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Pure and composite nickel deposits containing nano-Al, 03 particle (50 nm) were produced under direct
current (DCED) and pulsed current electrodeposition (PCED) conditions in the presence of magnetic field
(MF). The influence of MF on the co-deposition of Al, 03 particles, texture coefficient of Ni and Al, O3, crys-
tallite size, thickness, current efficiency and hardness of the deposits were investigated systematically.
PCED regime exhibited higher incorporation nano-Al,03 percentage than those obtained under DCED
condition. The electrochemical impedance spectroscopy results show several order higher R and lower
icorr for PCED Ni—Al; O3 in the presence of magnetic field (MF) than that of DCED Ni—Al,03; composites.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Recent years, metal matrix nanocomposite (MMNCs) coatings
have got much attention for its excellent mechanical properties
such as wear resistance, mechanical [1], corrosion resistance and
lubrication [2,3]. However, one of the challenges is dispersal of the
particles in a common electrolyte can be problematic. In most cases
agglomeration and sedimentation of the particles occurs which
makes successful co-deposition difficult. A diversity of nanosized
particles, such as SiC [4], SiO, [5], Al,03 [6,7], ZrO, [8] have been
successfully co-deposited with several metals. It is well known that
the application of magnetic field can enhance mass transport in
electrochemical reactions. This effect is called magnetic hydrody-
namic effect (MHE) [2] and is caused by magnetic forces which
induce convective movement in the electrolyte. The best investi-
gated magnetic force in electrochemical reactions is the Lorentz
force density, which induces fluid motion and thus can enhance
the mass transport [9]. Eq. (1)

fL=jxB (1)
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Furthermore, the magnetic nanoparticles will move in the elec-
trolyte towards regions with higher magnetic flux density due to
magnetophoretic force (Eq. (2)) [10].

fmp: %(B'A)B (2)

where j is the current density, B is the magnetic flux density (bold
faces symbolize vector quantities) x is the susceptibility of the
particles and o is the magnetic permeability of the free space.
Notice that fi acts on fluid elements whereas fimp acts on the par-
ticles themselves. The circulation velocity was proportional to the
intensity of magnetic flux density. The circulation velocity on the
electrode was about 10 times higher than the average circulation
velocity. It is considered that circulation produced by Lorentz force
was effective, compared with mechanical or air mixing, in ensuring
that the incorporation of particles. Magnetic field, as a controllable
method, has been attempted to be adopted in the electrochem-
ical process. Hu and Chan [11] discovered that the polarization
curves and the SiC content in nickel matrix as well as the cor-
rosion resistance of composite coatings could be influenced by
magnetic field. Thanks to superconductive technology for provid-
ing magnetic flux density (MFD) more than 1T for the past two
decades. Ispas et al. [12] conducted frequency-dependence of lin-
ear and second harmonic AC response differential measurements
disclosed that the kinetics of the adsorption process occurs during
Ni—Fe alloy deposition influenced by the additional mass-transport
brought about by magnetically driven convection. Zhong et al. [13]
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Fig. 1. Schematic diagram of the experimental setup for the Ni—Al,03; composite
deposition in perpendicular magnetic field (B field), N north pole, S south pole of
magnet, CE counter electrode, WE working electrode and RE reference electrode.

reported that magnetic field improved the particle content incor-
porated into nickel matrix increased about 8 wt% of particle content
under 0.7 T MF. MHD not only enhanced mass transport process but
also improve the discharge reaction. Thiemig et al. [14] reported
recently both pulse and pulse reverse electrodeposition control-
ling both particle content and properties of MMNCs. This is our
first report explaining current efficiency, hardness, structural com-
position, anticorrosive properties of Ni/Al,03 under PCED in the
presence of MHD force. The structures of Ni—Al,03 composition
were analyzed by XRD, SEM and EDS respectively.

