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This paper reports the magneto-electrodeposition of the Ni–Co–Fe–Zn alloys by chronoam-
perometry in Dimethyl Sulfoxide solvent in the presence and absence of a Permanent Par-
allel Magnetic Field (PPMF) to the cathode surface. It was found that the deposition current
in the presence of PPMF (9 T) was enhanced compared to the absence of PPMF. The current
enhancement percentage (η%) was increased when deposited in the presence of PPMF
(η%=2±0.07%, 15.78±0.93% and 21.6±1.04%) for 1 h at −1.10, −1.20 and −1.30 V respectively.
Deposition at higher potentials in the presence of PPMF was also found to increase the de-
position efficiency. The Composition Reference Line for Ni was calculated to be around 25%,
although the noble metals (i.e., Ni, Co) showed anomalous deposition behavior in the pres-
ence of the less noble elements like Zn and Fe. The nucleation and growth were also inves-
tigated during the electrodeposition process. It was shown that nucleation and diffusion
coefficients were promoted when using PPMF and increasing of applied potential. The cor-
rosion behavior of the alloy surface was examined by the Open Circuit Potential and Electro-
chemical Impedance Spectroscopy. The results showed that the corrosion resistance
increased with the increase of content of more noble metals.

© 2012 Elsevier Inc. All rights reserved.
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1. Introduction

Alloy electrodeposition, is a surface finishing technique which
has been used to improve properties such as grain size, hard-
ness, and corrosion resistance compared to the parent metals.
The main problem of metal electrodeposition process in an
aqueous bath is the Hydrogen Evolution Reaction (HER)
which affects the morphology of the electrodeposited surface.
To avoid the HER, metal and alloy electrodeposition in organic
emistry, Faculty of Scien

m (M. Ebadi).
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solvents was investigated by several researchers [1–4], and
also as a method to improve the surface of the electrodepos-
ited layers. Dimethyl Sulfoxide (DMSO) is one of the organic
aprotic solvents which has been used in electrodeposition of
metals [5–7].

An example of alloy electrodeposition used in surface im-
provement is the electrodeposition of Zn with iron group
elements (i.e. Fe, Ni, Co). The main problem in alloy electro-
deposition of these metals is their anomalous behavior.
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Researchers have faced this problem since 1907. Alloy elec-
trodeposition of the Zn–Iron group elements exhibited the
problem of anomalous deposition where the less noble metals
(i.e. Zn) deposits preferentially compared to the more noble
metals (i.e., Ni>Co>Fe). Several theories have been developed
[2–4] to describe this anomalous behavior. Dahms and Caroll
[8] explained that the anomalous phenomenon is related to
the Hydroxide Suppression Mechanism (HSM). This theory
suggested that the more noble ions were hindered from elec-
trodeposition by the formation of the less noble ion hydrox-
ides. This theory is further supported by the solubility
constant (Ksp) of M(OH)n where the Ksp of Zn<Fe<Co<Ni.

Several investigators [9–12] have studied the effects of pH,
current density (potential range), temperature and the counter
anions on the anomalous deposition. Some investigators [9,13]
found that the pH in the vicinity of the cathode was increased
during alloy electrodeposition, but others [8,9] disagreed with
those statements. Electrodeposition of the noblemetal ions in-
creases with the increase pH of the electrolyte [13,15]. The
anomalous phenomenon decreases the tendency towards
natural deposition with the increase of temperature [9]. Apart
from the HSM theory, some authors [11–18] found that Under
Potential Deposition (UPD) of the less noble ions also led to
anomalous electrodeposition. Normal co-deposition takes
place at lower potentials whereas anomalous co-deposition
occurs when the potential range increases [19,20]. The type
of anions also affects the UPD behavior, i.e., with increasing
I− concentration in the zinc electrolyte, the peak of the Zn
electrodeposition shifts to more negative potentials whereas
with increasing PO3−

4 concentration, the peak shifted to
more positive potentials [12] in the voltammograms.

