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Abstract: Zn—Ni alloys electrochemically deposited on steel under various deposi-
tion conditions were investigated. The alloys were deposited on a rotating disc elec-
trode and on a steel panel from chloride solutions by direct and reverse current. The
influence of reverse plating variables (cathodic and anodic current densities and
their time duration) on the composition, phase structure and corrosion properties
were investigated. The chemical content and phase composition affect the antico-
rrosive properties of Zn—Ni alloys during exposure to a corrosive agent (3 % NaCl
solution). It was shown that the Zn—Ni alloy electrodeposited by reverse current with
a full period 7= 1 s and = 0.2 exhibits the best corrosion properties of all the inves-
tigated alloys deposited by reverse current.
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INTRODUCTION

Among a variety of types of coating, zinc coating is widely used as a protec-
tive coating on steel and one of the most important problems in galvanizing is the
improvement of the protective and functional properties of Zn coatings. According
to the literature,1=3 zinc alloys can provide improved corrosion resistance com-
pared to pure zinc in the protection of ferrous-based metals. This is easily achieved
by alloying Zn with more noble metals, mostly with metals of the iron group (Ni,
Co and Fe).#5 Among them, zinc—nickel alloys are mostly used because of their
high degree of corrosion resistance and good mechanical properties.6—9 Zn—Ni al-
loys with a Ni content in the range of 12—14 wt.% exhibit the best corrosion
properties and can be several times better than a pure zinc coating of the same thick-
ness.10 Zinc—nickel alloys exist in various phases and their structure and morphol-
ogy also determine the corrosion resistance of a deoposit.11:12
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It is well known that the application of periodically changing currents (pulse
current, reverse current, efc.) in plating leads to improvements in the quality of
electrodeposits: smooth deposits are achieved, with decreased porosity, better duc-
tility and hardness, as well as control of the deposit composition.!3:14

In this study an attempt was made to determine reverse plating parameters that
would lead to a Zn—Ni alloy with the best corrosion resistance being obtained. The
variables used in reverse plating (RC) are: cathodic current density (j.), anodic cur-
rent density (j,), and their time duration, ¢, and ¢,, respectively. In an earlier
work, 15 the corrosion properties of Zn-Ni deposits obtained from chloride and sul-
phate plating solutions using various current densities were examined, and the al-
loy obtained from a chloride bath at 20 mA ¢cm2 at 40 °C showed the best corro-
sion properties. This current density was chosen as the average current density (7,y)
in the reverse plating in this work. The influence of other variables on the chemical
composition, phase structure and corrosion properties of the obtained Zn—Ni alloys
was investigated.

EXPERIMENTAL

Zn—Ni alloys were electrodeposited on a steel panel or on a rotating disc electrode from a chlo-
ride bath:'® 15 g dm™ ZnO, 60 g dm™* NiCl,-6H,0, 250 g dm NH,Cl and 20 g dm™ H3;BO; at 40
°C and pH 6.0. The electrolytes used were prepared using p.a. chemicals and double distilled water.
The working electrode was: a) a Pt rotating disc electrode (RDE) (d = 8 mm, at 2000 rpm), for the
determination of the phase structure and chemical analysis, and a steel plate (20 mm x 20 mm x 0.25
mm), for the determination of the current efficiency and corrosion measurements. Prior to each
electrodeposition, the Pt disc surface was mechanically polished with a polishing cloth (Buehler
Ltd.), impregnated with a water suspension of alumina powder (0.3 pum grade), and then rinsed with
pure water in an ultrasonic bath. The test panels were pretreated by mechanical cleaning (polishing
successively with emery papers of the following grades: 280, 360, 800 and 1000) and then degreased
in a saturated ethanolic solution of sodium hydroxide, pickled with a 1 : 1 hydrochloric acid solution
for 30 s and finally rinsed with distilled water. The counter electrode was either a Ni spiral wire,
placed parallel to the RDE at a distance of 1.5 cm, or platinized titanium, placed parallel to the steel
electrode at a distance of 1.5 cm.

