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Nickel and Nickel-nanodiamond coatings have been successfully electrodeposited on copper substrates
by the pulse plating method. The variables investigated within this work include the current density,
pulse frequency, bath temperature, duty cycle and nanodiamond concentration of the bath. Pure nickel
coatings possess a preferred orientation along (111) crystal plane, however incorporation of the
nanodiamond particulates in the platings increases the relative peak intensity corresponding to (200)
crystal plane. It was found that presence of nanoparticles on the cathode surface leads to the formation
of large nickel grains with [100] preferred orientation and small grains with [111] preferred
orientation. X-ray diffraction studies demonstrated that incorporation of nanodiamond particulates to
the nickel matrix causes negative lattice distortions in the nickel matrix. Presence of the nanodiamond
particulates slightly decreases the current efficiency and deposition rate. Incorporation rate of
nanodiamond particulates increases with decreasing current density and increasing pulse frequency.
Maximum incorporation rate of 2.24 VVol.% was achieved at the duty cycle of 25%.
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1. INTRODUCTION

Nickel possesses outstanding plating properties and is extensively used for coatings, both for
decorative and engineering applications. In many cases, a finish coat such as chromium is used to
change the appearance and hardness of Nickel coat. From a health standpoint, hexavalent chromium
which is used in chrome plating contains a variety of carcinogenic compounds. Hence, those who
partake in the chrome plating industry must act according to strict rules set forth by EPA
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(Environmental Protection Agency). Besides, many developed countries are planning to reduce the
use of nickel, too [1].

One strategy to reduce the use of chromium and nickel and enhance the corrosion and wear
performance of nickel plates is to design novel nickel based composites. Enhancement of corrosion
and wear resistance of nickel alloys by the incorporation of a variety of nanoparticles has been
reported [2]. Among these nanoparticles, diamond is of special importance due to its unsurpassed
hardness (table 1). Also, it has the highest thermal conductivity of any bulk material.

Table 1. Comparison of the hardness values of various filling materials on knoop scale (KH)[41].

Material Hardness (Knoop)
SiC 2500
TiO, 713
Al,O; 2000
WC 1730
SizNg 1934
SiO; 700
B4,C 2750
ZrO, 1160
TiC 2470
Diamond 7000
Nanodiamond >7000

These properties make diamond an excellent material for polishing, grinding and cutting tools
and a variety of other extreme uses. Diamond can be used to wear away any other material. Industrial
applications of diamond include diamond tipped saws, drill bits and grinding wheels. In addition, wear
resistant parts are manufactured by coating substrate metals with a thin layer of diamond.

The synergy of the hard, corrosion and wear resistant nickel metal and the unique properties of
diamond may provide several benefits such as:

o Improved wear resistance

. Enhanced thermal transfer

° Enhanced corrosion resistance
° No use of chrome

With the increasing availability of diamond micro and nanoparticles Ni-diamond composites
have been investigated widely. Nanodiamond (ND) particulates used as filler material are produced by
the detonation process. This process is capable of producing ND particulates with prices as low as
1000%/kg. Hence, adding ND to the plating bath has a negligible effect on the final cost of nickel
deposit. Both electrodeposition [3-8] and electroless coating [9-11] methods have been used to
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synthesis Ni-diamond composites. Electroless deposition method is usually slower and is unable to
produce thick plates of metal [12, 13].

Electrodeposition is a simple, low cost process in which deposition rate and thickness of
coating can be varied over a wide range. However, in conventional direct current electrodeposition as
the process continues, a layer of negatively charged species covers the cathode surface. This layer
obstructs the charged particles from reaching the deposit-electrolyte interface. Pulse electrodeposition
is @ modification in electrodeposition process. In pulse electrodeposition, the current is periodically
turned on and off and the negatively charged layer discharges somewhat. This favors faster passage of
the charged particles through the layer and increases the content of micro and nano sized reinforcement
[14]. In pulse current electrodeposition, the duty cycle is defined as the percentage of total on-time of a

cycle [14]:
Duty cycle(y) = TD[‘;’IE—:DFF = Tgpf (1)
In this equation f represents pulse frequency [14]:
Frequency= =1 (2

Ton+tToft B T

The objective of this research work is investigating the effects of electroplating parameters on
the volume percentage of diamond nanoparticles, deposition rate, current efficiency, morphology and
microstructure of the deposit.

2. EXPERIMENTAL DETAILS

Table 2. Electrolyte composition and the electroplating parameters.

