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INTRODUCTION

Electroplating is an industrial activity that has been practiced
for quite 150 years [1]. The electrodepositing of Ni-Zn alloy
from aqueous solutions is assessed as an anomalous co-depo-
sition consistent with the Brenner definition [2]. Zinc-nickel
alloy coatings are frequently obtained from alkaline or acidic
baths [3]. The deposition temperature is one among the fore-
most important factors within the electroplating of alloys because
it’s directly dependent on the composition, structure and prop-
erties of the alloys [3,4]. The rate deposition is temperature-
dependent because the diffusion of metal ion from the electrolyte
to the cathode is accelerated by the rise in temperature in most
cases [5,6].

According to Qiao et al. [7] structural changes are induced
by the deposition temperature. They have shown that normal
and anomalous co-deposition of Zn-Ni alloys are often per-
formed during the variation of the deposition temperature under
specific galvanostatic conditions. On the other hand, the effect
of the geometrical configuration of the working electrode is
important because the magneto-hydrodynamic effect called
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MHD depends on the current lines to the B-field orientations
[8]. A magnetic field influences the overall mechanisms of electro-
plating which might explain the modifications induced on the
electrochemical processes observed experimentally on the varied
properties (texture, structure) also as on the morphology [9].
The magnetic flux significantly modifies X-ray diffraction
patterns. It’s going to be noted that the preferential orientations
(101) and (002) of the zinc phase and (330) γ-Ni5Zn21 phase
are favoured to exist in both parallel and perpendicular B [10].
It is, therefore, one of the possible methods for producing better
properties during the co-deposition process [11]. However,
consistent with Koza et al. [12], no significant changes were
found when applying a perpendicular magnetic flux, apart from
hydrogen desorption.

On the opposite hand, Devos et al. [13] & Msellak et al.
[14] showed that the magnetic field didn’t influence the nucle-
ation itself, but the expansion rate of the seeds and their shape.
Devos et al. [13] also reported that a magnetic flux can change
the surface morphology and preferred orientation of nickel
grain, due to a rise within the diffusion flux of specific inhibitory
species. Moreover, Rabah [15] found that the perpendicular



magnetic flux affects the deposit composition. The method
suggested that the surface diffusion of adatoms might be influ-
enced by the B field [16]. This study shows the temperature
effect on the deposition under a moderate magnetic field; which
is applied perpendicularly to the electrode surface to attenuate
the MHD effects. The objective of this article is to investigate
the temperature effects on the structure of Zn-Ni alloys under a
perpendicular magnetic flux. The various structures were at
various temperatures within the absence of magnetic flux. The
experiments were then, repeated under the magnetic flux for
testing the possible synergetic effects which provide a normal
co-deposition; when the deposition of nickel is preferentially
in many cases, at the same time it’s possible to get deposits,
which will be used as metallic coatings for corrosion protection.

EXPERIMENTAL

The used electrolytic solution contains H3BO3: 0.1 M, ZnCl2:
1.8 M, NiCl2·6H2O: 1.1 M. The substrates were stainless steel
plates with a surface of 1 cm2 to obtain good reproducibility
of the experiments. The surface of the electrode was polished
before each deposit by respecting the subsequent steps: polis-
hing of the surface with the glass paper p # 1200 until # 4000
then polishing with a felt ESCIL with a suspension of alumina
with a grain size of 1 µm and eventually washing with distilled
water. The pH of solution was 4.86. The studied temperatures
at 30, 40, 50, 60 and 70 ºC were regulated by a thermostated
double-walled glass cell, placed into a gap of an electromagnet
(DRUSLH EAM20G), which may deliver a magnetic flux of
amplitude up to 1.1 T. The electrochemical cell was connected
to a potentiostat, voltalab201, controlled by a software volta-
master 4 and therefore the current density applied was -20 mA/
cm2. The X-ray diffraction investigations of deposits was carried
out using the BRUKER D8 ADVANCED X-Ray diffractometer
equipped with copper anticathode (CuKα = 1.54056 Å). The
morphology and chemical composition were identified by a
JEOL JSM 6460LA microscope including an EDS JEL 1300
microprobe.2.