TABLE I. The reverse current parameters used in the first set of experiments; » = 0.5

T/s 0.1 0.2 1 2 3 10 20
t/s 0.033 0.067 0.33 0.67 1.0 33 6.7
t/s 0.067 0.133 0.67 1.33 2.0 6.7 133

TABLE II. The reverse current parameters used in the second set of experiments; 7=1s

r 0.83 0.67 0.50 0.40 0.33 0.20

t)/s 0.45 0.40 0.33 0.28 0.25 0.17

t/s 0.55 0.60 0.67 0.72 0.75 0.83
Ja/mA cm2 215 145 60.0 46.7 40.0 30.0

Zn-Ni alloys were deposited galvanostatically at constant current, jpc =20 mA cm2, and at re-
verse current with an average current density of j,, = 20 mA cm2. The two sets of experiments were
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carried out using reverse current plating. In the first set, the full period of the RC wave, T'(T= t, + ¢.)
was varied, while the ratio of the anodic and cathodic time duration, r (= ¢,/ t,) was kept constant at »
=0.5 (Table I). In the second set, the values of » were varied at a constant value of 7= 1 s (Table II).

For the determination of their phase structure, the alloys were dissolved using anodic linear
sweep voltammetry (ALSV). The alloys were dissolved at room temperature (23 + 1 °C) with a
sweep rate of | mV s™! and a rotation of 2000 rpm in N, saturated 0.5 mol dm~ Na,SO, + 0.05 mol
dm™ 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 alloy was determined by atomic absorption spectros-
copy using a Perkin Elmer AAS-1100 spectrophotometer.

The current efficiency was calculated on the basis of the chemical composition and the Fara-
day law.

All experiments were carried out using EG & G Princeton Applied Research potentiostat-galvano-
stats, Model 273 A, Model 175 and Model 173 and a Pine Instrument Company rotator, model AFASR.

RESULTS AND DISCUSSION

Chemical composition

The Ni content in the Zn—Ni deposits as a function of the RC wave period, 7,
and of the ratio of the anodic and cathodic current, 7, are shown in Figs 1 and 2, re-
spectively. It can be seen from Fig. 1 that the Ni content increases with increasing
T, which could be explained by more intense Zn dissolution, being the less noble

alloy component, during the anodic period, ¢,.
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The increase of the Ni content shown in Fig. 2 could be explained similarly,
namely, an increase of 7 refers to an increase of the duration of the anodic time dur-
ing which Zn, as the less noble alloy component, dissolves to a greater extent, thus
leading to an increase of the Ni content in the Zn—Ni alloy with increasing r.

The effect of anodic dissolution charge during one RC wave period (7= 1 s),
0,, for different values of 7, on the Ni content in the alloy is shown in Fig. 3. It can
be seen from Fig. 3 that this dependence follows a straight line and that the Ni con-
tent increases with increasing Q,. According to the literature, Zn—Ni alloys with a
Ni content in the range of 1214 wt.% exhibit the best corrosion properties,3
hence, it can be concluded that Zn—Ni alloys with this beneficial Ni content could
not be obtained by reverse plating with 7= 1 s and » > 2.
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The current efficiency

The current efficiency was determined in three different ways: on the basis of
the results obtained from chemical analysis and the Faraday law; from the weight
of the alloy, determined from the weight difference between the steel plate before
and after alloy plating, and from the ratio of the anodic dissolution charge, O, (de-
termined under ALSV curves), and the deposition charge, determined from the av-
erage current density, j,y, and the overall deposition time.

