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a b s t r a c t

The electrochemical codeposition of zinc–nickel alloy coatings from sulfate bath has been carried out
under low and high applied magnetic field. The influence of alloy structural parameters upon corrosion
behavior is discussed. It has been found that the magnetically induced convection modifies the phase
composition, promoting the zinc phase in spite of the �-Ni5Zn21. Low magnetic field acts also on the
morphology of the deposits by reducing the grain size and the average roughness Ra. For alloy obtained
eywords:
n–Ni alloy
agnetic field

orrosion
aCl solution
FM

with low magnetic field superimposition, surface morphology modification has no significant effect on
corrosion behavior whereas for low nickel content alloy, the modification of phase composition, induced
by applied magnetic field, favours higher polarization resistance. When high magnetic field amplitude is
involved, the phase composition modifications are the same that for low applied B and the morphology is
not largely modified. In this case, the hydrogen reduction current dramatically decreases that leads to a
large shift of the corrosion potential. It is suggested that the surface reactivity of electrodeposited alloys
depends on the magnetically induced convection that is efficient during the codeposition process.
. Introduction

Electrodeposited coatings of zinc–nickel alloys have attracted
uch attention because they possess higher corrosion resistance

nd better mechanical characteristics than pure zinc or other zinc-
lloys [1–8]. Actually, zinc–nickel alloys are considered as having
he potential to replace the cadmium in anticorrosion applications
nd have found wide applications in automobile, electronic or other
ndustries [9]. The coatings must be sacrificial in relation with sub-
trate; therefore, the choice of substitution metals is governed by
heir position on the corrosion potential scale in NaCl environment.
everal authors show that Zn–Ni alloys have the best corrosion
ehavior in saline environment [10–12]. The corrosion resistance of
lloys depends practically on the percentage of Ni atoms. Accord-
ng to some reports, an alloy composition including 10–15 at% of
ickel leads to a maximum corrosion resistance [13,14]. However,
any other parameters could modify the corrosion behavior such
s morphology, or crystallographic phase composition. Albalat et
l. found that the presence of particular additives in the electrolyte
edia improved the surface homogeneity, which leads to better

orrosion resistance even for an alloy with low Ni content [15]. The
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single phase structure usually observed in these alloys with 13 at%
of nickel is the �-Ni5Zn21 phase. Ramanauskas suggested that the
metal structural parameters were responsible for the properties of
the thin passive or thick protective film on the surface. The crystal
structure can affect thickness, composition, adhesion or solubility
of the film on the metal surface [7].

A way to obtain different composition phases of alloys is to
superimpose a magnetic field during codeposition process [16–29].
When an electrochemical codeposition is undertaken under mag-
netic field, convection in the electrolytic solution is induced: it is
the so-called MHD effect (magneto-hydrodynamic effect). Fahidy
reported that surface roughness decrease could be induced by
MHD effects on the surface three-dimensional deposit film struc-
ture [20]. Devos et al. reported that a magnetic field could change
the surface morphology and the preferred orientation of the nickel
grain due to an increase of the diffusion flux of specific inhibiting
species [22]. Our previous papers have shown that low magnetic
field reduces the surface roughness and that structural changes
could be observed for zinc–nickel alloys electrodeposited under
applied magnetic field [30,31]. The aim of this work was to study the

zinc–nickel alloy behavior in NaCl solution in order to evaluate the
link between the applied magnetic effect which induces changes on
morphology and structure, and the corrosion behavior. Therefore
zinc–nickel alloy coatings have been characterized by using AFM,
X-ray diffraction and EDS. Corrosion behavior has been studied by
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Table 1
Bath chemical compositions for zinc–nickel alloy codeposition.

Bath names CNi2+ (mol L−1) CZn2+ (mol L−1) CNi2+ /CZn2+
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curves obtained in 3% NaCl solution on zinc–nickel coatings. The
deposits have been obtained for different concentrations of nickel

T
R

S1 0.20 0.60 0.33
S2 0.50 0.60 0.83
S3 0.70 0.60 1.17

eans of polarization curves which have been obtained in ther-
ostated 3% NaCl solution without superimposition of magnetic

eld.

