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Abstract. Ni-Co/SiO, nanocomposite coatings and Ni—-Co alloy coatings were prepared on steel substrate using
direct and pulse electrodeposition methods. X-ray diffraction (XRD), field emission scanning electron microscope
(FESEM), X-ray map and energy dispersive X-ray spectroscopy (EDX) were employed to investigate the phase struc-
ture, surface morphology, and elemental analysis of coatings, respectively. In high discharge rates, the surface mor-
phology was rough, disordered and gross globular; on the contrary, in the low rates, it was smoother, more ordered
and fine globular. Also, effect of electrodeposition parameters such as average current density, pulse frequency and
duty cycle on the microhardness and grain size of nanocomposite coatings that produced through the pulse current
electrodeposition method have been investigated. By amplifying both duty cycles up to 50% and average current
density from 2 to 6 A dm~2, microhardness increased, while the grain size decreased. But when duty cycle mounted
on more than 50% and the average current density went up to 8 A dm~2, microhardness lessened, while the grain
size rose. The optimum value for pulse frequency was about 25 Hz. Results showed that microhardness of nanocom-
posite coatings which were produced by pulse current method was higher than that of produced by direct current

method.
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1. Introduction

One of the best methods to produce nanostructure coatings
is electrodeposition method, in which discharge is performed
on the cathode. Nucleation on the cathode is affected by dif-
ferent agents such as crystal structure of the substrate, surface
free energy, adhesion energy, crystal orientation of electrode
surface and crystallographic lattice of the crystalline deposit-
substrate [1].

For the first time, nanostructure metals and alloys were
prepared by blowing inert metallic gas on a cold substrate
in which fast gas condensation and fast nucleation occurred;
thus, nanometric grain sizes were obtained. Among other
methods, plasma, physical and chemical vapour deposition,
electrochemical deposition, fast solidification, mechanical
alloying and sever plastic deformation can be numerated.
Nanostructures prepared by electrodeposition, however, have
been widely investigated since 1990 [1].

Recently, studies are done on nanocomposite coatings pre-
pared by electrodeposition method. These coatings due to
their high corrosion and wear resistance, have a wide range
of applications in automobile industry, engines and cast-
ing modules [2]. Theoretical model for electrodeposition
process of metal matrix composite can be delineated into
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four stages: (1) surface charge formation on the particle sur-
face of the suspension, (2) mass transfer of particles from
the suspension onto the cathode surface, (3) the interaction
between cathode surface and particles and (4) nanoparticles
entrapped in the growing metal layers [3].

Electrochemical deposition can be achieved by direct cur-
rent (DC), pulse current (PC) [4], pulse reverse current (PRC)
and pulse potentiostatic deposition [3]. In DC method, the
current remains stable with respect to time, while in PC
method, the current at Tony (ON time) has a certain value, but
at Topr (OFF time) it is zero [4]. In PRC method, the current
has a positive value at Ton and a negative value at Togg [3].

It should be mentioned that there are two important param-
eters in pulse current method: pulse frequency and duty cycle.
Pulse frequency is obtained from the following equation:

F = 1/(Tox + Torr)- ()

While the duty cycle can be obtained from:
¥ = Ton/(Ton + Torr)- (2)

In DC method, the duty cycle is always 100% [5].

Different studies demonstrated that by increasing the cur-
rent density, microhardness of coated layer decreases [2,6—19].
Accordingly, current density has an optimum value for nano-
composite coating in electrodeposition process. Yang and
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Cheng [5] reported that in manufacturing Ni—Co/SiC
nanocomposite coating, by increasing the pulse frequency and
reducing duty cycle, SiC content in the coating increased,
thereby the microhardness of coated film increased. Micro-
hardness of coating which was prepared in PRC method is
more than that of in PC method. Also in PC method, micro-
hardness of prepared coating is more than that of in DC
method [4].

Arunsunai Kumar et al [20] concluded that in generating
Ni—W/TiO, coating, micro hardness of prepared coating in
PC method was more than that in DC method. Shahri and
Allahkaram [8] reported that in preparing Co/BN nanocom-
posite coating, by increasing the current density to a specific
value, grain size decreased which is due to the increase in
nucleation rate. But further increasing the current density,
because of changes in both surface energy and growth mech-
anisms in the presence of hydrogen, grain size increased.
Yang and Cheng [5] reported that increasing the pulse fre-
quency and decreasing the duty cycle led to increase in the
amount of particles in the Ni—-Co/SiC composite coating,
thereby grain size reduces. Many studies have concentra-
ted on the effective parameters in preparing nickel-based
nanocomposite coatings.

