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Abstract: Chemical composition and phase structure of Zn-Ni alloys obtained by electro-
chemical deposition under various conditions were investigated. The alloys were deposited
on a rotating disc electrode and steel panel from chloride solutions by direct and pulse cur-
rent. The influence of the pulse plating variables (on-time, off-time, relation of off- and
on-time) on the composition, phase structure and corrosion properties were investigated.
The phase composition affects the anticorrosive properties of Zn-Ni alloys during exposure
to a corrosive agent (3 % NaCl solution). It was shown that a Zn-Ni alloy electrodeposited
by pulse current with a pulse time of 1 ms and an off- and on-time ratio of 1 exhibits the best
corrosion properties.
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INTRODUCTION

It has been shown1–3 that zinc alloys can provide improved corrosion resistance com-
pared to pure zinc in the protection of ferrous-based metals. It is well known that the appli-
cation of pulse plating leads to improvements in the quality of electrodeposits: smooth de-
posits are achieved, with decreased porosity, better ductility, hardness and control of the de-
posit composition are obtained.4

Zinc-nickel alloy exists in various phases and its structure and morphology also deter-
mine the corrosion resistance of a deposit.5

In this paper an attempt was made to find pulse plating parameters that would lead to
Zn-Ni alloy with the best corrosion resistance being obtained. Three variables can be var-
ied in pulse plating (PC) instead of just one (deposition current density) in direct current
(DC) plating. The variables are: pulse current density (jp), pulse time (Ton) and pause (re-
laxation) time (Toff). In an earlier work6 the corrosion properties of Zn-Ni deposits ob-
tained from chloride and sulphate plating solutions at various current densities were exam-
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ined, and the alloy obtained from a chloride bath using a current density of 20 mA cm–2 at
40 ºC showed the best corrosion properties. This current density was chosen as an average
current density (jav) for the pulse plating in this work. The influence of the other two vari-
ables (Ton and Toff) on the chemical composition, phase structure and corrosion properties
of the obtained Zn-Ni alloys was investigated.

EXPERIMENTAL

Zn-Ni alloys were elctrodeposited onto a steel panel or onto a rotating disc electrode from a chloride
bath7: 15 g dm-3 ZnO, 60 g dm-3 NiCl2

.6H2O, 250 g dm-3 NH4Cl and 20 g dm-3 H3BO3 at 40 ºC. The electro-
lytes used were prepared using p.a. chemicals and double distilled water.

Zn-Ni alloys were deposited galvanostatically by constant current, j = 20 mAcm-2, and by pulse current,
using cathodic square wave pulses, with average current density jav =20 mA cm-2. The cathodic deposition
times (on period) investigated in pulse plating were: 0.1 ms, 1ms, 10 ms, 100 ms and 1 s. The pause-to-pulse
ratios were: 1:1, 1:2, 1:5 and 1:10. The cathodic time duration was the same for all investigated deposits.
Working electrode was: a) Pt rotating disc electrode (d = 8 mm; at 2000 rpm), in the case of determining
chemical content and phase structure of the alloy, as well as for polarisation measurements and b) steel panel
(20 mm � 20 mm � 0.25 mm) for corrosion measurements. Prior to each electrodeposition Pt disc surface was
mechanically polished cloth (Buehler Ltd.), impregnated with a water suspension of alumina powder (0.3 �m
grade) and then rinsed with pure water in an ultrasonic cleaner. Test panels were pretreated by mechanical
cleaning (polishing) and then degreased in a saturated solution of sodium hydroxide in ethyl alcohol, pickled
with hydrochloric acid solution at 1:1 dilution for 30 s and rinsed with distilled water. Counter electrodes were
either a Ni spiral wire, placed parallel to the RDE at a distance of 1.5 cm, or platinum anodes, placed parallel
to the steel panel electrode at a distance of 1.5 cm.

For alloy phase structure determination alloys were dissolved anodically at room temperature (23 � 1 ºC) us-
ing a slow sweep voltametry technique (sweep rate 1 mV s-1 and rotation of 2000 rpm) in N2 saturated 0.5 mol
dm-3 Na2SO4 + 0.05 mol dm-3 EDTA solution. The counter electrode used in these experiments was a Pt-spiral
wire and the reference electrode was a saturated calomel electrode (SCE). All potentials are referred to the SCE.

The chemical composition of the Zn-Ni alloys were determined by atomic absorption spectroscopy in a
Perkin Elmer spectrophotometer (AAS-1100).

The current efficiency was calculated on the basis of the chemical composition and Faraday’s law.
All experiments were carried out using a EG & G Princeton Applied Research potentiostat-galvanostat

Model 273A and Model 175 connected to a PC and a Pine Instrument Company rotator, model AFASR.