Electrodeposition in the presence of magnetic field is a well
established phenomenon. The application of a magnetic field
parallel to the cathode surface increases themass transport of
ions to the surface and this phenomenon is known as the
Magneto-Hydrodynamic (MHD) effect. This effect accounts
for five types of forces which act on the ions and increases
the mass transport. The most dominant forces are the Para-
magnetic force (F

→
P) and Lorentz force (F

→
L) which increase the

convection of charged species and influences the deposit
morphology. The Lorentz force (F

→
L) plays a major role in the

convection of charged species and is the largest among the
five forces. However, the Paramagnetic force (F

→
P) acts on the

paramagnetic ions only. The Lorentz force is due to the inter-
action between magnetic flux (B) and electrical current and is
described by:

F
→
L ¼ B� jð Þ ð1Þ

where j is the current density. The Lorentz force is maximal if
the magnetic field is exerted perpendicular to the direction of
the cathodic current. This paper describes the effect of a Perma-
nent Parallel Magnetic Field on the mass deposition of Ni–Co–
Fe–Zn alloy layers inDMSO solvent. Up to date, the electrodepo-
sition of these alloys in the presence of a magnetic field in or-
ganic solvents has not been reported. Furthermore, it was
found that the major element of the electrodeposited Ni–Co–
Fe–Zn alloy from aqueous solution was zinc, which means
that the anomalous phenomenon was present with less noble
ions (in this case, Zn) [21], where zinc is a diamagnetic element.
2. Experimental

Copper plates were used as working electrodes. One side
(0.1×1×1 cm) of each plate was electrochemically polished
and activated by immersion into mixed acids (HCl 30%–
H2SO4 10%–HNO3 5%–CrO3 3%) for a few seconds and then
rinsed with double distilled water and dried in oven. The
stock solution for the Ni–Co–Fe–Zn alloy electrodeposition
contained 1 M NiCl2.6H2O, 0.25 M CoCl2.6H2O, 0.25 M FeCl2.4-
H2O and 0.25 M ZnCl2 dissolved in DMSO. The electrolyte was
free from additives such as levelers and brighteners. The elec-
trolytewas kept at room temperature and at neutral pH. The ex-
periments were carried out using chronoamperometry method
at potentials of −1.10, −1.20 and −1.30 V with a three-electrode
set up using a Princeton Applied Research (PAR) Versa STAT3
instrument. Electrodeposition was performed both in the
absence and presence of PPMF (9 T). In addition, eight types of
electrolyte (Ni, Co, Fe, Zn, Ni–Co, Ni–Co–Fe, Ni–Co–Zn and
Ni–Co–Fe–Zn) were prepared where the concentration of each
element was adjusted to 0.01 M for each electrolyte. Voltamme-
try and chronoamperometry in the presence and absence of
PPMF (9 T) were done in a Teflon cell at room temperature.

Saturated Calomel Electrode (SCE) and platinum wire were
used as the reference and counter electrodes respectively. The
corrosion behavior of the alloy surface was tested with the
Open Circuit Potential (OCP) and Electrochemical Impedance
Spectroscopy (EIS) in 3.5% NaCl solution. EIS was done on
the Ni–Co–Fe–Zn alloys with Vrms of 5 mV around the OCP
with a frequency range of 10 kHz to 10 mHz. The topography
of the deposited layers was investigated via Atomic Force Mi-
croscopy (AFM PS 3000-NS3a). The alloy electrodeposits were
analyzed using X-ray Diffraction (D8-Advanced XRD) with Cu
Kα radiation of wavelength 1.540 Å. The mass of electrodepo-
sition was calculated from the weight difference of the bare
and coated Cu substrates. Scanning Electron Microscopy
(SEM-FEI Quanta 200F) was used to capture images of the sur-
face morphology of the alloy samples. Elemental composition
was done using Energy Dispersive X-Ray analysis with the En-
ergy Dispersive System INCA energy 400.
3. Results and Discussion