The influence of the reverse current parameters on the current efficiency de-
termined from chemical analysis is shown in Figs. 4 and 5. The current efficiency

T/s

current wave periods, 7, for a con-
stant » value of 0.5 on a RDE.
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decreases with increasing RC wave period, 7' (Fig. 4). The time duration of anodic
dissolution, #,, increases with increasing 7 (at a constant » value) and during this
anodic time period Zn, as the less noble element, preferably dissolves, the Zn—Ni
alloy becomes enriched in Ni and during the following cathodic period of alloy de-
position, 7., hydrogen evolves at a higher rate (the overpotential of hydrogen evo-
lution is smaller on Ni than on Zn)!7, and this leads to a smaller current efficiency.
The decrease of the current efficiency with increasing 7, shown in Fig. 5, could
be explained likewise: a larger value of 7 (at constant T) corresponds to a larger
value of 7, during which Zn preferably dissolves, leading to more intense hydrogen
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Fig. 8. ALSVs in Na,SO4 + EDTA solution of the dissolution of Zn—Ni alloys, deposited by DC
and RC with different reverse current wave periods, 7, at a constant » value of 0.5.
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Fig. 9. ALSVs in Na,SO,4 + EDTA solution of the dissolution of Zn—Ni alloys, deposited by DC
and RC with different » values at a constant 7' value of 1 s.

evolution during the following cathodic time, 7. and, consequently, resulting in a
decrease in the current efficiency.

Figs. 6 and 7 show the dependence of the current efficiency, #;, on the reverse
current parameters, 7 and r, for Zn—Ni alloys deposited on steel panels, respec-
tively. The decrease in the current efficiency with increasing 7, or r, can also be
seen in these figures. During the anodic period of time in reverse current alloy plat-
ing, iron partially dissolves from the steel panel, and, consequently, during the
cathodic period it is deposited on, or incorporated in the alloy as a hydroxide
(which could be seen from the color of the deposit). Hence, the values of the
current efficiency obtained in this maner could not be used as relevant values.
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In Zn—Ni alloys obtained with RC with constant » (» = 0.5) and 7 values of 5,
10 and 20 s, cracks appeared over the entire alloy surface and the adhesion was
poor, hence such deposits were not considered for the determination of the current
efficiency. However, under the same deposition conditions for plating on a RDE,
more compact deposits were obtained, hence the appearance of the alloys depos-
ited on steel panels could be related to the presence of Fe. This is in agreement with
literature datal8 according to which the presence of iron in the electrolyte (at a con-
centration of several ppms) results in cracked deposits.

Alloy phase structure

Despi¢ and coworkers!9-2! showed that the method of anodic linear sweep
voltammetry (ALSV) could be used for the qualitative and quantitative determina-
tion of the phase structure of some alloys. When an alloy film is polarized anodi-
cally under potentiodynamic conditions, the components will dissolve at various
potentials, depending on their equilibrium and kinetic properties. When the activ-
ity of a component in a phase is reduced to zero, a dissolution current peak will be
produced. Various phase structures and chemical forms present in an alloy will
produce various current peaks. Therefore, the peak structure obtained is character-
istic for components of an alloy and the phase structure of the deposit.2? Very im-
portant results concerning the deposition of Zn—Ni alloys and their phase charac-
terization were published by Swathirajan.!1,12

The phase structure was investigated in Na, SO, solution containing complex
forming ions, in the presence of which a Zn—Ni alloy completely dissoslves.
Namely, it is well known?23 that pure Zn dissolves but zinc alloys do not dissolve in
Na,SOy4 solution, while in the presence of a small amount of a complex forming
agent (EDTA) both Zn and its alloys dissolve. According to results presented in
earlier works,15:23 the best peak resolution was obtained for Zn—Ni deposits of 5
um thickness, so deposits of this thickness were also investigated in this work.
Zn—Ni alloys were deposited using the reverse current parameters given in Tables I
and II. In all experiments, the average current density was 20 mA cm2. The phase
structure of a Zn—Ni alloy deposited with a direct current of 20 mA cm—2 was also
investigated.

The anodic linear sweep voltammograms obtained (Figs. 8 and 9) show the
phase structures of Zn—Ni alloys desposited with a constant and reverse current
density using different reverse plating parameters. The dissolution voltammogram
of the alloy deposited by DC is shown by a solid line in Figs. 8 and 9.