2. Experimental

A typical three-electrode cell was used for electrochemical
experiments. The effective area of the working electrode (WE made
from Cu) was around 0.38 cm?, counter electrode (CE) was a Pt foil
of approximately 3 cm x 7cm area and 0.2 mm thickness, placed
in parallel to the WE. The distance between the WE and CE was
approximately 2 cm. The WE was fixed vertical in the cell, parallel
to the gravity. Saturated calomel electrode (SCE) used as refer-
ence electrode, nickel and Ni—Al,03 deposition were carried out
from 240 g/L NiSO4 and 45 g/L NiCl, (pH=4+0.3) in highly puri-
fied water at 2 Adm~2. A detailed description of the experimental
setup of the magneto-electrodeposition setup is shown in Fig. 1.

The magnetic field (with flux up to 0.5T) was superimposed
from a water-cooled electromagnet (VEB Polytechnik, Phylatex,
Chemnitz, Germany). The structural morphology of the deposited
Ni and Ni—Al,03 composites was investigated using a FEI Quanta
600 and Zeiss DSM 982 scanning electron microscope. Further-
more, EDX analyses were performed on the surface for the amount
of Al,03 particle incorporation. The accuracy of EDX analysis was
approximately +0.5vol%. An average was taken from three ran-
domly chosen points. X-ray diffractogram was recorded with a
scan step size of 0.0171° and step time is 10.3366 s for 26 ranging
from 10 to 100° (PANalytical model X’pert PRO) X-ray diffractome-
ter using Cu Ka, A =0.1540 nm. The size of the nickel and Al,03
crystallites were determined from the broadening of the peaks
reflections according to the Debye-Scherrer equation [15]. The
surface morphology and the distribution of particles within the
metal matrix were investigated using a FEI Quanta 600 and Zeiss
DSM 982 scanning electron microscope. Furthermore, EDX analy-
sis was (655 wm?) performed with accuracy +0.5 vol% average was
taken from three randomly chosen points. Everyone (MH-series)
microhardness tester with Vickers indent was used to determine
hardness of Ni—Al, 03 composites.
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Fig. 2. (A) Effect of magnetic field (a) direct current (DCED), (b) pulse current elec-
trodeposition on thickness and current efficiency of Ni—Al,0; nanocomposite. (B)
Effect of magnetic field (a) direct current (DCED) and (b) pulse current electrodepo-
sition on hardness and Al,Os particle content.

3. Results and discussion
3.1. DCED VS. PCED

PCED significantly raises the limiting current density (I.) by
replenishing metal ions in the diffusion layer only during Togg. In
the conventional DCED there is only one parameter, namely cur-
rent density (I), which can be varied. But in PCED, we have three
independent variables, viz., (i) ON-time (Toy), (ii) OFF-time (Togg)
and (iii) peak current density (Ip). The pulse Ton must be less than
the transition time (7), time required for the interfacial concentra-
tion to reach zero and much longer than the charging time (t¢) in
microseconds. The value of pulse Iy might for exceed DCED lim-
iting current density (Ig). In PCED, high Ip enhances the adatoms
population and nucleation rate during Ton. PCED can control the
electro crystallization mechanism and controls the physical and
mechanical properties of the electrodeposited metal [16].

3.2. Effect of magnetic field on thickness and current efficiency
under DCED and PCED

From Fig. 2A it is noted that the electrolytic currents are
enhanced by applying perpendicular magnetic field during elec-
trodepositing Ni—Al,03 films. It is well known that the MHD
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convection induced by Lorentz force could reduce the thickness
of diffusion layer and concentration polarization, thus enhance the
mass transport process [17,18]. In other words, MHD effect leads
to a convective movement of Ni2*, nano-alumina particles, and
otherinvolved reagents to the electrode surface, and for the electro-
chemical systems limited by the mass transport which induced an
increase of the electrolytic current. Bund et al. [ 19] thought that the
enhanced phenomenon was ascribed to interplay of natural con-
vection and forced convection induced by Lorentz force. As a-Al, 03
particle was surrounded by a thin layer of adsorbed Ni%* and H30*
ions after being immersed in Watts electrolyte, the more adsorption
of nano-particles, ions reached the cathode surface and eventually
increases the reduction current.