. Experimental

The samples were prepared by electrochemical codeposition with respectively
orizontal low (B ≤ 1 T) and vertical high (B ≤ 12 T) superimposed magnetic field.
or the first case, experiments have been undertaken by means of an electromagnet
DRUSCH EAM 20 G), for high magnetic field, we have used the facilities of the
renoble High Magnetic Field Laboratory (CNRS). For all experiments, the magnetic
eld was constant and uniform on the electrode surface and in the vicinity (diffusion

ayer) of the electrode. The working electrode was directed horizontally or vertically
ccording to the field direction in order to be parallel to the field. To prepare the
olutions, the following salts have been used: ZnSO4·7H2O, NiSO4·7H2O and H3BO3

40 g L−1). The chemical compositions of the used electrolytes are given in Table 1.
he pH was adjusted by addition of few droplets of sulfuric acid in order to perform
he Zn–Ni alloy at pH = 2.5 and the bath temperature was kept constant at 25 ◦C.
he codeposition apparatus has been already described as well as the experimental
rocedure in our previous papers [30,31]. The working electrode (WE) was a 1 cm2

i disk, embedded in epoxy resin. To avoid epitaxial phenomenon, the titanium
as oxidized in H2O2 before each codeposition process. The deposition of Ni–Zn
as performed at a constant applied potential equal to E = −1750 mV vs. saturated
ercury sulfate (SSE) reference electrode and a Pt counter electrode was used. The

mounts of zinc and nickel which were deposited were negligible compared to the
mounts of zinc and nickel ions in solution, therefore, these last quantities can be
egarded as constant for each codeposition experiment.

An X-ray diffractometer (Bruker D8 Advance) with a Cu monochromatic radia-
ion (� = 1.54056 Å) was used to determining phase composition of the alloys. The
hemical composition and surface morphology have been characterized by scanning
lectron microscopy (SEM) (JEOL JSM 6460LA microscope coupled with an EDS JEL

300 microprobe), and atomic force microscopy (AFM) (System Ntegra Prima). AFM
tudies were carried out at atmospheric pressure and room temperature in contact
ode. Images were obtained with the same micro-lever; thus the obtained average

oughness (Ra) parameters can be compared for different samples.

ig. 1. Polarization curves of Zn–Ni coatings realized at CNi2+ equal to 0.2 M without
nd with applied magnetic field equal to 0.9 T in 3% NaCl solution.

able 2
est potential and polarization resistance at rest potential of alloys as a function of B and

CNi2+ (mol L−1) Ecorr (V)

B = 0 T B = 0.9 Ta B =

0.2a −1.87 −1.82
0.5a −1.91 −1.81
0.7a −1.83 −1.78
0.7b −1.38 −1

a Magnetic field and downward electrode are horizontal.
b Magnetic field and electrode are vertical.
Fig. 2. Polarization curves of Zn–Ni coatings realized at CNi2+ equal to 0.5 M without
and with applied magnetic field equal to 0.9 T in 3% NaCl solution.

Corrosion tests were carried out in a NaCl environment at 3% without superim-
posed magnetic field. The corroding medium was not deaerated by bubbling of inert
gases before or during electrochemical tests. All polarization curves have been per-
formed by potential linear voltammetry using potentiostat/galvanostat (PGZ 301,
Radiometer). Curves have been obtained with a sweep rate equal to 2 mV/s, the
scanning range was −0.5 to 0.5 V from the open circuit potential that has been mea-
sured during 4 min before performing the polarization curve. The counter electrode
was a platinum foil and a saturated calomel electrode (SCE) was used as reference
electrode. The electrochemical measurement data were analyzed by Voltamaster 4
electrochemical software.

3. Results and discussion

3.1. Low applied magnetic field

Figs. 1–3 show respectively the anodic and cathodic polarization
ions, CNi2+ , with a constant zinc ion concentration, CZn2+ = 0.6 M
in the electrolytic bath. The Ecorr corrosion potential and Rp polar-
ization resistance are reported in Table 2 for deposits that have

Fig. 3. Polarization curves of Zn–Ni coatings realized at CNi2+ equal to 0.7 M without
and with applied magnetic field equal to 0.9 T in 3% NaCl solution.

nickel concentration in the bath CNi2+ .

