v. magnitudes greater than 250 mV 
r.m.s., the corrosion potential was shifted back 
toward the positive direction. The corrosion potential 
in acidic sulphate solutions was not affected by the 
application of a.v. 

(3) The alternating voltage increased the critical 
current density for passivity, and decreased the pass- 
ive d.c. potential regime by shifting the active-passive 
transitional potential toward the positive direction. In 
acidic sulphate solutions, the passivity current density 
increased with increasing a.v. magnitudes; the effect 
was similar to that of the addition of chloride ions. 

(4) A.v. destroyed the passivity of nickel and 
enhanced the pitting corrosion at both the passive and 
transpassive d.c. potentials. 

(5) Triangular a.v. caused the severest destruction 
of passivity; this was followed by sinusoidal a.v. and 
then by square wave a.v. 

(6) The effect of a.v. diminished with increasing a.v. 
frequencies. 
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