RESULTS AND DISCUSSION

Chemical composition

Zn-Ni alloys were electrodeposited at constant current density (DC) and by pulse cur-
rent (PC) with different values of the cathodic deposition time (on-time) and different
pause-to- pulse ratios (Toff/Ton = p). The effects of the cathodic deposition time and the
pause-to- pulse ratio on the Ni content of the deposit, as well as the composition of alloy
obtained at constant current density, are shown in Figs. 1 and 2. Figure 1 shows that Ni
content is relatively constant in the investigated Ton range. Alfantazi and coworkers8 inves-
tigated the influence of the cathodic deposition time on the chemical composition of Zn-Ni
alloys in the range of 0.2 – 2.5 ms, and they also found that Ton has very little effect on the
alloy composition. Increasing the pause-to-pulse ratio, p, on the other hand, results in a de-
crease of the Ni content in the alloy (Fig. 2), but all the Zn-Ni alloys had a Ni content neces-
sary for good corrosion protection (10–15 wt. %).
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Alloy phase structure

The phase structure of the alloys was investigated by anodic linear sweep voltammetry
(ALSV) in a solution containing complex forming agents. ALSV has been shown to be a
convenient electrochemical method for the characterization of the phase structure of an al-
loy.9–11 This results from the main characteristics of ALSV, i.e., its possibility of revealing the
phase structure of metal deposits. In particular, ALSV gives rise to various current peaks and
the peak structure is characteristic of the components of an alloy and the phase structure of the
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Fig. 2. The dependence of the Ni content of the alloy on the pause-to-pulse ratio.

Fig. 1. The Ni content of the alloy formed by direct current plating and by pulse plating with different cath-
odic times (Ton).



deposit. The voltammetric peak structure is, therefore, a convenient spectra-like diagram de-
picting the various phases present in an electrodeposited film.

For phase structure determination, the Zn-Ni alloys were electrodeposited at constant
current density (20 mA cm–2) and by pulse current with jav = 20 mA cm–2 with different
cathodic times and pause-to-pulse ratios. Four series of pulse plating experiments were
done with cathodic times of 100, 10, 1 and 0.1 ms. The pause-to-pulse ratios (Toff/Ton)
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Fig. 3. ALSVs in Na2SO4 + EDTA solution of the dissolution of Zn-Ni alloys deposited by DC and PC with
Ton = 100 ms and different ratio of Toff : Ton.

Fig. 4. ALSVs in Na2SO4 + EDTA solution of the dissolution of Zn-Ni alloys deposited by DC and PC with
Ton = 10 ms and different ratio of Toff : Ton.



were 1:1, 1:2, 1:5 and 1:10. The anodic linear sweep voltammograms obtained (Figs. 3–6)
show the phase structures of the Zn-Ni alloys deposited at constant and pulse current den-
sity with different pulse plating parameters. As can be seen, there are two dissolution peaks
on all the ALSVs, indicating the presence of two different phase structures. For all the ex-
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Fig. 5. ALSVs in Na2SO4 + EDTA solution of the dissolution of Zn-Ni alloys deposited by DC and PC with
Ton = 1 ms and different ratio of Toff : Ton.

Fig. 6. ALSVs in Na2SO4 + EDTA solution of the dissolution of Zn-Ni alloys deposited by DC and PC with
Ton = 0.1 ms and different ratio of Toff : Ton.



amined cases, the peak current corresponding to the less noble peak potential is higher than
that of the other current peak and the charge under this peak exceeds the charge under the
other peak. Increasing the pause-to-pulse ratio causes the potentials to shift to less noble
values, although for cathodic times of 0.1 and 1 ms there is only a slight shift of the peak
potential (Figs. 5 and 6). This is in agreement with previously shown dependence of Ni
content on the Toff/Tonratio, where it was shown that an increase of this ratio results in a de-
crease of the Ni content in the alloy (Fig. 2). Since it is assumed that the greater the amount
of the more noble metal, Ni, in a deposit, the more noble will be the dissolution potential, it
could be expected that increasing the pause-to-pulse ratio, which causes an decrease in the
Ni content, would induce a shift of the current peaks in the ALSVs in a negative direction.

The influence of the cathodic time on the phase structures of Zn-Ni alloys obtained by
PC with a constant pause-to-pulse ratio of 1 : 1, as well the phase structure for a Zn-Ni alloy
obtained by DC is shown in Fig. 7. It can be seen that with decreasing pulse time the
ALSVs of the deposits obtained by PC approach the ALSVof the deposit obtained by DC.