3.1. Cyclic Voltammetry and Chronoamperometry

Fig. 1 shows the voltammograms of Ni, Co, Fe, Zn, Ni–Co, Ni–
Co–Fe, Ni–Co–Zn and Ni–Co–Fe–Zn electro-reduction in DMSO
with the presence and absence of PPMF (9 T). Fig. 1A–D shows
that the onset potential of electro-reduction of metal ions be-
came more negative in the order of Ni>Co>Fe>Zn. The influ-
ence of the PPMF towards the increase of the electrodeposition
current can be seen in these results. These results are in accor-
dance with the Navier–Stokes equation (Eq. (2)) [22,23]:

jl ¼ 4:3� 103
� �

n3=2A3=4D:v−1=4C4=3B1=3 ð2Þ

where jl is the current (A cm−2), v is the viscosity of solution
(cm2 s−1), C is the bulk concentration of electroactive species



Fig. 1 – Cyclic voltammogram of: A) Ni, B) Co, C) Fe, D) Zn, E) Ni–Co, F)Ni–Co–Fe, G) Ni–Co–Zn, H) Ni–Co–Fe–Zn in DMSO, in the
presence and absence of PPMF (9 T). Concentration of each solution was set at 0.01 M during CV.
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(mol cm−3), B is the strength of a magnetic field (T), D is the dif-
fusion constant (cm2 s−1), A is the electrode surface area (cm2), n
is the number of electrons involved in the electron transfer step
and the numerical constant has units of cmmol−1/3 T−1/3 s−1/4.

Fig. 1H affirms the theory of UPD where the electrodeposi-
tion potential shifts to positive direction for the Ni–Co–Fe–Zn
alloy compared to the electrodeposition of the pure metals (i.e.
Zn, Fe). Fig. 1H shows that the onset potential for the electro-
reduction of Ni–Co–Fe–Zn alloy is more positive (around
−1.0 V) than the onset potential of electro-reduction in Fig. 1C
and D for Fe (−1.20 V) and Zn (−1.22 V) respectively. In accor-
dance with Eq. (2), Fig. 1 shows that the current increases in
the presence of PPMF compared to the absence of PPMF. It
must be noted that these results are obtained in DMSO solvent



Fig. 3 – The (i/im)2 vs t/tm curves for deposition of the
Ni–Co–Fe–Zn alloys from DMSO solution in the absence and
presence of PPMF and different amounts of applied potential
which are compared to instantaneous and progressive
calculate curves.
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which has larger viscosity compared to water (1.987 mPa s−1

and 0.890 mPa s−1 respectively at 25 °C). Our previous results
in aqueous solution [21] gave larger increase of electro-
reduction currents in the presence of PPMF compared to the ab-
sence of PPMF. But the increase of the reduction currents with
PPMF compared to without PPMF in DMSO solvent is lower,
and this is also in accordance with Eq. (2).

The electrodeposition of the Ni–Co–Fe–Zn alloys is per-
formed using chronoamperometry at various potentials
(−1.10 V, −1.20 V and −1.30 V) with and without the presence
of the PPMF (9 T). Fig. 2 shows the chronoamperometry results
where the current |Il| increases with the presence of PPMF. The
current increase is due to the Magneto-Hydrodynamic (MHD)
effect, which is largely due to the effect of the Lorentz force
in the presence of the magnetic field. The electrodeposition
mass also increases in the presence of PPMF. Fig. 2 also
shows that the difference in the current value (ΔI) with and
without PPMF (9 T), increases significantly with the increase
of the applied potential, i.e., ΔI for −1.30 V>ΔI for −1.20 V>ΔI
for −1.10 V. It could be deduced that the Lorentz force also in-
creases with the increase of the current density due to the
greater interaction between magnetic flux and electrical
current (Eq. (1)). The increases of deposition current |Ii| in
the absence compared to the presence of the PPMF are:
5.00×10−4 to 5.10×10−4 mA cm−2, 1.52×10−3 to 1.76×
10−3 mA cm−2, 2.68×10−3 to 3.26×10−3 mA cm−2 at potentials
of −1.10, −1.20 and −1.30 V respectively, as shown by marked
points (¤) in Fig. 2. The current enhancement percentage cal-
culated at the marked points by the following equation [24]:

Current enhancement Ґ% ¼ ΔI
Ii

� 100 ð3Þ

where ΔI is the difference of the current in the presence and ab-
sence of PPMF (9 T) and Ii is the current in the absence of PPMF.
The current enhancement percentages (η%) were calculated as
η%=2±0.07%, 15.8±0.93% and 21.6±1.04% for depositions at
−1.10,−1.20 and −1.30 V respectively, for 1 h deposition time.