During the preparation of Ni/CeO, nanocomposite coat-
ing, Sen et al [21] found that by increasing the temperature,
kinetic and thermodynamic driving forces affect the final
grain size of Ni/CeO, nanocomposite coating. In another
study, effect of uniform distribution on the nickel matrix was
evaluated and it was concluded that TiO, nanoparticles could
restrain the growth of nickel grains [11]. Another study con-
cluded that adding SiC nanoparticles could limit crystalline
growth of deposited zinc metal [14]. Effect of adding SiC
nanoparticles was also investigated in another study [22]. It
was found that the nanoparticles by reducing the mobility of
grain boundaries of nickel (pinning effect), led to reduction
of the grain growth of nickel.

Arab Juneghani et al [16] reported that the addition of SiC
nanoparticles led to increase in the number of nucleation
sites in the matrix and thereby the grain size decreased. Also,
the addition of SizN4 nanoparticles into the copper matrix,
leads to decrease in the grain size of prepared nanocomposite
coating [17,23]. In another research, grain size of Ni-Fe, O3
nanocomposite coating was finer than pure nickel coating
[24]. Addition of nanoparticles to the plating bath and their
entrapment in the nickel matrix caused to reduce the grain
size of nanocomposite coating [7,20,25-35]. Finally, dur-
ing preparing Ni-W-B/CeO, nanocomposite coating, Wang
Junli et al [36] concluded that decreasing duty cycle from 75
to 10% led to decrease the grain size.

No study has yet focussed on Ni—Co/SiO, nanocomposite
coating prepared by electrodeposition method. In the present
work, for the first time, Ni-Co nanocomposite coating rein-
forced by SiO, nanoparticles was processed by electro-
deposition method and effects of electrodeposition parameters
such as average current density, pulse frequency and duty
cycle on microhardness and grain size of nanocomposite
coating were investigated. There were insufficient reports
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about effect of current density, pulse frequency and duty
cycle on the microhardness and grain size of the coating.
Analysis of previous works were merely an observation and
are reported. According to the nature of these phenomena,
comprehensive and novel analyses are presented here. Also,
the effects of electrdeposition methods (PC and DC), cur-
rent density, pulse frequency and duty cycle on the surface
morphology of coatings have never been investigated before.

2. Materials and methods

Ni—Co coating and Ni—Co/SiO, nanocomposite coating were
deposited on the substrate of a 1 x 1 cm mild carbon steel
(with 0.43% carbon) by direct and pulse current methods.
The carbon steel substrates as cathode were polished by
emery paper (400, 600 and 1000) prior to the electrodepo-
sition process and then dipped in ethanol and 10% HCI for
2 min and 15 s, respectively. Finally, the substrates were
washed in distilled water. A sheet of pure 1 x 1 cm nickel
was used as anode.

Working surface area of all the samples was 1 and 3 cm?
for cathode and anode, respectively. Pulse and direct current
were produced by a power supply. The electrolyte was agi-
tated via a digital magnetic stirrer with a hot plate. Coating
bath volume was 100 ml and the length of magnet was 2 cm.
As shown in table 1, Watt’s bath composition was used to
prepare the electrolyte for coating. In this work, 20 nm SiO,
nanoparticles (99.5% Merck) were used as reinforcement.
Eleven specimens were coated by Ni-Co/SiO, nanocompos-
ite. Also two Ni—Co alloy-coated samples were prepared.

Table 2 reports the electrodeposition parameters for pre-
paring the specimens. Variations of current density from 2 to
4 and 6 to 8 A dm~? are applied on specimens 1-4.

Samples 5, 2, 6 and 7 show variations of pulse frequency
from 5 to 10 and 25 to 100 Hz. Specimens 8§, 9, 2 and 10 rep-
resent variations of duty cycles from 30 to 40 and 50 to 60%.

Conditions for preparing the samples are as follows: 50°C
electrolyte temperature, 300 rpm stirring rate, 4.3 pH and
90 min coating time. For all the electrolytes, 50 ml distilled
water with SiO, nanoparticles and sodium dodecylsulphate
(98% Scharlou) were primarily added to the beaker and agi-
tated for 24 h at a stirring rate of 1200 rpm. Watt’s materi-
als and distilled water were respectively added to the beaker
until water volume reached to 100 ml. When the coating
solution was prepared, temperature of magnetic stirrer plate
was increased until the solution temperature reached to 50°C.

Table 1. Composition of the plating bath.