The amounts of each alloy phase, corresponding to the area under each current peak,
obtained by integrating the peaks in Figs. 3–6, are presented by the anodic charge, along
with the portion of each phase in the Zn-Ni deposits are shown in Table I. It can be seen that
for cathodic times of 100 and 10 ms the amount of dissolution charge corresponding to the
current peak with the less noble peak potential (denoted as Q (I) in Tab. I) changes with
pause-to-pulse ratio, reaching a maximum value for a ratio of 1 : 5. For cathodic times of 1
and 0.1 ms, there is a small change of the anodic charge with different pause-to-pulse ratios
for both current peaks, and the portion of the two alloy phases depends neither on the
pause-to-pulse ratio nor on the duration of the cathodic time.

The peak height on ALSV of the Zn-Ni alloy deposited by DC exceeds the current
peaks corresponding to the dissolution of the Zn-Ni alloys deposited by PC (Fig. 7) and the
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Fig. 7. ALSVs in Na2SO4 + EDTA solution of the dissolution of Zn-Ni alloys deposited by DC and PC with
Toff : Ton.= 1 and different values of Ton.



charge under the voltammetric peaks, i.e., the amount of each alloy phase, are greater with
the deposit obtained by DC than that obtained by PC, which is in agreement with the litera-
ture data which shows that the current efficiency for Zn-Ni alloys obtained by DC range
from 70–95 % while it is just over 50 % in PC.8

TABLE I. The anodic dissolution charges and fractions of phases in Zn-Ni alloys obtained by plating with dif-
ferent cathodic times and pause-to-pulse ratios.

Ton / ms Toff / Ton Q (I) /C cm-2 Q (II) /C cm-2 Q (I) / �Q Q (II) / �Q

100 1 6.19 4.37 0.59 0.41

2 6.80 4.03 0.63 0.37

5 8.22 3.05 0.73 0.27

10 7.83 3.89 0.67 0.33

10 1 6.28 4.19 0.60 0.40

2 5.56 4.36 0.56 0.44

5 7.27 3.98 0.65 0.35

10 6.65 3.53 0.65 0.35

1 1 5.05 3.74 0.57 0.43

2 5.17 3.99 0.56 0.44

5 5.23 4.05 0.56 0.44

10 5.47 4.05 0.57 0.43

0.1 1 4.32 3.47 0.55 0.45

2 4.60 3.55 0.56 0.44

5 5.24 4.15 0.56 0.44

10 5.51 4.08 0.57 0.43

On the basis of the ALSVs, the chemical composition and equilibrium phase diagram
of the Zn-Ni system,12 an identification of the phase structures present in the Zn-Ni alloys
obtained by DC and PC was made. The Zn-Ni alloy consists of several intermediate phases
and/or intermetallic compounds of different crystallographic orientations. The homo-
geneous range between 76–77 mol.% Zn corresponds to the �1-phase, the Zn content of
82–86 mol.% corresponds to the �-phase, and 89 mol.% Zn to the �-phase. According to
some authors,13 there is also a �-phase, which is a solid solution of Ni in Zn, with up to 1
mol.% Ni.

It is well known that deposition of Zn-Ni alloys is anomalous from most plating
baths14 which is why it is possible to acquire Zn-rich deposits, in which the � (�1) and
�-phase prevail. On the basis of the ALSVs, it was shown that all the investigated alloys
dissolve under two voltammetric peaks, indicating the presence of two different alloy
phases. If it is assumed that the peak potential is more noble for the phase with the higher
Ni content, then it could be proposed that the first ALSV peak corresponds to the �-phase,
or Ni3Zn22. The second ALSV peak, with a more positive dissolution potential, corre-
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sponds to the �-phase, or Ni5Zn21. This presumption is in accordance with the results of the
determination of the chemical composition of the Zn-Ni deposits shown earlier (Figs. 1
and 2), where it was shown that the Ni content of all the investigated alloys was in the range
of 10–13 wt. %. In addition, it is also in agreement with X-ray analysis from our earlier
work6 which showed the presence of both the �- and �-phase in Zn-Ni alloys deposited
from a chloride bath (of the same composition) at 20 mA cm–2.