Fig. 2A shows that the thickness of composite coatings was
increased with particle content increase, which is in agreement
with the results by Pushpavanam and Shenoi [20]. It means that the
magnetic field improved the deposition rate of composite coatings.
Bund and co-workers [21] got different results. They hypothesized
that the current efficiency of Ni electrodeposition was 100%, thus,
the current efficiency increases with increase of particle content
is increased. It is well known that the co-deposition phenomenon
always goes with the reduction reaction of H* as mentioned above,
a-Al, 03 particle were surrounded by a thin layer of adsorbed Ni2*
and H30" ions. After the particles were introduced in Watts's elec-
trolyte, more Al, O3 particles were adsorbed on the cathode surface,
more H* were reduced. Experimental results showed that the MHD
convection increased the mass transport of protons, which were
involved as a secondary reaction in the electrochemical mechanism
in nickel electrodeposits [22] and in iron electrodeposition [20].

3.3. Effect of magnetic field on hardness

An increase in the hardness of a material is always associated
with an increase in its resistance against ductile deformation and
thus against the generation and sliding of dislocations (Fig. 2B).
For the nano-MMCs produced in this study, have two possible
hardening and strengthening mechanisms: the hardening by grain
refinement [23] of the matrix and the dispersion hardening by par-
ticles [24]. The particles act as obstacles to dislocation movements
and cause the hardening of the material. The hardening by grain
refinement is based on the increasing number of grain boundaries
and triple junctions due to the decreasing grain size. In this case, the
grain boundaries and triple junctions act as obstacles to the disloca-
tion movement. There are several mechanisms which describe the
interactions of the dislocations with the dispersed particles in the
metal matrix. The hardening by particles due to particle shearing
takes place only for coherent particles with a similar lattice struc-
ture as that of the host metal [25]. If a dislocation strikes a particle,
the dislocation enters into the particle, passes through and shears it
on a slipping plane. This causes new additional surface area which
requires interfacial energy and is responsible for the strengthening
of the material [26].

3.4. XRD analysis

Fig. 3 gives X-ray diffraction pattern of Ni—Al,03 electrode-
position in the presence of magnetic field under DCED and PCED
techniques. The magnetic field has little influence on (220) and
(111) plane, for both techniques (220) was the preferred ori-
entation. In PCED we found new crystallographic phase of Al,03
nanoparticles, so XRD data is also provides another evidences of
increasing incorporation of Al,03 particles. The crystallite sizes
of Ni and Ni—Al,03 composites coatings were calculated from
Debye-Scherrer equation D=0.94)1/Bcos6 [15]. Where D is the
grain size, f is the full width at half maximum (FWHM) of the
diffraction peak, X is the wavelength of the incidental X-ray (1.54 A),
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Fig. 3. X-ray diffraction pattern of Ni—Al,03; electrodeposited nanocomposite
obtained in both DCED and PCED techniques.

and 6 is the diffraction angle. The average crystallite sizes were cal-
culated and the values vary from 42 to 48 nm and 23 to 27 nm for
Ni and Al 03 nanoparticles respectively.