On the basis of the ALSVs, the chemical composition and the equilibrium
phase diagram of the Zn—Ni system,24 an identification of the phase structures
present in the Zn—Ni alloys obtained was made. A Zn—Ni alloy consists of several
intermediate phases and/or intermetallic compounds of different crystallographic
orientations. According to the equilibrium phase diagram,24 the homogenous
range between 76—77 mol % Zn corresponds to the y;-phase, a Zn content of 82—-86
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mol % corresponds to the y-phase, and 89 mol % Zn to the 6-phase. According to
some authors,!! there is also a n-phase, which is a solid solution of Ni in Zn, with
up to 1 mol % Ni.

After an anodic sweep of the Zn—Ni alloys with a Ni content above 20 wt. %,
the deposit residues were observed on a RDE, and they could be mechanically re-
moved easily. For certain RC parameters and when dissolution during ¢, was sig-
nificant (either in the case of the high current density amplitude, or a relatively long
period of anodic dissolution, z,) the alloy deposit was not compact, which explains
the poor adhesion and deposit delamination during ALSV. Hence, the voltammo-
grams obtained in these cases could not be used for the determination of the phase
content of a Zn—Ni alloy.

The dissolution of the Zn—Ni alloy deposited by RC with 7= 0.1 and 0.2 s
(Fig. 8a) takes place under two voltammetric peaks, hence a two phase alloy was
obtained, with the y-phase prevailing. The anodic current peaks at potentials of
—180 mV and —230 mV (Fig. 8c) correspond to the dissolution of the y-phase, and
the dissolution of this phase occurs after the dissolution of the 6-phase, character-
ized by shoulders at =350 mV and —450 mV.

On the basis of the chemical content of the Zn—Ni alloys deposited by RC with
r=0.5and T=1, 2 and 3 s (32, 39 and 42 mol % Ni, respectively) and the equilib-
rium phase diagram?4 it could be expected that the deposited Zn—Ni alloys would
have two phases, but, as can be seen from Fig. 8b, there is only one ALSV dissolu-
tion peak, indicating the presence of only one phase. These results are in accor-
dance with literature data,25 according to which electrochemically deposited
Zn—Ni alloys with 30 % Ni are made up of only the y-phase, which was also
verified by XRD.

The dissolution peak for Zn—Ni alloys deposited by RC with 7=1,2 and 3 s
(Fig. 8b) is in the potential range corresponding to the disolution of the y-phase.
With increasing 7, the anodic peak shifts in the positive direction, indicating an in-
crease in the content of the nobler component of the alloy, i.e., Ni. This is in accor-
dance with the previously shown results of chemical analysis, according to which
an increase of 7 results in an increase of the Ni content of the alloy.

For T=5, 10 and 20 s (Fig. 8c), there is also one voltammeric peak on the
ALSVs at potentials corresponding to the dissolution of the y-phase. With increas-
ing T at a constant value of r, the anodic dissolution time, ¢, is also increased,
hence a less compact deposit could be expected. As a consequence, there was par-
tial delamination of the deposit during ALSV recording and a smaller voltam-
metric peak was obtained at larger 7" values (Fig. 8c), indicating the dissolution of
only the part of the alloy having good adhesion.

The influence of the » value on the number and shape of the voltammetric
peaks for Zn—Ni alloys deposited by RC with a constant 7= 1 s is illustrated in Fig.
9a. The dissolution of these Zn—Ni deposits occurs under one voltammetric peak,
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corresponding to y-phase dissolution. The smaller height of the current peak for » =
0.83 could be explained by delamination of the deposit during ALSV recording.
For the Zn—Ni alloy obtained with » = 0.5, there is also only one voltammetric
peak, but the higher Ni content in this alloy caused a shift of this peak potential to a
more noble value.