Corrosion properties of the Zn-Ni alloys

Zn-Ni alloys were electrodeposited on steel panels by PC with different pause-to-pause
ratios and different cathodic times, as well as by DC (j = 20 mA cm–2), as a reference. The
average current density in PC was the same for all the deposits, 20 mA cm–2, the cathodic
times were: 0.1, 1, 10, 100 and 1000 ms and the pause-to-pulse ratios were 1:1, 1:2, 1:5 and
1:10. The thickness of the deposits was 5 �m. The plated specimens were immersed in a 3 %
aqueous NaCl solution and the open circuit potential (Eocp) was measured daily, in order to
investigate the corrosion resistance of the Zn-Ni deposits. The time dependence of Eocp for
steel plated with Zn-Ni alloys deposited by both constant current and pulse current deposition
are shown in Fig. 8. The open circuit potential of a bare steel surface in 3 % NaCl was –640
mV vs. SCE which is marked with a line in Fig. 8. The potentials of the Zn-Ni alloys are
more negative than the Eocp of the steel base, so the Zn-Ni deposits offer sacrificial cathodic
protection. It can be seen from Fig. 8 that at the beginning of exposure to 3 % NaCl the Eocp
values of the deposits differ a little but then, with time of immersion and after some time they
reach the Eocp of steel, which represents the loss of deposit and the start of corrosion pro-
cesses. The results of the visually observed alloy destruction in 3 % NaCl solution, or the ap-
pearance of red rust on the steel base, are presented in Table II.
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Fig. 8. The dependence of Eocp for Zn-Ni alloys deposited on steel by PC with different cathodic times and
different pause-to-pulse ratios.



TABLE II. The time to the appearance of red rust

Deposition parameters t/h

Ton = 100 ms, Toff / Ton = 1 1008

Ton = 100 ms, Toff / Ton = 2 1248

Ton = 100 ms, Toff / Ton = 5 912

Ton = 100 ms, Toff / Ton = 10 1080

Ton = 10 ms, Toff / Ton = 1 840

Ton = 1 ms, Toff / Ton = 1 1248

Ton = 0.1 ms, Toff / Ton = 1 744

Ton = 1 s, Toff / Ton = 1 576

Constant current 792

The corrosion results indicate that the Ni content of the alloy is not the only factor re-
sponsible for good corrosion protection, since the Ni content of the deposits investigated here
was the highest in the case of DC plating, and this deposit showed poor corrosion protection.
Different surface morphology, obtained by different deposition parameters, also influences
the corrosion properties of the deposits. It was shown that the deposits obtained by PC with
Ton = 1 ms and a pause-to-pulse ratio of 1 and Ton = 100 ms and a pause-to-pulse ratio of 2
lasted the longest (1248 hours). Since the deposit roughness is enhanced with increasing
Ton,4 it could be concluded that among all the deposits investigated in this work, the one ob-
tained with Ton = 1 ms and a pause-to-pulse ratio of 1, showed the best properties.

CONCLUSIONS

On the basis of the obtained results it was shown that the on-time did not affect the Ni
content of Zn-Ni deposits obtained by PC.

All the Zn-Ni alloys investigated in this work dissolve under two voltammetric peaks,
indicating the presence of two different phase structures in these alloys. Increasing the
pause-to-pulse ratio causes the peak potentials to shift to negative values, especially for
cathodic times of 10 and 100 ms. This is a consequence of the lower Ni content at higher
Toff/Ton ratios, since alloys with a greater Ni content dissolve at more noble potentials.

With decreasing pulse time (Ton), for a 1 : 1 pause-to-pulse ratio, the ALSVs of the de-
posits obtained by PC approach those of a deposit obtained by DC.

The Zn-Ni alloy deposited with Ton = 1 ms and a pause-to-pulse ratio of 1 : 1 showed
the best corrosion properties, since the red rust appeared after the longest exposure time to
3 % NaCl (1248 h) and the Ton applied provides smooth deposits.
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I Z V O D

ELEKTROHEMIJSKO TALO@EWE I KARAKTERIZACIJA LEGURA

CINK-NIKAL DOBIJENIH KONSTANTNOM I PULSIRAJU]OM STRUJOM

JELENA B. BAJAT, MIODRAG D. MAKSIMOVI] i GORAN R. RADOVI]

Tehnolo{ko-metalur{ki fakultet, p. pr. 3503, 11120 Beograd

Ispitivani su hemijski sastav i fazna struktura legura Zn-Ni dobijenih primenom
razli~itih parametara elektrohemijskog talo`ewa. Legure su talo`ene iz hloridnog ra-
stvora na rotiraju}oj disk elektrodi i na ~eli~nim plo~icama konstantnom i pulsiraju}om
strujom. Ispitivani su parametri pulsiraju}eg talo`ewa (katodnog vremena, vremena pauze
i odnosa pauze i katodnog vremena) na sastav, faznu strukturu i korozione osobine legura.
Pokazano je da fazni sastav uti~e na antikorozione osobine Zn-Ni legura tokom izlagawa
dejstvu rastvora 3 % NaCl. Legura Zn-Ni dobijena pulsiraju}im talo`ewem sa katodnim
vremenom od 1 ms i odnosom pauze i pulsa od 1 ima najboqe korozione osobine.

(Primqeno 17. aprila 2002)
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