Material Concentration (g1~1)
NiSO4-6H,O 220
NiCl,-6H,0 40

H3BO3 30
CoS04-7H,0 25
nano-SiO» 15

Sodium dodecylsulphate 0.3
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Table 2. Electrodeposition parameters for preparing the specimens.

Current Pulse Duty

Current density frequency  cycle

Specimen number type (A dm~?) (Hz) (%)
(Ni—Co/SiOy), 1 Pulse 2 10 50
(Ni—Co/Si0y), 2 Pulse 4 10 50
(Ni—Co/Si0»), 3 Pulse 6 10 50
(Ni—Co/Si0y), 4 Pulse 8 10 50
(Ni—Co/Si02), 5 Pulse 4 5 50
(Ni—Co/Si0y), 6 Pulse 4 25 50
(Ni—Co/Si0»), 7 Pulse 4 100 50
(Ni—Co/Si0y), 8 Pulse 4 10 30
(Ni—Co/Si0»), 9 Pulse 4 10 40
(Ni—Co/Si0O,), 10 Pulse 4 10 60
(Ni—Co/Si0»), 11 Direct 4 - 100
(Ni—Co), 12 Pulse 4 10 50
(Ni—Co), 13 Direct 4 - 100
Electrolyte metallic salts such as NiSO4-6H,O and

CoS0O4-7H,O were dissolved in water and subsequently
dissociated into positive and negative ions. Because of high
surface activity of nanoparticles, positive ions (Ni** and
Co?*) stuck on the surface of nanoparticles and formed an
positive ionic cloud around them. This led to the attraction of
nanoparticles by cathode surface, so that they entrapped into
the matrix and nanocomposite was formed.

Owing to characterization, Buhler microhardness device
was employed to determine Vickers microhardness. Tests were
done under vertical load of 100 g and loading time of 10 s.
The microhardness of each sample was measured 10 times
and the average value was chosen as microhardness of spec-
imen. To investigate the phase structure of the specimens,
X-ray diffraction (stoe-stadi-mp) with a CuKe radiation of
0.154 nm wave length was used. Moreover, surface morpho
logy, elemental analysis and elemental distribution were inves-
tigated through field emission scanning electron microscope
(FESEM MIRA 3 TESCAN).

Energy dispersive X-ray spectroscopy (EDX) and X-ray
map (which attached to the FESEM) were employed to inves-
tigate elemental analysis and elemental distribution of coat-
ings, respectively. Grain size of Ni-Co/SiO, nanocomposite
coating was calculated through famous Scherrar’s equation
(equation (3)):

t = 0.9A/B cos 0y, 3)

where ¢ is the grain size in nanometers, A the wavelength
(0.154 nm) of CuKa radiation, B the full width half maxi-
mum (FWHM) at 26g radians and 6y the Bragg’s angle [37].

3. Results and discussion

3.1 Phase structure

Figure 1 illustrates X-ray diffraction patterns for 12 speci-
mens obtained by changing current density, pulse frequency
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Figure 1. X-ray diffraction patterns in different electrodeposition
conditions of coatings extracted from table 2.

and duty cycle for Ni-Co/SiO; nanocomposite coatings and
Ni—Co alloy coatings prepared by pulse current electrodepo-
sition method. In this figure, the number of XRD patterns
are related to the number of samples in table 2. Production
conditions have been described in table 2. Peaks related to
nickel—cobalt alloy were observed in 20 = 45, 51.5, 76.3,
93 and 98.5°. Moreover, SiO,-related peak (plane of (110) in
26 = 14°) could be seen in just four of the specimens with
higher microhardness and abundant amount of entrapped
SiO, nanoparticles.

In these patterns, peaks of nickel—cobalt alloy and their
related plane can be observed. Related ranges of nickel—
cobalt alloy peaks were as follows: (40-50°), (50-60°), (70—
80°) and (90-100°). All the specimens exhibited the growth
orientation of crystal face (111). Because plane (111) had the
most diffraction intensity. The addition of SiO, nanoparticles
had no effect on the intensity.

In another research to prepare Ni-Co-TiO, nanocompos-
ite coating by pulse electrodeposition method on a mild
steel substrate it was reported that for Ni-Co without TiO,
nanoparticles, plane (200) (with maximum intensity) was
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dominant for crystal growth orientation, but by adding 2.5 wt%
of TiO, nanoparticles into the coating, the orientation of
the composite coatings changed from (200) to (111) (with
maximum intensity) [35].

Differences between the researches are maybe due to
different electrodeposition parameters such as temperature,
stirring rate, plating time, pH, type of nanoparticles and
chemical composition of plating bath. All of these parame-
ters are very prominent and could impress the coating pro-
cess. Other crystal planes related to nickel-cobalt alloy were
(200), (220), (311) and (222).