According to Fig. 3, the absolute value of I–t transient has a
normal dependency with the applied potential. It was shown
that the nucleation and growth process for electrodeposition
of Ni–Co–Fe–Zn alloys is not entirely diffusion-controlled
which will be described later. The surface coverage (θ) for
Fig. 2 – Chronoamperometry of Ni–Co–Fe–Zn alloy
electrodeposition in the presence and absence of PPMF (9 T)
at applied potentials of −1.10, −1.20 and −1.30 V.
nucleation can be increased by increasing the current density
[20]. For long time process, the current transient is given by:

It ¼ nAFD1=2∑C∞

π1=2t1=2
ð4Þ

where A is area of electrode (cm2), D is the diffusion coeffi-
cient (cm s−1), C∞ is the bulk concentration of ions
(mol cm−3), t is the time of electrodeposition process and n
is the number of electrons.

The non-dimensional relation of i2/i2m vs. t/tm was plotted
from the maximum im and tm in the i–t transients during the
electrodeposition process. Nucleation and growth propaga-
tion during electrodeposition can be described from the I–t
transients in Fig. 3. However, the rate of growth is a function
of electroactive species, current density, double layer, and
viscosity of bulk electrolyte. The nucleation process was
described by Scharifker and Hills [20] from the theory of non-
dimensional transients i.e., instantaneous (Eq. (5)) and pro-
gressive (Eq. (6)). The slow growth of nucleation on small
number of activation sites during the initial time of the pro-
cess could be described by instantaneous nucleation mecha-
nism. However progressive nucleation takes place when the
rate of new nuclei formation continues over longer periods
of time and the fast growth of nuclei occurs on many active
sites. Fig. 3 shows the typical plots together with theoretical
curves from amodified Scharifker equation [25] for the instan-
taneous and progressive nucleation for the Ni–Co–Fe–Zn alloy
at different applied potentials. The chronoamperometric
curves (Fig. 3) for the instantaneous and progressive nucle-
ation are given in Eqs. (5) and (6) respectively.

i tð Þ
imax

� �2

¼ 1:9542
t=tmax

1− exp −1:2564
t

tmax

� �� �� 	2

ð5Þ

image of Fig.�2
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i tð Þ
imax

� �2

¼ 1:2254
t=tmax

1− exp −2:3367
t

tmax

� �2
" #( )2

ð6Þ

where the imax and tmax correspond to the maximum peak
current in the chronoamperometric diagrams and the time
taken to reach the peak current, respectively. The diagrams
(Fig. 3) show that the electrodeposition of Ni–Co–Fe–Zn alloy
is closer towards progressive nucleation taking into account
the eventual overlap of diffusion zones [25]. According to
Gunawardena et al. [20], the relationship of i vs. t, at a very
short time frame (N0t→0), progressive nucleation (AN0) can
be defined by the following equation:

i tð Þ ¼ 2zFAN0π 2DCð Þ3=2M1=2t3=2

3ρ1=2
ð7Þ

where C is the bulk concentration of species, D is the diffusion
coefficient determined from the deposition transient, zF is the
molar charge of electrodepositing species, A is the nucleation
rate constant, imax is the current maximum at critical time
(tmax), ρ is the density of the electrodeposited layer for alloys
which is function of alloy equivalent weight (M):