Rp (� cm2)

12 T B = 0 T B = 0.9 T B = 12 T

159 504
78 125

430 256
.52 360 1450
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ig. 4. X-ray diffraction patterns of Zn–Ni alloy under applied magnetic field B = 0
nd 0.9 T for different CNi2+ (© �-phase, � �-Ni5Zn2, � Zn).

een realized with a low horizontal magnetic field applied on a
orizontal electrode facing down. The corrosion potential of the
oating deposited under low magnetic field moved positively, com-
ared with the coating obtained without B which indicates that
he magnetic field is helpful to reducing thermodynamic tendency
f corrosion. This effect of magnetic field is the same for all con-
entrations CNi2+ . However, the corrosion resistance of the coating
s mainly determined by the polarization resistance or corrosion
urrent. The coating with low nickel content in the alloy (0.2 and
.5 M of nickel ions in the electrolyte bath) showed a best corrosion
esistance when magnetic field was applied during the electrode-
osition process. For the alloy realized with 0.7 M of nickel ions,
he magnetic field had not improved the corrosion resistance. It
as already demonstrated that for zinc based alloy coatings the

orrosion behavior depends on texture, stress in the coating, phase
omposition and chemical composition [32–35]. In our case, this
ehavior induced by B, cannot be attributed to the variation of the
hemical composition because as it has been shown in previous
aper, the magnetic field affects the composition crystallographic
hase and the morphology of the alloy but, whatever applied mag-

etic field, the chemical composition of the alloy does not change
30]. The X-ray diffraction patterns of Zn–Ni alloys have been per-
ormed before they were immerged in NaCl bath and are presented
n Fig. 4. For different CNi2+ , the alloys are a mixture of zinc, � and �-

able 3
odule size and roughness Ra obtained by AFM measurement.

%at of Ni in alloy B (T) Nodule size (�m) Ra (nm)

5–7 0 2.111 435
5–7 0.45 0.925 445
5–7 0.9 0.760 374

13 0 2.323 425
13 0.45 1.379 184
13 0.9 1.246 159
Fig. 5. AFM images of Zn–Ni alloys deposits at CNi = 0.7 M for different applied mag-
netic fields (a) B = 0 T, (b) B = 0.45 T and (c) = 0.9 T. The scan area is 30 �m × 30 �m.

phase structure. The magnetic field favours the (1 0 1) orientation
of zinc phase. For 0.2 M (Fig. 4a), the (3 2 1) �-phase disappears and
the � and zinc phases are favoured. For 0.5 M (Fig. 4b), the (3 3 0)
�-Ni5Zn21 and the zinc phases are present without magnetic field.
When the magnetic field is applied, the Zn phase is promoted com-
pared to the (3 3 0) �-Ni5Zn21 orientation. For CNi2+ equal to 0.7 M
(Fig. 4c), without magnetic field, only the (3 3 0) �-Ni5Zn21 can be
detected but with superimposition of a magnetic field, once more,
the (1 0 1) orientation of zinc phase is promoted. The phase com-

position varies on the same way when magnetic field is applied
regardless the nickel ion concentration CNi2+ . Magnetic field always
favours the zinc and � phases.
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Fig. 8. X-ray diffraction patterns of Zn–Ni alloys at pH 2.5 with magnetic field at
ig. 6. Polarization curves of Zn–Ni coatings realized at different CNi2+ 0.7 and 0.2 M
or horizontal and vertical working electrode in 3% NaCl solution.

In case of 0.2 and 0.5 M, the zinc and � phases are always
etected with and without applied magnetic field. Generally, simul-
aneous presences of these phases do not improve the corrosion
esistance. It has been reported that coatings from acid bath were
hought to be a mixture of �-phase and �-phase structures [33].
ue to the fact that potentials of these two phases are different, a
orrosion cell tends to be formed in corrosive environments and
herefore, these coatings may exhibit generally lower corrosion
rotection. However, in previous studies [30,31], we have shown
hat the solubility of Ni in Zn crystals increases with magnetic field.
his phenomenon allows keeping the same atomic ratio of Ni in
he coating whereas the deposit becomes less rich in the phase
-Ni5Zn21. The solid solution of zinc which contains more nickel
hen magnetic field is applied could be more efficient against cor-

osion in NaCl solution. It could be one of the explanations for
he higher polarization resistance of the low nickel content alloy
btained when magnetic field is applied during the electrochemical
odeposition process.