If the wt% of some phases in a sample is less than the
critical value (it depends on accuracy of XRD device, type
of phase and matrix), XRD device cannot show their related
peaks, or the intensity of the peaks will be too low to see and
can be ignored. Maybe because of the mentioned reasons, in
some specimens, amount of SiO, nanoparticles was too low
and SiO,-related peak had been disappeared. With regards
to XRD analysis and diagrams of microhardness of coatings,
it becomes clear that specimen with the sharpest SiO, peak
(see figure 1, specimens number 3), has the most microhardness,
too (see figure 5b, microhardness corresponds to the cur-
rent density of 6 A dm™2). Also, it has the sharpest SiO,
and Si-related peaks in XRD and EDX results, respectively.
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These results can be investigated and generalized to other
specimens.
The prominent Bragg’s law as follows:

niA = 2dhkl sin9, (4)

where 7 is the order of reflection, which may be any integer
(1, 2, 3, ...), A the X-ray wavelength, dj;; the inter planar
separation for a plane having indices &, k and [ and 6 the
angle of diffraction for constructive interference. Distance
between two adjacent and parallel planes of atoms for a cubic
crystal is as follows:

dhkl = a/ h2 + k2 + 12. (5)

Here a is the lattice parameter.

From these two recent equations, it is obvious that there is
an inverse relationship between 6 and dj;;. It means that by
increasing each one, the other one is decreased. Tensile and
compressive strains can increase and decrease the dj;; value;
thus, can shift the peaks to the right and left, respectively
[37].

According to figure 1, remarkable shifts in XRD pat-
terns of some specimens have been created. This phenomena
refer to the amount and type of strain that can be tensile or

Figure 2. FE-SEM images of coatings, DET: secondary electron, average SEM HV: 15 kV, average work distance:
13.6 mm.
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compressive. Ni-Co/SiO; is a nickel-based nanocomposite.
It is known that lattice parameters of nickel and cobalt are
about 0.35 and 0.25 nm, respectively. Formation of solid
solution between nickel and cobalt because of less amount of
lattice parameter of cobalt caused tensile strain in nickel lattice
(right shift). However, by adding SiO, nanoparticles, com-
pressive strain can be made on the coating (left shift). So the
amount of cobalt and SiO, nanoparticles in the coating deter-
mined the amount and type of strain. In figure 1, it can be
seen that XRD pattern of specimen 12 (Ni—Co alloy coating
without SiO, nanoparticles) has the most shift to the right.
By adding SiO; nanoparticles into the coating (especially in
specimens 1, 2, 3,4, 8, 9 and 10), it can be seen that patterns
shift to the left. In other specimens (5, 6, 7 and 11) because of
heterogeneous distribution of cobalt and SiO, on the coating
all or portion of tensile and compressive strains neutralized
each other. Maybe XRD analysis prepared from the zones
of coatings which the aggregation of cobalt is much higher
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than that of SiO, nanoparticles. So generally, there was low
compressive strain in those places of coating; thus, low shift
(to left) in the XRD results could be seen.

3.2 FESEM images, X-ray map and EDX analysis of
Ni—Co/SiO, nanocomposite coating

Figure 2 indicates FESEM images of Ni-Co/SiO, nanocom-
posite coating. To investigate effect of pulse frequency, cur-
rent density and duty cycle on the morphology of samples, a
comparison was done between samples produced in the low-
est (5 Hz) and the highest (100 Hz) values of pulse frequency.
Also, samples with minimum (2 A dm~?) and maximum
(8 A dm™?) values of current density and duty cycle (minimum
30% and maximum 60%, respectively) were compared. The
reason for these selections was to create the greatest differ-
ences between coating morphologies via the most variation
range of mentioned parameters.

Figure 3. Ni—Co/SiO; nanocomposite coating, X-ray map, Ni, Co and Si distribution, magnification
10000. (a) Pulse current type, current density 6 A dm~2, pulse frequency 10 Hz, duty cycle 50%,
(b) pulse current type, current density 4 A dm~2, pulse frequency 10 Hz, duty cycle 50%, (¢) pulse
current type, current density 4 A dm~2, pulse frequency 25 Hz, duty cycle 50%.
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Also, morphology of samples which have been produced
under pulse and direct current electrodeposition methods
(conditions, in pulse current method: 4 A dm~2, 10 Hz
and 50% and in direct current method: 4 A dm~2, 100%,
respectively) were compared. So, among these 13 specimens,
totally 10 specimens were selected to investigate the sur-
face morphology. Here, samples have been introduced from
al to j2. It should be mentioned that samples with same
english alphabet belong to one sample. For example, al and
a2 are related to one. Sample indexes 1 and 2 refer to the
magnification of 10,000 and 50,000, respectively.