3.5. Surface morphology, microstructural and microchemical
characterization

SEM micrograph revealed that the Ni grain structure of the trun-
cated pyramidal type (Fig. 4A and D), where a cluster of fine grains
surrounds relatively large grains of DCED. The grains size and shape
of the Ni films were significantly reduced and altered due to cur-
rent interrupted PCED techniques. In the case of PCED the number
of atoms deposited during cathodic cycle is defined by ton and i
sorption process occurring during pulse pause which may influ-
ence nucleation and growth process [27]. Ni—Al, 03 composite size
and shape of the grains were significantly altered due to direct,
pulsed current condition and incorporation of Al,03 nanoparticles
(Fig. 4B and E). In the case of Ni—Al,03 composites the agglomer-
ations of Al,03 particles appear as bright spots in the dark nickel
matrix under DCED. Condition, validated by energy dispersive X-
ray spectroscopy (Fig. 2B). The nickel growth is affected by several
interfacial inhibitors such as Hy, Hyqs, Ni(OH), [28]. It is assumed
that PCED conditions as well as particle incorporation perturb
the nickel growth and induce an increase the number of nucle-
ation sites resulting in a refined grain structure [29] thereby the
perturbation of the crystal growth results from a change in the
adsorption-desorption phenomena at the Ni/electrolyte interface
which is probably caused by an local pH increase induced by an
adsorption of H* to be dispersed particles [30]. The application of
magnetic field improved the particle content incorporated into Ni
matrix in the case of PCED than DCED techniques. This is due to
combined effect of MHD condition due to eddy vortices and reduces
the thickness of the diffusion layer as a result of increasing concen-
tration gradient (Fig. 4C and F).

The particle content in composite coatings (Fig. 2B) clearly
shows that with increasing of magnetic flux density, the content
of particles in composite coatings increases. When imposing of a
high magnetic field in the process of electrodeposition, an eddy
motion could be induced to agitate the electrolyte. Thus, the nano-
Al, 03 particles should be transported to the cathode surface for the
co-deposition. When the magnetic field density increases, the fluid
flow is capable of transporting Al,03 particles to the substrate and
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Fig. 4. Scanning electron microscopy of coatings obtained with and without magnetic field at 2 Adm~2current density (1: 0T DCED pure Ni; 2: 0T DCED pure Ni—Al,03, 3;
0.4T DCED Ni—Al,03, 4; 0T PCED pure Ni; 5: 0T PCED pure Ni—Al,03, 6; 0.4T PCED Ni—Al,03).

the co-deposition behavior of nano-Al,03 particles is apparently
controlled by particles transfer.

3.6. Electrochemical impedance spectroscopy
In order to investigate the effect of MF on the composite pro-

cess, the EIS of the process were examined. Fig. 5 gives the Nyquist
plot of EIS curves with various MF strengths. In Nyquist diagram,
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Fig. 5. Electrochemical impedance spectroscopy of electrodeposited Ni—Al, 03 sys-
tem at different magnetic field.

the composites coatings revealed one semicircle which indicates
single electron transfer process. For Ni—Al,03 composite coatings
the diameter of semicircle on Nyquist plots increases with increas-
ing magnetic field. Such behavior indicates that the charge transfer
resistance is changed in the presence of magnetic field. The equiv-
alent circuit (insert in Fig. 5) is used to fit the corrosion resistance
parameters. Rt and Cy; represent the charge-transfer resistance and
double-layer capacitance, respectively. The fitted impedance spec-
tra are in good agreement with the impedance spectra recorded
during the measurements, as shown in Fig. 5. The calculated val-
ues of circuit elements are listed in Table 1. The charge transfer
resistance increased from 183 Qcm? in 0.3T to 28,180 2 cm? in
0.48 T magnetic fields. Increase of R¢; with increasing of MF is due
to enhancement of incorporation of SiC/Al, 03 which diminishes the
exposed metallic area [31,32]. Increased amount of Al, O3 is consid-
ered to be attributing to the improvement of mass transport process
butalsoimproved the discharge reaction. The MF enhanced the lim-
iting current density in unstirred solution enhancement stronger
(5-10%) than that in stirred solution (2-5%) [33]. The ions mov-
ing with velocity v in the electrolytic solution will be subject to
the effect of Lorentz force (qv x B) shown in Fig. 6A and B. When
nanoparticles were added into electrolytic solution, the electrolytic
current distorted in the vicinity of a particle, because the nanopar-
ticles are inert and non-conducting ones as illustrated in Fig. 6B.