M ¼ 1

∑ nif i
Ai

ð8Þ

In Eq. (8), ni is the valence of the alloy element ‘i’, fi is the
mass fraction of the alloy element ‘i’ and Ai is the atomic
mass of element ‘i’. The diffusion coefficient can be calculated
when the current maximum occurs at a time:

tm ¼ 4:6733
AN0πK

′D

� �1=2

ð9Þ

With a maximum current density;

im ¼ 0:4615zFD3=4 C AN0K
′

� �1=4
ð10Þ

where K ′ ¼ 4
3

8πCM
ρ

� �2
, and the product of i2m tm yields:

i2mtm ¼ 0:2598 zFCð Þ2D ð11Þ

The diffusion coefficient can be determined from the prod-
uct of (i2m tm) which is independent of the nucleation and
growth rate [20]. Table 1 shows that the number of nucleation
Table 1 – Compression of the current and time maxima
affected by cysteine concentration, and the calculated
nuclear number, diffusion coefficient and height of
depositing layers.

App.
potential:

E (V)

Imax

(mA cm−2)
tmax(s) AN0

(×10−6 cm−2)
D×106

(cm2 s−1)

(−1.1 V), MF −0.6347 11 0.9273 0.157
(−1.1 V), no MF −0.9756 4 0.4141 0.112
(−1.2 V), MF −2.8782 4 1.0385 1.126
(−1.2 V), no MF −2.1682 5 0.9688 0.793
(−1.3 V), MF −5.5515 4 1.686 4.161
(−1.3 V), no MF −4.0700 5 1.6731 2.792
sites and diffusion coefficient is increased due to the increase
of applied potential (from −1.1 to −1.3 V) and the presence of
PPMF. The calculated diffusion coefficient increases with the
presence of PPMF and tabulated in Table 1. The falling portion
of i–t transient (Fig. 3) could be analyzed to study the initial
transient stages.

3.2. Mass Electrodeposition

Fig. 4 shows the massograph of the electrodeposited Ni–Co–
Fe–Zn alloy calculated from the difference of the bare and
coated Cu plates. The mass electrodeposition increases with
the increase of potential from −1.10 to −1.30 V. This phenom-
enon could be explained by the increase in the current due to
the decrease of diffusion layer caused by the MHD effect in the
presence of PPMF. As aforementioned, the difference between
mass deposition of alloys with and without PPMF increases
with the increase of applied potential. The mass of electrode-
position increases in the presence of PPMF [20]. Aboubi et al.
[26] have also shown that the current (il) is inversely propor-
tional to the viscosity of solution v, but proportional to the
bulk concentration of electroactive species C, the electrode
surface area A, the magnetic flux B, the diffusion coefficient
D, and the number of electrons n, as given in Eq. (2).

The relationship between the magnetic flux and mass in-
crease can be given by the Navier–Stokes equation [27] and
[28]:

m ≈ 0:63 ρRð Þ−1=3:v−2=9:D8=9: nFcBð Þ1=3 ð12Þ

where R is the electrode radius, F is the Faraday constant, ρ
the density of solution and other parameters as mentioned
previously.

Fig. 4 gives the mass electrodeposition rate with various
current densities in the presence and absence of PPMF,
which could also be supported by Eq. (12). Our previous results
[20,21,29–31] have shown that the mass of electrodeposition
with PPMF is greater than the mass of electrodeposition with-
out PPMF. Furthermore, the difference between the mass of
electrodeposition with the presence and the absence of the
PPMF increases with the increase of the current density. Note-
worthy, the electrodeposition efficiency of Ni–Co–Fe–Zn alloys
increases due to the presence of PPMF (9 T) compared to the
Fig. 4 – Mass electrodeposition rate of Ni–Co–Fe–Zn alloys in
the presence and absence of PPMF.

image of Fig.�4
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absence of PPMF, from 63.22% to 66.11% (at −1.1 V), from
65.27% to 72.27% (at −1.2 V), and from 69.96% to 80.10% (at
−1.3 V). Significantly, it was also found that the increase in de-
position potential led to the increase in deposition efficiency.

Notably, the limitations of alloy electrodeposition in higher
viscosity DMSO solvent compared to aqueous solutions are
slower ion transport and lower ionic conductivity. Further-
more, the presence of carbon was found in the EDX results
(inset of Fig. 5) at higher applied potential. The detected car-
bon on the deposits could be due to the decomposition of
DMSO solvent.