As a result of long Ton and Topg, the discharge rate in low
pulse frequency (c1 and c2 images, conditions: 4 A dm™2,
5 Hz and 50%) is more than that of high pulse frequency
(dl and d2 images, conditions: 4 A dm~2, 100 Hz and
50%). At high current densities (hl and h2 images, con-
ditions: 8 A dm~2, 10 Hz and 50%) and high duty cycles
(el and e2 images, conditions: 4 A dm™2, 10 Hz and 60%),
the discharge rate increases. Conversely, at low current den-
sities (g1 and g2 images, conditions: 2 A dm~2, 10 Hz and
50%) and low duty cycles (fl and {2 images, conditions:
4 A dm~2, 10 Hz and 30%), the rate is reduced. Therefore,
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in low discharge rates (like low solidification rates), the
surface morphology is ordered, smooth and gross globular,
while in high discharge rates (like high solidification rates),
the surface morphology is disordered, rough and fine globu-
lar. FESEM images of Ni—Co/Si0, nanocomposite coatings
that were prepared by pulse current (al and a2 images, condi-
tions: 4 A dm~2, 19 Hz and 50%) and direct current (bl and
b2 images, conditions: 4 A dm~? and 100%) were shown. It
can be seen that in pulse current method, surface morphology
is smoother and more ordered, yet in direct current method,
surface structure is rough, disordered and gross globular. In
direct current method, discharge rate is more than that of pro-
duced in pulse current method. As a result, in pulse current
method, the surface morphology is same as the low solid-
ification rate structure. In direct current method, however,
the surface morphology is similar to high solidification rate
structure, yet it is rough and disordered.

By comparing FESEM images of Ni—Co alloy coatings
prepared by pulse current (il and i2 images, conditions:
4 A dm~2, 10 Hz and 50%) and direct current (jl and j2
images, conditions: 4 A dm~2 and 100%), due to the high
discharge rate of direct current, the surface morphology is

NilLa

(b}

-
=]

F.u

kel

Figure 4. EDX analysis of Ni-Co/SiO» nanocomposite coating; (a) pulse current type, current density 6 A dm~2, pulse frequency 10 Hz,
duty cycle 50%, (b) pulse current type, current density 4 A dm~2, pulse frequency 10 Hz, duty cycle 50%, (c) pulse current type, current

density 4 A dm~2, pulse frequency 25 Hz, duty cycle 50%.
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rough, disordered and gross globular. Nonetheless, in pulse
current surface, the morphology is smoother, more ordered
and fine globular. According to figure 2, it is obvious that
surface morphologies are almost similar in some samples
like b1: direct current, cl: minimum pulse frequency and el:
maximum duty cycle. This is because, under these condi-
tions precipitation rate of coatings was high. In these situ-
ations like high solidification rate, the surface morphology
was rougher, more disordered and gross globular.

Also, there is no major difference between f1: minimum
duty cycle and el: maximum duty cycle. Actually, duty cycle
changed from 30 to 60%. It means that duty cycle has been
redoubled. Current density (variation from 2 to 8 A dm~2)
has been quadruplicated. Maximum value of pulse frequency
(100 Hz) is 20 times more than the minimum value (5 Hz).
It can be said that variation of duty cycle in comparison to
other electrodeposition parameters was so less. This is the
reason for low change in surface morphology of coating via
variation in duty cycle.

Figure 3 delineates the X-ray map (which attached to
FESEM) of three Ni-Co/Si0, nanocomposite coating spec-
imens where Ni, Co and Si distributions are clearly seen in
the matrix. Ni and Co are distributed homogeneously in pre-
pared Ni—Co alloy. Also, it can be seen that Si (refer to SiO,

Table 3. EDX analysis of wt% of Ni, Co and Si elements and
SiOy nanoparticles in Ni—Co/SiO; nanocomposite coating. (a)
Pulse current type, current density 6 A dm™2, pulse frequency
10 Hz, duty cycle 50%. (b) Pulse current type, current density
4 A dm—2, pulse frequency 10 Hz, duty cycle 50%. (c) Pulse cur-
rent type, current density 4 A dm~2, pulse frequency 25 Hz, duty
cycle 50%.