Table 1
Corrosion parameters obtained from polarization studies and impedance measure-
ments by Nyquist plots in 3.5% w/v NaCl solution.

Magnetic field icorr (Acm?) Rt (2cm?) CR (mmpy)
03T 8.8x 107 183 2.4958
0.36T 33x107° 365 0.9470
04T 1.3x10°° 1276 0.3780
046T 1.2x10°6 28,180 0.0340
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and F indicate the actual direction of the current density, the magnetic flux density, and the Lorentz force, respectively.

In this case, the electrolytic current had an orthogonal compo-
nent to the magnetic field [34] direction as shown in Fig. 7. CR
is corrosion rate whose value is decreased when increasing MF
strength. When a magnetic field is applied perpendicular to the
electrode, a localized convection introduces a hydrodynamic drag
out, which acts on the hydrogen bubble (obstacle in the flow). The
contact angle increases (weaker adhesion), due to the drag force
action, H, bubbles could be removed from the electrode surface. As
a consequence, enhanced desorption of H, is observed [34]. There-
fore, micro holes free smooth Ni—Al, 03 nano composites obtained.
Therefore, the Lorentz force is induced by the interaction of an
imposed magnetic field and a distorted electrolytic current. In the
electroplating electrolyte, the MHD flow generated by the Lorentz
force proceeded on the electrode surface, and many minute vortices
emerged above the surface [35]. In total, the motion of numerous
eddy vortices near the cathode surface will lead to the convection of
electrolytic solution. This is the stirring effect of MHD convection,
which can affect the morphology of the deposits. Through the MHD
convection, the electrolytic solution will be stirred and the dispers-
ing power will be enhanced. Thus, the MHD convection reduces
the thickness of the diffusion layer and consequently, results in an
increasing concentration gradient, which should have an effect on
the grain size [36] and morphological variations [37]. Hinds et al.
[18] also proposed that the effect of the magnetic field is to induce
convection in the solution and it is equivalent to rotating the elec-
trode or stirring the solution. When a MF is applied perpendicular
to the electrode, a localized convection introduces a hydrodynamic
drag force [38], which acts on the hydrogen bubble. The contact
angle increases (weaker adhesion), due to the drag force action, Hy
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Particle —| Lorentz force £ .
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Fig. 7. Schematic view showing a principle to generate eddy motion in the vicinity
of a particle due to the interaction of a magnetic field and a distorted electrolytic
current.

bubbles could be removed from the electrode surface. As a conse-
quence, enhanced desorption of H, take place. This situation can be
derived from the surface morphology of Ni—Al, O3 layer deposited
under the perpendicular MF of 0.48 T, where no holes remained
after H, bubbles were formed.

Compared to DC electrodeposition, pulse electrodeposition can
yield nanocrystalline coatings with improved surface appearance
and properties such as smoothness, refined grains and enhanced
corrosion resistance [39,40]. Particle incorporation showed a ten-
dency to increase with the cycle as well as increasing the pulse
frequency. Decreasing the duty cycle as well as increasing the pulse
frequency corresponds to a longer relaxation (Togg) time.

4. Conclusions

The electrodeposition of Ni—Al,03 composites using a Watts
bath has been carried out in a high magnetic field and the
wear resistance of electrodeposited Ni—Al, 03 composites has been
investigated.

¢ The following are the salient conclusions of the present study: it

is feasible to prepare Ni—Al, 03 nanocomposite coating in a high

magnetic field instead of mechanical agitation.

In PCED the amounts of nano-Al,03 particles in the composite

coating increase with increasing magnetic flux density, and reach

a maximum value and hence hardness of deposits enhanced.

e Eddy motion generates around each particle due to the inter-
action of an imposed magnetic field and an electrolytic current
distorted by the existence of non-conducting particles. R¢t value
of PCED Ni—Al, 03 in the presence of MF is several orders higher
than that of DCED Ni—Al, 03 composites.
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