Variable Range
NiSO..6H,0 300 (g/l)
H3BO; 40 (g/l)
NiCl,.6H,0 40 (g/)
SDS 0.3 (g/l)
Nanodiamond 10 (g/l)
Temperature 50,75 (°C)

Peak current density
Pulse frequency
Duty cycle
pH
Stirring rate

1,4,7,10 (A/dm?)
1,10,50,100 (Hz)
10,25,50,75 (%)
4
250 (rpm)

Nickel and nickel-nanodiamond (Ni-ND) coatings were electrodeposited on copper substrate in
a glass cell .Nickel sheets (purity>99%) were used as anode and copper sheets (purity>99%) were used
as cathode. Ni and Ni-ND coatings were obtained under pulsed current conditions. Nickel anode
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(70mmx20mmx1mm) was chosen significantly larger than copper cathode (10mmx20mmx1mm) to
avoid anodic polarization.

The electrolyte composition and electroplating parameters are presented in table 2. Unless
otherwise stated the electrodeposition of the coatings were conducted at Cyp=10 g/l and T=50 °C. In
order to prepare bath solution, boric acid, NiSO4.6H,0, NiCl,.6H,O and Sodium Dodecyl Sulfate
(SDS) were dissolved in water. Magnetic stirring was applied for 1 hour to dissolve ingredients in
water. Nanodiamond particles were provided from Penta chemicals and used without any treatment.
According to the manufacturer nanoparticles had a diameter of 4-6 nm, a density of 3.3 g.cm™® and a
specific surface area of 282 m?.g™. After adding ND powder, the bath solution was stirred for 12 hours
and then ultrasonicated for 30 minutes to assure uniform distribution of the nanoparticles in the bath
and inhibit nanoparticles agglomeration.

The copper cathode was polished, ultrasonicated in acetone, dipped in HCI (15%) and washed
in distilled water. The surface morphology of prepared electrodeposits were studied by a field emission
scanning electron microscope (FE-SEM, XL-30, PHILIPS). Each specimen was weighed before and
after the electroplating process. Weight measurement values are average of at least two measurements
and were used for the calculation of current efficiency. TEM imaging was employed to investigate the
size distribution of ND reinforcement. Sample preparation involved ultrasonic dispersion of powder in
ethanol for 30 min and nanoparticles drying on a copper grid that is coated with a thin layer of carbon.
The microstructures of the composite coatings were studied employing X-ray diffraction (XRD). The
thickness of the electrodeposits was measured using X-ray fluorescence spectroscopy (XRF).The
thickness values are average of five measurements. Glow discharge optical emission spectroscopy
(GDOES) was used to investigate composition changes along the coatings thickness and determine the
weight and volume fraction of the diamond. Reported incorporation rates are average of two
measurements.

3. RESULTS AND DISCUSSION

3.1 Characterization of ND powder

XRD was employed to study microstructure of ND powder as well as Ni and Ni-ND coatings
structures. Fig. 1a presents the XRD pattern of the ND powder. The characteristic peaks of diamond
can be seen at 26=44° corresponding to (111) crystal plane and a smaller peak at 26=75° corresponding
to (200) crystal plane. The diffraction peak width corresponding to the powder is very wide, indicating
that ND powder possesses ultrafine crystallites. Average size of 4.26 nm was calculated for powder
grains using full width of (111) peak at half maximum (FWHM). However, there are several sources of
peak broadening. Crystal lattice distortion, structural mistakes and concentration gradients contribute
to peak broadening. Also, instrumental contributions such as not perfectly monochromatic radiation
result in peak broadening. In order to find the accurate size of the nanoparticles TEM imaging was
employed (Fig. 1b). Nanoparticles with different sizes from 5 to10 nm were observed.
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Figure 1. (a) XRD pattern and (b) TEM image of ND powder.

3.2 Structural analysis of Ni-ND
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Figure 2. XRD patterns of Ni-ND electrodeposits at (a, b) v=10, 75 %, 1,= 4 Al/dm?, =10 Hz (c, d)
f=1, 100 Hz, 1,= 4 Aldm?, y=50%.
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For Ni-ND electrodeposits, the diffraction angle of (111) lattice planes of nickel is very close to
that of the diamond (111) plane resulting in a peak overlap. Hence, ND diffraction peaks could not be
detected in XRD spectra corresponding to the Ni-ND composites (Fig. 2). All of the Ni and Ni-ND
electrodeposits have a single phase of nickel matrix with face centered cubic (FCC) crystal structure.
In order to quantify the influence of the electroplating parameters on the texture and preferred
orientation of Ni-ND composites, the texture coefficients (TC) were calculated, as defined in eq. (3)
[15]:

Ithil)

TC(hkl) = 2 ©

T Rkl
Where I(hkl) and Ip(hkl) are the measured and standard intensity (JCPDS 4-0850) of the (hkl)
reflection, respectively. n is the number of reflections used in the calculation (5 reflections were used:
(111), (200), (220), (311), (222)).

Table 3. Texture coefficient of (111) and (200) crystal planes, crystallite size of the deposits and
lattice distortions of nickel matrix.