Material/specimens Ni (Wt%) Co (Wt%) Si(wt%) SiO; (Wt%)

a 67.68
74.67
c 76.12

14.98
12.76
15.80

2.78
1.49
1.91

6.65
3.19
4.08

Grabn sbe (namomator)

[

4 & '}
Current density (A dm )

Figure 5.
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nanoparticles) is distributed in matrix (Ni-Co alloy) and
this confirms that Ni-Co/SiO, nanocomposite coating has
been prepared successfully. Figure 4 displays EDX analysis
(which attached to FESEM) of three Ni-Co/SiO, nanocom-
posite coating specimens. This figure represents that pres-
ence of Ni, Co, O and Si elements in the coating caused the
formation of Ni—Co/SiO, nanocomposite coating. Table 3
shows the EDX analysis of the wt% of Ni, Co and Si ele-
ments and SiO; nanoparticles in Ni-Co/SiO, nanocomposite
coating.

3.3 Effect of average current density on the grain size and
microhardness of Ni-Co/SiO, nanocomposite coating

Figure 5a shows grain size variations of Ni—-Co/SiO, nano-
composite coating by increasing (average) the current den-
sity. By increasing the average current density from 2 to 6
(A dm™?), grain size decreased, but with further increasing
to 8 (A dm~2), the grain size increased. Through increasing
the nanoparticles in the coating, grain size decreased since
entrapped nanoparticles have more influence on the grain
size of Ni-Co/SiO; nanocomposite coating. Increasing the
amount of these nanoparticles in the coating, decreases the
grain size, because these nanoparticles could decrease grain
boundary mobility and prevent grain growth, and also nanopar-
ticles are suitable places for heterogeneous nucleation [10].

For low-average current density, electrodeposition process
did not complete properly, because attraction forces between
the surrounded nanoparticles by positive metallic ions and
cathode surface were weak. But in high current density,
chances for reduction of independent positive ions (Ni** and
Co’*) were more than nanoparticles (with cationic cloud
around them). So, the nanoparticles entrapment was limited.
Therefore, there was an optimum average current density
value.

Figure 5b illustrates the variations of microhardness of
nanocomposite by increasing the (average) current density.
As can be seen with the increase in the average current

(b

500 '_/4\

Microhardness (Vickers)
=

4 & 8
Current density (A dm ¥)

(a) Effect of current density variations on the Ni-Co/SiO, nanocomposite coating grain size, pulse frequency 10 Hz, duty cycle

50%. (b) Ni-Co/SiO; nanocomposite coating microhardness variations with current density variations in pulse frequency of 10 Hz and duty

cycle of 50%.
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density from 2 to 6 (A dm~2), the microhardness coating
increased, but by further increasing the average current den-
sity, it decreased. In low current density, because of the low
electrical charge, the attraction between nanoparticles sur-
rounded by positive ion clouds and cathode is low. So the
hydrodynamic forces which were caused by electrolyte agi-
tation could dislodge nanoparticles, which were wickedly
attracted by the substrate from the cathode surface. That
is why nanoparticles content in the coating decreased and
consequently, microhardness is reduced. By increasing the
average current density to 6 (A dm~?2), the attraction force
between nanoparticles (which were surrounded by cationic
cloud) and cathode increased. Consequently, the amount of
nanoparticles in the coating increased and thereby the micro-
hardness has been increased. However, by further increasing
the average current density to 8 (A dm™2), independent pos-
itive nickel and cobalt ions were attracted to the substrate
more than nanoparticles (surrounded by positive ion cloud).
Also, the number of nanoparticles surrounded by positive
ion cloud in electrolyte is decreased, subsequently amount
of nanoparticles in the coating decreased which led to the
reduction of microhardness.

Such as the other research [6] in manufacturing another
nanocomposite coating, it can be concluded that optimum
average current density for preparing Ni-Co/Si0, nanocom-
posite coating was 6 (A dm~?).

3.4 Effect of pulse frequency on the grain size and
microhardness of Ni-Co/SiO, nanocomposite coating

Figure 6a shows variation in grain size of Ni—Co/SiO,
nanocomposite coating by increasing pulse frequency. In
direct current method, the current is always on, the process
is fast and mostly positive metallic ions are reduced. On the
contrary, the process is slower in pulse current method due
to the presence of Ton and Topr. In the OFF times, there
were more chances for nanoparticles to be surrounded by
positive ion clouds and then reach the cathode surface using
agitation forces and finally in ON times, they can be dis-
charged there. In low pulse frequencies, Topr and Ton are

fa)

Graln ske (panometer)

- | 10 2% 100

Pulie freguency (M)
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so high. Because of very high Togg, attraction force between
surrounded nanoparticles and cathode were so weak. Also
because of very high Tpn, independent positive metallic
ions were discharged much faster than surrounded nanopar-
ticles. So in low pulse frequencies, grain size was increased.
By increasing the pulse frequency to an optimum value
(25 Hz), because of Ton and Topr decrease, the amount of
nanoparticles in the coating increased, thereby grain size
reduced.