3.3. SEM/EDX

Scanning Electron Microscopy (SEM) was used to investigate
the surface morphology of the electrodeposited Ni–Co–Fe–Zn
alloy. The SEM images (Fig. 5A, C) and (Fig. 5B, D) are alloy sur-
faces deposited at −1.10 V and −1.30 V respectively. Fig. 5C
and D images are alloy surface which are deposited in the
presence of PPMF (9 T). Several researchers [26] and [32]
reported that themagnetic field affects the deposit morpholo-
gy. Micro-cracks appear on the surface layers (Fig. 5B and D)
which are deposited at more negative potentials −1.30 V, and
these cracked surface images are also similar to that reported
for the deposition of platinum on copper substrate [33] and
[34]. But Fig. 5D shows fewer micro-cracks compared to
Fig. 5 – The SEMmicrographs (magnification 10000×) of Ni–Co–Fe–
with PPMF (9 T), C) −1.10 V, D) −1.30 V. The SEM images were ma
layers.
Fig. 5B with the same deposited potential. Zielinski et al. [35]
have found that the stress on the surface could be reduced
by using magnetic field during the electrodeposition process,
which could lead to fewer micro-cracks on the surface. They
have also reported that the micro-cracks appeared due to
heat and free entropy of adsorption of charged species. The
EDX spectrum taken together with the SEM shows that
the alloy surface contained only Ni, Co, Fe and Zn. From the
EDX results (Fig. 6), it was found that the Ni content on the
electrodeposited alloy surface was always lower than the
Composition Reference Line (CRL) due to the anomalous be-
havior. In this case, the CRL of Ni is defined as [19]:

CRL ¼
c Niþ2
� �

c Niþ2 þ Coþ2 þ Feþ2 þ Znþ2
� �h i� 100 ð13Þ

where c is the concentration of each ion (i.e., c (Ni) is the con-
centration of Ni2+ in electrolyte). From the EDX results, it can
be seen that the weight percentage (wt.%) of Fe became smal-
ler with the increase of current density due to the increase of
applied potential. The anomalous behavior could be seen
from the CRL in Fig. 6. The CRL for Ni (25%) was calculated
and marked in Fig. 6. Notably, the lowest deposition content
belonged to Zn. The co-electrodeposition of Zn with Fe, Co,
and Ni did not occur at deposition potential of −1.10 V, but
Zn electrodeposited without PPMF: A) −1.10 V, B)−1.30 V, and
rked with EDX to show the composition of electrodeposited

image of Fig.�5


Fig. 6 – EDX results of the percentage of metal elements with the deposition potential.
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the Zn content became higher with the increase of deposition
potential. For electrodeposition of the Ni–Co–Fe–Zn alloys at
−1.10 and −1.30 V, the anomalous behavior was mainly
shown by Fe2+ due to the UPD in DMSO. Noteworthy that the
Fig. 7 – AFM images of Ni–Co–Fe–Zn alloy surface electrodeposite
PPMF (9 T): C) −1.10 V, D) −1.30 V.
oxidation of Fe2+ to Fe3+ was not observed in DMSO due to
the low amount of oxidation agents (e. g., H2O). This result is
quite different from our previous results where the anoma-
lous deposition was shown by Zn2+ from electrodeposition
d in the absence of PPMF: A) −1.10 V, B) −1.30 V, and with

image of Fig.�6
image of Fig.�7
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in aqueous solution [21]. The anomalous behavior in the elec-
trodeposition of Ni–Co–Fe–Zn alloys is diminished when using
PPMF and at higher applied potential of −1.30 V [19].