For CNi2+ equal to 0.7 M (13 at% of Ni in alloy) and without mag-
etic field, only the (3 3 0) �-Ni5Zn21 can be detected but with an
pplied magnetic field, the (1 0 1) orientation of zinc phase is again
romoted and the �-Ni5Zn21 is always detected. Park et al. have
emonstrated that formation of the dual phase � + � in alloys with

bout 15 at% of nickel is responsible for an increase of the corrosion
urrent. They also observed that zinc–nickel coatings that consist of
single phase and a nickel content of 13–15% have better corrosion

esistance than the coatings that consist of the � secondary phase

ig. 7. Polarization curves for the deposits at CNi = 0.7 M prepared under magnetic
eld in NaCl solution at 3%.
concentration: CZn2+ = 0.6 M; CNi2+ = 0.7 M (� Zn, � �-Ni5Zn21, © �-phase).

and have higher than 15% nickel content [34]. Byk et al. reported
that the zinc–nickel coating consisting of Ni5Zn21 phase exhibits
the best corrosion protective properties in a chloride environment
[35]. This is in good agreement with former results [36,37,39]. In
our study, the same result is observed for alloys with a content of
nickel equal to 13 at%: magnetic field favours the presence of the
dual phases and the polarization resistance is affected by applied
magnetic field.

From observations of the influence of surface morphology on the
corrosion behavior, it is suggested that the initial surface morphol-
ogy of coatings plays an important role in improving the corrosion
resistance of alloys. Generally, the roughness factor describes the
initial surface irregularity. Rough surfaces expose more weakly
bonded sites and exhibit higher dissolution rates. The morphol-
ogy of the Zn–Ni coating elaborated with magnetic field is different
from those obtained without applied magnetic field. AFM images
of coatings are presented in Fig. 5a–c. The sample with about
13 at% of Ni, performed without B, exhibits a nodular coarse-
grained morphology whereas the nodules are finer for B = 0.9 T. For
these samples, the AFM measurements confirm that size of nod-
ules decreases from 2.32 to 1.25 �m respectively without and with
applied magnetic field (Table 3). The same behavior has been also
observed by Scanning Electronic Microscopy in previous paper for
low Ni content Zn alloy [30]. In addition, zinc–nickel alloy surface
is less rough when a magnetic field is superimposed. The aver-
age roughness (Ra) of an alloy containing 13 at% of Ni was 425 nm
whereas with a magnetic field at 0.9 T, this parameter is equal
to 159 nm. The magnetic field allows obtaining finer nodules and
less rough surface [28,42] which could promote better behavior
in NaCl media according different studies [40,41]. The nodule size

decreases for all nickel concentrations in the electrolyte bath; we
can suggest that this phenomenon does not govern the corrosion
resistance.
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Fig. 9. SEM images of Zn–Ni alloy deposits at CNi2+ = 0.7 M

.2. High applied magnetic field

Some electrodeposits have been obtained with high vertical
agnetic field up to 12 T. In order to be in a configuration similar

o low magnetic field experiments, namely magnetic field parallel
o the working electrode, the electrode has to be used in vertical
osition.

Fig. 6 shows the polarization curves of alloys obtained for ver-
ical working electrode in NaCl solution for CNi2+ equal to 0.7 and
.2 M without magnetic field. For both nickel concentrations in the
lectrolyte bath, the corrosion potential is more positive for the
ertical orientation of the working electrode than for the horizon-
al one (Figs. 1 and 3). This first observation highlights the role of
lectrode orientation, i.e. the role of the natural convection. Thus,
or both orientations, the alloys with high content of nickel present

ore nobler corrosion potential in agreement with numerous stud-
es [10,12–14] and no geometrical surface effect can be highlighted
ince the anodic and cathodic plateau currents are the same in both
ases.