In high pulse frequencies, Ton and Topr Were very short
and the chance for SiO, nanoparticles to be surrounded by
positive ions is low. Accordingly, for low (less than 25 Hz)
and high (more than 25 Hz) pulse frequencies, the amount
of nanoparticles in the coating were decreased, thereby grain
size of coating was increased.

Figure 6b represents the influence of pulse frequency on
the Ni-Co/Si0, nanocomposite coating microhardness. As it
is shown, by increasing the pulse frequency from 5 to 25 Hz,
microhardness increased, but by further increasing from 25
to 100 Hz, it decreased. In low pulse frequency, Ton and
Torr are too long and hydrodynamic forces could dislodge
nanoparticles surrounded by positive ion cloud from the cath-
ode surface, hence, the content of nanoparticles in the coating
decreased, so microhardness of sample reduced.

On the other hand, Topr was more than optimum value
and the amount of nanoparticles surrounded by positive ion
cloud increased in the electrolyte, but since Topp Was too
long, they could not be attracted by substrate. Ton was also
very long and the metal positive ions were quickly attracted
to the substrate; thus, amount of nanoparticles in the coating
were decreased, followed by decreasing the microhardness
of samples. By increasing the pulse frequency this problem
can be solved, it means that Ton and Topp can get closer to
the optimum value, hence, the amount of nanoparticles in the
coating were increased. Nonetheless, with further increase
in the pulse frequency from 25 to 100 Hz, Ton and Topg
become short. Topr for nanoparticles surrounded by metal
positive ion cloud was less than optimum value, thereby
amount of nanoparticles in the coating and microhardness
were decreased. As mentioned in other researches [11,22],
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Figure 6. (a) Ni-Co/SiO, nanocomposite coating grain size variation with increasing pulse frequency, current density 4 A dm~2, duty
cycle 50%. (b) Influence of pulse frequency on the Ni—Co/SiO, nanocomposite coating microhardness in current density of 4 A dm~2 and

duty cycle of 50%.
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there is an optimum value for pulse frequency in preparing
other nanocomposite coatings. In this work, for preparing
Ni—Co/SiO; nanocomposite coating, optimum value of pulse
frequency (to get maximum microhardness) was 25 Hz.

3.5 Effect of duty cycle on the grain size and
microhardness of Ni-Co/SiO, nanocomposite coating

Figure 7a shows variations in grain size of Ni—Co/SiO,
nanocomposite coating by increasing the duty cycle. In low
duty cycle values (less than 50%), Togr is very long; on the
contrary, Ton is so short and the conditions are the same as
those of in low current density. However, in high duty cycle
values (more than 50%), Togr is very short, but Tpy is very
long and the conditions are the same as high current den-
sity values. Moreover, it can be seen that in duty cycle of
100% (direct current electrodeposition method), grain size of
Ni—Co/SiO; nanocomposite coating is greater than that of in
pulse current electrodeposition method.

It is expected that by reducing the duty cycle and increas-
ing the amount of nanoparticles in the coating, grain size of
nanocomposite coating was decreased [5].

Figure 7b shows the Ni—-Co/SiO, nanocomposite coating
microhardness changes caused by duty cycle variations. As
can be observed, in low duty cycles, Togr is too long, attrac-
tion force between substrate and nanoparticles surrounded by
metal positive ion cloud is so weak that the hydrodynamic
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Figure 7. (a) The influence of duty cycle percent on the Ni-Co/SiO,

nanocomposite coating grain size, current density 4 A dm~2, pulse
frequency 10 Hz. (b) The effect of duty cycle variations on the Ni—
Co/Si0; nanocomposite coating microhardness in current density
of 4 A dm~2 and pulse frequency of 10 Hz.
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forces could dislodge the nanoparticles from the substrate
surface. Consequently, reducing the amount of nanoparticles
in the coating caused the reduction in microhardness.

By increasing the duty cycle to 50%, because Topr is
shorter, mentioned problems disappeared. So, the amount
of nanoparticles in the coating and microhardness were
increased. However, by further increasing the duty cycle to
100% (DC method), Ton becames so long, and mostly metal
positive ions were more fortunate to achieve the cathode.
Also, the quantity of nanoparticles surrounded by metal posi-
tive ion cloud declined in the solution. Therefore, the amount
of nanoparticles in the coating and the microhardness were
decreased. Thus, duty cycle has an optimum value [14,22],
which for preparing Ni—Co/SiO, nanocomposite was 50%.
As can be seen, coating microhardness in direct current
method (100% of duty cycle) was less than that of in pulse
current method.