A completely different peak/phase structure for Zn—Ni alloys deposited by RC
with smaller r values was obtained (Fig. 9b). For small » values, when dissolution of
Zn during the anodic time, ¢,, could be neglected, the Zn—Ni deposits are character-
ized by two voltammetric peaks (Fig. 9b), which is in accordance with the phase
structure of the alloy which would be expected based on the chemical content and the
phase diagram. The peak current with the more noble peak potential (—230 mV) cor-
responds to y-phase dissolution, while the one with the less noble peak potential
(—460 mV) corresponds to d-phase dissolution. For = 0.4, the amount of 5-phase in
the Zn—Ni alloy was calculated to be 30 %, from the ratio of the area under the less
noble current peak to the overall area of the ALSV peaks, obtained by integrating the
peaks in Fig. 9b. With a further decrease of » (» = 0.33 and 0.2, Fig. 9b), the amount
of the zinc rich 6-phase increases to 42 % and 58 %, respectively. This is in accor-
dance with the previously presented results of the chemical analyses, which indi-
cated an increase of the Zn content with the decreasing 7. It can be seen that the
ALSVs of deposit obtained by RC and » = 0.2 is approaching the ALSV of the de-
posit obtained by DC, which could be expected since Zn dissolution could be ne-
glected for small 7 values (short period of anodic dissolution, z,, during RC plating).

Corrosion properties of Zn—Ni alloys

The Zn—Ni alloys were electrodeposited on steel panels by RC with different T
and r values, as well as by DC (j = 20 mA cm2), as a reference. The average cur-
rent density in the RC depositions was the same for all deposits, 20 mA cm 2. The
thickness of the deposits was 10 um. The plated specimens were immersed ina 3 %
aqueous NaCl solution and the open circuit potential (E,,) was measured daily, in
order to investigate the corrosion resistance of the Zn—Ni deposits.

Electrodeposited zinc alloys act as sacrificial electrodes, meaning that they
corrode preferentially, thus protecting the steel from corrosion. If an alloy has a
high enough zinc content it could still have a more negative potential than steel and
be more stable than a pure zinc coating. The corrosion stability of Zn—Ni alloys de-
pends mainly on the Ni content.”

In the first set of experiments, Zn—Ni alloys were deposited with a constant r
value (= 0.5) and different values of 7. The time dependence of ¢, for steel plated
with Zn—Ni alloys deposited with constant current and reverse current is shown in
Fig. 10. The open circuit potential of a bare steel surface in 3 % NaCl was —640 mV
vs. SCE and it is marked with a solid line in Fig. 10. Visually, it could be seen that
steel panels with Zn—Ni deposits obtained with 7= 1, 2 and 3 s were destroyed first.
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These deposits are rich in Ni, and they were destroyed after only one day of exposure
to NaCl solution. This is in agreement with literature data according to which Zn—Ni
alloys with a high Ni content have a tendency to form pits and are destroyed easily
due to pitting corrosion.26 However, Zn-Ni alloys deposited with 7= 0.1 and 0.2 s
were destroyed after 96 and 72 h, respectively. Although, due to the higher Zn con-
tent, the values of E,, for Zn—Ni alloys deposited by RC with 7= 0.1 and 0.2 s are
slightly more negative than steel £, and a better corrosion stability would be ex-
pected, they were destroyed after only 96, or 72 h, which is a consequence of the de-
posits being non-compact. Thus, all the Zn—Ni deposits investigated in the first set of
experimetns showed poor corrosion stability.
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In the second set of experiments, Zn—Ni alloys were deposited with a constant
T value (T =1 s) but with different values of » (Fig. 11). For »=0.83 and 0.67, the
deposits showed poor corrosion stability. After only a few hours of immersion in
NaCl solution they turned yellow, as a consequence of the presence of Fe3™ ions.
These deposits were also destroyed after only 24 h as well as a deposit obtained
with 7=0.5. Due to high Ni content, the £, values of these deposits are more pos-
itive than that of steel. However, deposits obtained with » = 0.4, 0.3 and 0.2 have
higher Zn contents, hence the £, values are more negative than that of steel, and

thus these deposits could provide cathodic steel protection.
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The results of the visually observed alloy destruction in 3 % NaCl solution, or
the appearance of red rust on the steel base, are presented in Table I11.