RESULTS AND DISCUSSION

Chronopotensitometric curves: The Zn-Ni co-deposits
in absence and the magnetic field presence for two intensities,
B = 0.5 and 1 T in a temperature range of 30 to 70 ºC were
investigated in order to review the synergy between these two
parameters (Fig. 1).

Potentiostat

B

B

Entered and come out
of the water

Electromagnet

Perpendicular
work electrode

Perpendicular
work electrodeJ

F

PC

Fig. 1. Experimental setup

In first case (Fig. 2a), without the magnetic flux, the curves
show a rise in cathode potentials as a function of the increase
in temperature. When the temperature increased from 30 to
40 ºC, the cathodic potential varies. From 40 to 60 ºC, no
significant variation was observed, which corresponds to the
natural convection. However, a rise that becomes significant
at 70 ºC. These differences observed between the curves obtained
may correspond to a difference in reduction kinetics, depending
on the expected deposition temperature, which accelerates the
diffusion of the ions. Hence, the reaction was faster at 70 ºC.
The increase in plateau potential values, necessary to create
the initial nucleus; consequently, more nickel was deposited.
Therefore, Qiao [7] found that the high current efficiency for
zinc-nickel co-deposition decreases when the depositing
temperature is above 40 ºC. This decrease in current efficiency
was due to improved hydrogen evolution. Qiao [7] also verified
that the cathodic potential notation is increased in the presence
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Fig. 2. Chronopotentiometric curves during the process of electroplating: (a) without field, (b) (0.5T), (c) (1T) for temperatures 30, 40, 50, 60
and 70 °C
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of high nickel content in zinc-nickel alloy coatings. When a
magnetic field was applied for an amplitude of B = 0.5 T (Fig.
2b), a considerable variation of the potential can be noticed.
At 70 ºC, there is a sharp drop in potential towards -2.6 V,
which corresponds to the double-layer charge at the beginning
of the electroplating process and then the deposition takes place.
Generally, within the initial stages of deposition, a decrease in
potential was observed for all B intensities, which revealed
the charge transfer that takes place at the beginning of electro-
plating process. It can be noticed that the charge time was more
significant during this case (contrary to B = 0 T). Iwakura et al.
[17,18] attributed this phenomenon to the hydrodynamic effect
due to mixed convection. This might even be due to the variation
of nickel content within the coating. Therefore, it can be assumed
that the changes of nickel content in the deposit are often closely
associated to the evolution of the cathodic potential, since the
temperature change because the metal ion diffusion from the
electrolyte to the cathode is increased [7]. The enlargement of
the E-t curves at a lower time shows a rounded shape, which
indicates the presence of an adsorption process, probably asso-
ciated with an intermediate (ZnNiad) [19,20].

On the other hand, at B = 1 T (Fig. 2c), the difference
between the 30 and 70 ºC curves is reduced, which may be
attributed to a synergy between the convective effect of the
magnetic field and the temperature. Matsushima et al. [16]
suggested that the nucleation rate or deposition tends to be
inhibited under the magnetic field; this is often is coherent
with the present results. However, during this study, both the
magnetic field and the current lines are perpendicular to the
electrode surface. In this configuration, no increase within the
limiting current generated by Lorentz force is expected since
the product J × B is zero. However, consistent with Rabah
[15] on paramagnetic systems, the magnetic field allows obtai-
ning a controlled hydrodynamic regime at (B = 1 T) of a
magnetic field, which is confirmed in the present case.

X-ray diffractions: The identification of the deposit
phases is obtained by XRD diffractogram. Various phases were
observed altogether cases. Firstly, some crystal structure
variation can be observed without a magnetic field and for all
temperatures studied (40, 50, 60, 70 ºC); (Fig. 3a) initially, at
30 ºC, the composition γ-Ni3Zn22 with an orientation (330) is
visible at 43º, then at 40 ºC, the peak 2θ = 43.7º widens the
corresponding phase γ-Ni3Zn22 (113), which intensifies at 50,
60 and 70 ºC. It is known that in ZnNi; the γ-(330) phase was

usually present with variable intensity and depends on the
coating [22].