Figure 8 provides a comparative image between the grain
sizes of different kinds of coating. It can be seen that
nanocomposite coating has a finer grain size than alloy coat-
ing (since nanocomposite coating involves nanoparticle rein-
forcements) and in direct current method greater grain sizes
can be reached.

In figure 9, the microhardness of some coatings prepared
by pulse and direct methods and steel substrate are com-
pared. Results showed that nanocomposite coating had bet-
ter microhardness than alloy coating and this microhardness
was higher when pulse current method was used. It can be
explained by the fact that in pulse method, there are OFF
times and ON times. Perhaps because of OFF times and
thereby less rate of process, there were more chance and
time for nanoparticles which are surrounded by positive ions
(Ni%t and Co**) and then move to the cathode surface and

l

Figure 8. Comparison of grain size between (a) Ni—Co/SiO;
nanocomposite coating prepared in pulse current electrodeposition
method, current density of 4 A dm~2, pulse frequency of 10 Hz,
duty cycle of 50%. (b) Ni-Co/SiO, nanocomposite coating pre-
pared in direct current electrodeposition method, current density
of 4 A dm~2. (¢) Ni—Co alloy coating prepared in pulse current
electrodeposition method, current density of 4 A dm~2, pulse fre-
quency of 10 Hz, duty cycle of 50%. (d) Ni—Co alloy coating pre-
pared in direct current electrodeposition method, current density of
4 A dm~2.
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Figure 9. Comparison of microhardness between (a) Ni—Co/SiO»
nanocomposite coating prepared in pulse current electrodeposition
method, current density of 4 A dm~2, pulse frequency of 10 Hz,
duty cycle of 50%. (b) Ni—Co/SiO; nanocomposite coating pre-
pared in direct current electrodeposition method, current density
of 4 A dm~2. (¢) Ni—Co alloy coating prepared in pulse current
electrodeposition method, current density of 4 A dm~2, pulse fre-
quency of 10 Hz, duty cycle of 50%. (d) Ni—Co alloy coating pre-
pared in direct current electrodeposition method, current density of
4 A dm~2. (e) Steel substrate.

would be reduced there. But in direct current method, the rate
of coating increased. So, there was more chance for Ni2* and
Co** to be reduced on the cathode surface, so the amount of
surrounded nanoparticles by positive ions was decreased and
consequently, the amount of entrapped nanoparticles in the
coating lessened and thereby microhardness was reduced.

Finally in table 3, elemental distribution and analysis for
three samples which have maximum microhardness and min-
imum grain size have been indicated. Here, samples a, b and
c are samples 3, 2 and 6 in table 2, respectively.

4. Conclusions

In general, in this study, Ni-Co/SiO, nanocomposite coating
was prepared by electrodeposition method for the first time.
Effects of average current density, pulse frequency and duty
cycle on the microhardness, grain size and surface morphol-
ogy of the coating were also investigated. The microhard-
ness, grain size and surface morphology of Ni—Co alloy and
Ni—Co/SiO; nanocomposite coating that were prepared in the
DC and PC methods have also been compared.

In high discharge rates (high current density, duty cycle,
low pulse frequency and DC method), the surface morphol-
ogy was rough, disordered and gross globular, conversely in
low discharge rates (low current density, duty cycle, high
pulse frequency and PC method), it was smoother, more
ordered and fine globular.

Results indicated that in DC method, grain size of coating
was higher than that of in the PC method. Also, grain size
in Ni-Co/Si0, nanocomposite coating was less than that in
Ni—Co alloy coating.

Siavash Imanian Ghazanlou et al

Additionally, the microhardness of coatings produced by
PC method was more than that of in DC method. Fur-
thermore, the microhardness of Ni—Co/SiO, nanocomposite
coating was more than Ni—Co alloy coating.

For average current density, duty cycle and pulse fre-
quency, there were optimum values (6 A dm~2, 50% and
25 Hz, respectively) and any deviation from those optimum
values led to increase in the grain size, while decrease in the
microhardness.

It was concluded that SiO, nanoparticles entrapped in the
coating, influenced on the grain size and microhardness of
Ni—Co/SiO; nanocomposite coating. It means that when the
amount of nanoparticles in the coating increased, the coating
grain size decreased but microhardness increased.
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