3.4. AFM Studies

Atomic Force Microscopy (AFM) was used to determine the
surface roughness of the Ni–Co–Fe–Zn alloys. Fig. 7 shows
the 3D AFM images of the Ni–Co–Fe–Zn alloy surface deposit-
ed with and without the presence of PPMF (9 T). The 3D AFM
images were prepared at the same vertical scale from a scan-
ning surface of 1×1 μm. The surface images in Fig. 7A and C
were obtained at −1.10 V deposition potential whereas the
surface images in Fig. 7B and D were obtained at −1. 30 V de-
position potential. The 3D AFM images of the alloys electrode-
posited in the presence of PPMF are on the right (Fig. 7A and
B), while the 3D images of the alloys electrodeposited in the
absence of the PPMF are on the left (Fig. 7C and D). These re-
sults show that the surface became smoother when electrode-
posited using PPMF under the same conditions. The smoother
electrodeposited surface could be due to the decrease of the
double layer when the PPMF was present. At the applied po-
tential of −1.10 V, the roughness factor was reduced from
10.55 nm (without PPMF) to 9.06 nm (with PPMF). Furthermore,
at the applied potential of −1.30 V the roughness factor was
reduced from 16.67 nm (without PPMF) to 9.22 nm (with
PPMF). These results are in accordance with our previous re-
sults [20]. Fahidy [36] has also investigated the influence of
PPMF on the dendrites and branches on the electrodeposited
surface although the effect of the magnetic field towards a
more even electrodeposited surface is still unclear.

3.5. OCP and EIS

The corrosion behavior of the Ni–Co–Fe–Zn electrodeposited al-
loys from DMSO was studied. Two types of electrochemical
measurements were used to determine the corrosion resistant
properties of the Ni–Co–Fe–Zn alloy surface, which are the
Open Circuit Potential (OCP) and Electrochemical Impedance
Spectroscopy (EIS). Four samples with different elemental com-
positions were tested in these experiments. It was found that
Fig. 8 – OCP measurements with time for deposited
Ni–Co–Fe–Zn alloys with different compositions immersed in
3% NaCl solution for 1800 s.
the surface with higher content of noble metals (i.e., Ni, Co)
hasmore positiveOCP. In these experiments, Fe is the sacrificial
element. At longer measurement times, the curves became de-
pressed to lower potentials, because of the oxidation ofmetallic
Fe to Fe2+ andFe2+ to Fe3+. After the passivationof the surface of
the plated layers has taken place, the steady state condition is
achieved for longer measurement times as shown in Fig. 8.

EIS was done immediately after the OCP results were
obtained. EIS was done on the alloy surface to analyze the
“NaCl solution/Ni–Co–Fe–Zn alloys/Copper substrate” system.
The parameters in the EIS (R, C and Q) were obtained using
a simulation program which were compared with the
results from experiments, where the equivalent circuit of R(Q
[R(RC)])(RQ)was found toaccurately fit the experimental results.

F. Mansfeld [37] and J.R. Scully [38] reported that most im-
pedance data for coated metals which have been exposed to
corrosive solution can be represented by the first part in the
equivalent circuit diagram in Fig. 9.

The physical model of the “NaCl solution/Ni–Co–Fe–Zn
alloy/Copper substrate” system which is represented by the
equivalent circuit could be explained as follows. The R repre-
sents the NaCl solution resistance between the alloy surface
and the RE, which can be written as Rs, where Rs was con-
nected in series with a parallel circuit which consists of Q
and R. The Q is the capacitance of the alloy coating, resulting
from the pores in the Ni–Co–Fe–Zn alloy, from the corrosion
in the sea water solution.

Instead of a pure capacitor, a Constant Phase Element (CPE)
was introduced in the fitting procedure to obtain good agree-
ment between the simulated and experimental data. The im-
pedance of CPE is defined as ZCPE=Q−1 (jω)−n; where Q
(Ω−1 sn cm−2) is the combination of properties related to both
the surface and the electroactive species, independent of fre-
quency. The Q will be closer to capacitance if the n value be-
comes closer to 1, but it should be stressed that for
simplicity Q is often considered as capacitance. The R is the
pore resistance which can be written as RP which represents
the resistance towards ion conduction in the pores of the
alloy layer.