TABLE III. The time of red rust appearance for Zn—Ni alloys deposited by RC with different » val-
ues, at a constant 7 value of 1 s.

r 0.40 0.33 0.20 0
t/h 48 120 456 528

On the basis of all these results it could be concluded that in RC plating with a
constant 7 value, Zn—Ni alloys with better corrosion stability were obtained with
smaller » values. Hence, the RC plating should be performed using small r values,
i.e., with a short anodic time duration, ¢, in order to decrease Zn dissolution. By RC
plating with small » values it is possible to obtain Zn—Ni alloys with the same
chemical content and phase structure as with DC plating, but due to the anodic dis-
solution during 7, RC wave, the deposits obtained by RC plating are more com-
pact.13:14

The deposit obtained with direct current (» = 0) had the best corrosion proper-
ties. Thus, the Zn—Ni deposits obtained by RC plating with the parameters exam-
ined in this work showed reduced corrosion stability as compared with alloys
deposited by DC.

CONCLUSIONS

On the basis of the results obtained and literature data it could be concluded
that the parameters of the reverse current influence the chemical content of Zn—Ni
alloys. With the RC parameters used in this work, Zn—Ni alloys with 14-70 wt. %
Ni were obtained. The Ni content in the alloy increases with increasing 7 at con-
stant r, whereas it decreases with decreasing r at constant 7.

The current efficiency increases with increasing 7" at constant 7, due to the
small overpotential of hydrogen evolution on the Ni enriched alloy. On the other
hand, the current efficiency increases with decreasing r, at constant 7, as a result of
the decreased Ni content and the lower rate of hydrogen evolution.

Zn-Ni alloys deposited by RC with Ni above 30 wt.% have only one phase,
and the dissolution current peak shifts to positive potential values with increasing
Ni content and corresponds to the dissolution potential of the y-phase.

With decreasing 7, the ALSVs of the deposits obtained by RC approach the
ALSYV of a deposit obtained by DC.

Of all Zn—Ni alloys investigated in this work, the one deposited with 77=1 s
and » = 0.2 showed the best corrosion properties. RC plating should be performed
using small 7 values, i.e., with shortest anodic time duration, #,, in order to decrease
Zn dissolution.
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U3BOJ

EJNEKTPOXEMUMICKO TAJIOXKEBE 1 KAPAKTEPU3ALINJA JIETYPA
HOVHK-HUKAJI IOBMJEHNX KOHCTAHTHOM 11 PEBEPCHOM CTPYJOM

JEJIEHA B. BAJATl, AJIIEKCAHJIPA B. METPOBU'R2 u MUOJPAT 1. MAKCHUMOBUWR !

1 Texnoaowko-meitianypuiku gpaxyaiteit, i. up. 3503, 11120 Beozpao u 2 Kpywuk akymyaattiopu a.0., 14000 Baweso

VcnmtuBaHu cy XeMujcKu cacTaB U (pa3Ha CTpyKTypa jerypa Zn—Ni 1oGujeHuX npumMe-
HOM Pa3INYUTHX IapaMeTapa eJIeKTPOXEMHjCKOT TalloXemwa. Jlerype cy TanoxeHe Ha poTu-
pajyhoj puck enexkTpony u Ha YeTMYHUM IUIOYUIIaMa KOHCTAHTHOM M PEBEPCHOM CTPYjOM.
VcnutuBaHu cy mapaMeTpu peBepcHe CTpyje (KaTOHe 1 aHO[[HE TYCTUHE CTPYje TalloXKemha,
7 HBUXOBOT BpeMEHa Tpajara) Ha cacTas, (ha3Hy CTPYKTYPY U KOPO3HOHE OCOOMHE Jerypa.
ITokasaHo je a XeMHjCKM cacTaB U (pa3Ha CTPYKTypa yTUUy Ha KOPO3HMOHE ocoOuHe Zn—Ni
Jerypa TOKOM H3Jarama jaejcrBy pactBopa 3 % NaCl. Jlerypa Zn—Ni jobujeHa peBepcHOM
crpyjoM ca T'=1sur=0.2 uMa HajOOJbe KOPO3UOHE OCOOUHE.

(Mpumsbeno 8. anpuia 2005)
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