The polarization curves are presented in Fig. 7 for alloys obtained
ith magnetic field up to 12 T in vertical mode. The cathodic part of
olarization curve is significant. Potentials are shifted to cathodic
alues, in the same time the cathodic current density of corrosion
ecreases for the deposits. The polarization resistance is largely
igher for the deposit realized with an applied magnetic field equal
o 12 T (Table 2). It is important to notice that, in this case, the chem-
cal composition does not vary with the magnetic field amplitude.
his induced inhibiting effect reveals a magnetic field capability on
aterials that can be very useful to get new properties by magnetic

rocesses.
When magnetic field was applied up to 12 T for CNi2+ equal

o 0.7 M, the intensity of the (3 3 0) �-Ni5Zn21 peak decreased
nd the (1 0 1) zinc orientation (Fig. 8) was favoured. The same
henomenon was observed for low magnetic field. However, the
ehavior in NaCl media is not the same for low magnetic field
egarding to higher one. For low magnetic field, the potentials are
hifted to more positive values and no difference in cathodic cur-
ent density can be observed with B. X-ray diffraction patterns of
n–Ni alloys obtained without magnetic field, for the two config-
rations, reveal different phase compositions (Fig. 4c and Fig. 8a).

n the case of vertical working electrode, the alloy consists of two
hases: zinc or � and �-Ni5Zn21 whereas the horizontal one con-

ists only of the �-Ni5Zn21. Previous study has demonstrated that
he alloys obtained in vertical mode contain an amount of nickel
qual to about 9 at% and could explain the difference for the crys-
allographic phase composition. Chemical and phase compositions
f alloys obtained with high magnetic field are the same than those
ifferent applied magnetic fields (a) B = 0 T and (b) B = 12 T.

obtained with low magnetic field at 0.5 M of CNi2+ (Fig. 4b). There-
fore, the difference of alloy behavior in NaCl does not seem to be
actually linked with phase composition.

The morphology of alloys has been studied by scanning elec-
tron microscopy. As it can be seen in Fig. 9, the morphology of
the deposit is not significantly different between the deposits real-
ized with and without applied magnetic field. The fact that the
anodic currents for higher potential values are equal is evidence
that the real surfaces of the deposits are not modified and there-
fore the effect that is highlighted does not depend on morphological
phenomenon.

These results are evidence that magnetic field in vertical mode
has an effect on alloy corrosion. Due to the fact that the phase com-
position also varies with B, the relation between corrosion behavior
and phase composition of the alloys is not clear. So, we can assume
that the shift in the potential will be binded to other parameters like
microstructure which could be induced by the amplitude of B and
working electrode configuration, these other parameters induce
modifications on the reactivity of the surface toward the hydrogen
evolution since the cathodic current is largely decreasing for the
alloy electrodeposited with high magnetic field superimposition.
This magnetically induced effect on surface reactivity can be very
useful for catalytic or synthesis purposes and has to be investigated
in more detail.

4. Conclusion

A constant and uniform magnetic field superimposed on the
electrochemical cell in a direction parallel to the working elec-
trode provokes some modifications on the phase composition and
morphology of zinc–nickel alloys. Corrosion of zinc–nickel alloys
electrodeposited under magnetic field superimposition has been
investigated with low and high magnetic field amplitude. The
corrosion behavior has been studied in sodium chloride solution
without superimposed magnetic field; that means that the results
are only depending on the electrodeposited zinc–nickel alloy. The
main result is that magnetic field can significantly improve the cor-
rosion resistance of alloys with low alloy nickel content. When the
horizontal magnetic field has a low amplitude (B < 1 T), the induced
deposit roughness modification has no important effect on the cor-
rosion behavior of the electrodeposited zinc–nickel alloy whereas
the induced phase composition modification improves the polar-

ization resistance of alloys which contain about 5 at% of nickel.

When high magnetic field amplitude is involved, the morphol-
ogy is not largely modified but the hydrogen reduction current
dramatically decreases that leads to a large shift of the corrosion
potential. This phenomenon is evidence for magnetic effect on the
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