Therefore, an intense peak around 2θ = 43.3º at 60 and
70 ºC was observed, corresponding to β-NiZn (101). It is also
noticed the appearance of a new peak at 70 ºC near 35.3º,
which corresponds to the composition Ni3Zn22 (022). Gou &
Sun [23] found the composition β-NiZn in alloys containing
about 50% zinc atoms. The XRD patterns obtained from the
deposits prepared at B = 0.5 T show (Fig. 3b) that at 30 °C an
intense peak corresponds to zinc the composition γ-Ni3Zn22

(330). In addition, an equivalent result’s observed clearly at
40 ºC, this peak is a smaller amount intense for 50 and 60 ºC.
The main difference between Zn-Ni diffractogram was observed
on deposits developed under 60 and 70 ºC, where a new refle-
ction appears around 35.2º, which corresponds to the compo-
sition α-Ni3Zn22 (022). Fig. 3b shows that γ-Ni3Zn22 phase with
the preferred orientation (330) was usually preferred within
the temperature range of 30 to 50 ºC under B = 0.5 T. However,
at 60 ºC, the X-ray pattern revealed the significant peaks,
suggesting that the deposit is almost amorphous. The disapp-
earance of γ-Ni3Zn22 (330) was observed at 70 ºC.

The generation of composition α-NiZn (101) is also observed.
Fratesi & Roventi [24] observed that when the nickel content
in the Zinc-Nickel alloy coating was greater than 50%, the
γ phase disappeared. The diffraction patterns of Zn-Ni deposits
obtained under B = 1T for an equivalent temperature range
are shown in Fig. 3c. A peak near 42.8º is characterized by γ-
Ni2Zn11 (330). A new peak appearing around 2θ = 35º at 30
and 40 ºC corresponds to the α-Ni3Zn22 (022) phase at 70 ºC.
The formation of α-NiZn homogeneous phase with orientation
(101) is additionally observed. It is also observed that the peaks
at 43º are slightly broadened and intensify with increasing
temperature. The broadening of the peck must be attributed to
crystal size reduction; broader pecks characterize smaller
crystallites. This remark becomes visible for crystallites less
than 1 µm in diameter. The peak intensity is highest at B = 1 T,
which was observed at 60 and 70 ºC. However at 70 ºC, the
αNiZn phase was formed [23]. Besides, the magnetic field
always favours the orientation (101) of the zinc phase. It also
prefers zinc and therefore the η phase [25] but during this
study, the Zn-Ni alloys obtained have two main phases: the
homogeneous γ-Ni3Zn22 phase with an (330) orientation and
therefore the α-Zn-Ni phase (101), which appears at 70 ºC
within the presence and absence of a magnetic flux. Alfantazi
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et al. [26] observed that the phase α-structure is that the only
phase present in zinc-nickel coatings with a nickel content of
63%. Furthermore, the phase changes and texture variations
remarked in the presence of the magnetic field are a
consequence of the convection phenomenon induced by
magneto-hydrodynamic effects and temperature. In addition,
the magnetic field generates a rise within the Ni ions diffusion

towards the cathode because the rate of nickel electroplating
from a concentrated solution is under kinetic control [27]. It
can be concluded that the solid solution of Ni (Zn) α was formed
in deposits above 50 ºC, which is coherent with of the
mechanism instantaneous nucleation. In other concept, Zn
forms a substituted solid solution by replacing the Ni atom
within the FCC lattice [28].

B = 0T  B = 0.5T  B = 1T  Temp. (°C)

30

40

50
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Fig. 4. SEM images showing the morphology of the deposits obtained in studied cases; B = 0T, B = 0.5T and B = 1T
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SEM studies: In this work, SEM characterization shows
that the morphology of the deposit surfaces varies with the
temperature variations. In the absence of field, a slight variation
in grain size and morphology are often observed around 1 µm.
Hence, the images corresponding to temperatures of 30, 40
and 50 ºC show nodule grains of varied sizes due to of the
increased temperature of the zinc-nickel deposit, these results
indicate good coatings with a compact morphology [7,29].