The pore resistance Rp was connected in series with the
second parallel combination of R and C, where R is the resis-
tance towards the charge transfer which occurs across the
“NaCl electrolyte/Ni–Co–Fe–Zn alloy” where corrosion
Fig. 9 – Nyquist plots for Ni–Co–Fe–Zn alloy surface
immersed in 3% NaCl solution at 1800 s immersion time.
×); Ni20.2–Co17.14–Fe36.9–Zn1.6 ▲); Ni14.4–Co14.8–Fe46.2–Zn1.2

▼); Ni14.4–Co11.9–Fe56–Zn1.2 ♦); Ni2.5–Co32–Fe60.6–Zn0.3.

image of Fig.�8
image of Fig.�9


Table 2 – Simulated data from EIS for Ni––Zn alloys electrodeposited from DMSO solution.

Electrodeposited at: Composition of layers Rct

(kOhm)
C1
(μF)

Q1Y0
(Ω−1 (s)ncm−2)

n

−1.3 V(PPMF) Ni20.3–Co17.4–Fe36.9–Zn1.6 20.42 1.962 0.136e−02 0.779
−1.3 V Ni4.4–Co14.8–Fe46.2–Zn1.2 10.39 2.532 0.349e−02 0.709
−1.1 V (PPMF) Ni4.4–Co11.9–Fe56–Zn1.2 9.67 13.8 0.188e−02 0.666
−1.1 V Ni2.5–Co32–Fe60.6–Zn0.3 7.59 28.05 0.566e−02 0.656
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happens in the Ni–Co–Fe–Zn pores and can be written as Rct.
Therefore the Rct is the measure of the corrosion resistant
property of the alloy in the pores surface. The parallel combi-
nation with the Rct is the double layer capacitance C, which
can be written as Cdl and this is the double layer capacitance
across the “NaCl electrolyte/Ni–Co–Fe–Zn alloy” in the pores.

The third parallel combination of R and C is for the copper
substrate, where the corrosion has reached the copper sub-
strate. The R is the charge transfer resistance for the corro-
sion reaction which occurs across the “NaCl electrolyte/Cu
substrate” and can be written as Rctc. Q is the CPE for the cor-
rosion reaction which occurs across the “NaCl electrolyte/Cu
substrate”which can be written as Qc. The overall equivalent
circuit diagram which represents the “NaCl solution/Ni–Co–
Fe–Zn alloys/Copper substrate” system can be written as
Rs(Q[Rp(Rct Cdl)])(Rctc Qc).

Fig. 9 also showed that the diameter of semi-circles de-
creased in the presence of the less noble metal (i.e., Fe). Table 2
gave the values of Rct obtained from the curve fitting procedure,
which shows that Rct values decrease in the presence of the less
noblemetals, in this case Fe. It also illustrates that the corrosion
resistance of the alloys increase with the increase of deposition
potential and with the presence of the PPMF. The electrodepos-
ited alloys show stronger resistance against corrosion in the
presence of more noble metal Ni and Co.
4. Conclusion

The influence of the magnetic field (9 T) aligned parallel to the
cathode surface, on the electrodeposition of Ni–Co–Fe–Zn alloys
in DMSO solution was studied at room temperature. The PPMF
influence on the electrodeposition reaction is by decreasing
the double layer thickness and thus increasing the current den-
sity and themass deposition. The increase of deposition current
is shown in the voltammogram in the presence of PPMF (9 T).
Fromchronoamperometry, the increase inelectrodepositionpo-
tential causes the increase in the current enhancement percent-
age (η%)where η%=2±0.07%, 15.8±0.93% and 21.6±1.04% for 1 h
at −1.10, −1.20 and −1.30 V respectively, with the presence of
PPMF. The nucleation and growth of the electrodeposition pro-
cesswere investigated, and itwas concluded that the nucleation
process was progressive at different applied potentials in the
presence and absence of PPMF, from DMSO solvent. From the
AFM results, the roughness factor of the alloy surface electrode-
posited with PPMF was reduced compared to the alloy surface
electrodeposited without PPMF for both deposition potentials.
The electrodeposition of less noble metal (i.e., Fe) decreased
and the more noble metals (i.e., Co and Ni) increased when
done in the presence of PPMF. It was found that the layers with
larger content of noble metals showedmore resistance towards
corrosion than the layers with lower content of noble metals.
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