In present case, a pronounced change in surface morpho-
logy accompanied by nodular grains and fissures was observed
above 60 ºC. The deposits are degraded with the appearance
of cracks, which can been attributed due to the presence of
hydrogen atoms [30]. The morphological structure of the
deposits above 60 ºC is varied and not crystallite, but flat. Eliaz
et al. [31] showed that at elevated temperatures, the desorption
mechanism is more important than increasing the active surface
area. Therefore, this surface is available for the hydrogen
evolution reaction and causes the formation of hydroxide ions.

The same result’s observed for alloys obtained under B =
0.5 T; the temperature refines the crystallites retaining a size
of 1.5 µm at 50 ºC. On the other hand, the alloy presents a
granular morphology and a particularly small grain size. These
results are following by the work of Roventi et al. [32]. Therefore,
under this moderate magnetic field intensity; no cracks are
observed and the alloy morphology also appears compact.
Under an intensity of B = 1 T and at 60 and 70 ºC; a
disappearance of the visible cracks is observed, which can be
attributed to the desorption of hydrogen, caused by the perpen-
dicular field [12]. However, it is also observed the appearance
of cracked dimensional dendrites at 50 ºC. On the other hand,
at 30 ºC, a three-dimensional spherical form is observed; which
indicates the mass transport controlled electrocrystallization
process [12].

However, at a higher intensity of B (1T), the resulting
coating was more porous due to the excessive evolution of the
hydrogen reaction. It were often noted that each one alloys
obtained at 1T have a light grey colour and globular morp-
hology with different grain sizes (Fig. 4). It can be concluded
that the perpendicular magnetic field modifies to some measure
the depositing mechanism that may perform Zn-Ni alloys with
good physical properties.

EDX measurements: Fig. 5a-c summarizes the chemical
composition of Ni-Zn deposits, as determined by EDXS, as a

function of deposition temperature and magnetic field. In Fig.
5a, without the magnetic field a rise within the percentage of
Ni between 30 and 50 ºC was observed. This increase causes
a significant decrease in the content of Zn within the deposit,
confirmed that the higher temperature favours the deposition
of Ni consistent with the work of Roventi et al. [32]. However,
the evolution of nickel composition is slight between 60 and
70 ºC during this study. In addition, Fig. 5b shows the effect
of both parameters: temperature and magnetic flux (B = 0.5T).
The nickel content increases in the same manner as within the
absence of a magnetic field. However, up to 70 ºC, a increase
from 30.67 to 63.42 Ni wt.% between 60 and 70 ºC was
observed. This increase appears to be strong when a field of
1T (Fig. 5c) was applied which rises to 77.29 Ni wt.%. This
result verified that the marked increase in the nickel content
above 60 ºC due to the presence of B. Sometimes, this pheno-
menon has been attributed to the transition from an anomalous
to a normal deposition [33]. According to the results (Fig. 5),
it is concluded that the rise in nickel composition is propor-
tional to extend in temperature. The nickel composition varia-
tion of the coating confirms the convective synergy effect, of
the perpendicular magnetic flux and therefore, the temperature
at 70 °C is more significant at an intensity of 1T. It can be
deduced that the Ni content features a significant influence on
the morphology and grain size of coatings, similar result has
been found by other workers also [35].
Conclusion

In present study, the zinc-nickel alloys were electrode-
posited on stainless steel substrates in a chloride acid bath. The
influence of temperature in the perpendicular magnetic field
has a strong influence on the structure, grain size and surface
morphology of Zn–Ni alloy deposits. It was also observed that
the field-effect on the cathode potential evolution was negli-
gible at 30 ºC. However, this effect becomes more and more
important in temperature function particularly at 70 ºC. From
the X-rays diffraction analysis, it can be concluded that α-Ni
(Zn) was formed in the deposits at 70 ºC with the appearance
of α-Ni3Zn22 (022). The broadening of some peaks should be
attributed to the reduced crystal size. Moreover, a remarkable
changes in the morphology’s evolution as a function of
temperature above 60 °C were also noted. A large increase in
the nickel content occurs at 70 ºC and 1T, which was attributed
to a convective magnetic field synergy and temperature.
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