Coating i f  y(%) TCuuy  TCpoo  Crystallite Distortion%
(A/dm?) (Hz) Size (nm)

Ni-ND 1 10 50 1.47 2.16 41 -0.29
Ni-ND 4 10 50 1.35 2.64 41 -0.22
Ni-ND 10 10 50 0.89 3.42 47 --0.20
Ni-ND 4 10 10 1.18 2.62 37 -0.21
Ni-ND 4 10 75 0.16 3.31 48 -0.16
Ni-ND 4 1 50 1.68 2.12 32 -0.3
Ni-ND 4 100 50 0.96 3.36 42 -0.18

Ni 4 10 50 1.79 191 46 -0.13

Table 3 presents the data obtained from X-ray diffraction tests. TC numbers greater thanl
evidence the existence of a preferred orientation. Pure nickel coatings possess a preferred orientation
along (111) crystal plane, however presence of ND in the platings increases the relative intensity
corresponding to (200) crystal plane. The peak intensity corresponding to the (200) crystal plane
increased with increasing pulse frequency. The same observations were made when duty cycle was
increased. At y=75%, a TC200) Of 3.16 and TC11y of 0.16 were observed which means strong (200)
preferred orientation. Application of higher current density led to orientation along the (200) crystal
plane, too. According to Chen et al. [16] at low growth rates, Ni incline to crystallization in (111)

1

crystal plane due to high atom density (ﬁ , R is nickel atoms radius) and consequently lower

surface energy. In case of pulse plating process, a higher growth rate is obtained, hence some of the
Ni?* ions were not capable of crystallization in (111) crystal plane, consequently they rest on (200)
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crystal plane. A high duty cycle means a short off-time and provides less time to the fresh Ni atoms to
transfer to a stable position during the off time. Hence, more Ni atoms crystalize in (200) crystal plane.

Another explanation for microstructural evolution of nickel electrodeposits is suggested by
Amblard et al. [17, 18]. Amblard believes that “inhibition effect” exerted by the species such as H" and
OH’ plays an essential role in the electrocrystallization of nickel. Ni has a high surface energy and
readily absorbs any kind of chemisorbable species. These absorbed species occupy active surface areas
of the cathode and exert inhibition. For example, at very low current densities (i<1 A/dm?) the growing
surface of the deposit is covered b the H' ions and all the growth directions are inhibited except [110].
According to them [100] is the free mode of growth for nickel electrodeposits and they attribute the
[111] direction to sever inhibition by the Ni(OH),. Hence, we may conclude that incorporation of the
nanodiamond particles provides fresh active surface area for nickel deposition and consequently
enhances free mode of growth ([100] direction).

The crystallite size of the deposits was determined using the Scherrer equation [19]:
0.%4
D =

BCosd (4)

In this equation, D shows the crystallite size value, } represents the peak width at half-
maximum intensity, 4 is equal to the wavelength of the incident radiation (0.15418 nm) and 6
represents the bragg angle.

The variations in crystallite size of the composites electrodeposited under different conditions,
may be attributed different nucleation rate and overpotential. The rate of nuclei formation and
overpotential are related [20]:

nucleation rate = k,exp (:—:] (5)

Where ki, ky are constants and 7 is deposition overpotential. Microstructure refinement was
expected with the application of the higher current densities (table 3). High current density leads to
increased overpotential and consequently enhances the nucleation rate. Coarse microstructure at high
duty cycle and pulse frequency may be attributed to formation of large grains with [100] orientation
[21].

Lattice distortions of Ni-ND coatings were estimated using basic reflections of their crystal
planes. The results evidenced that the Ni-ND lattice constants depend on f, i and y as presented in table
3. The Lattice constant for a face-centered cubic (fcc) system can be determined using the following
equation [22]:

aﬁ=( ~ ](h2+k2+12] (6)

4 (gin 8)2
The deviation in the lattice constant was calculated as follows [22]:
Distortion% = 100 (2=2) @)

g

Where ag is the lattice constant of nickel in absence of stress and a; is the lattice constant of the
nickel matrix in Ni-ND coating. Incorporation of ND particulates to the nickel matrix causes negative
lattice distortions in the nickel matrix. The same results are reported in previous studies on Ni-SiC and
Ni-Al,03[22, 23].

The reasons for negative lattice distortion in Ni-ND composite coatings can be explained by 3
types of stresses[24]:
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(1) Stresses originating from differing lattice parameter (copper substrate and nickel metal).

(2) Thermal stresses caused by different thermal expansion coefficients at the nickel and copper
interface.

(3) Intrinsic stress resulting from bath composition and plating conditions.

As it is seen in table 3, commonly the distortion values are very low. This is especially
important because high lattice distortion may contribute to the peak broadening and result in high error
values in crystallite size calculations.

3.3 Morphological studies

Figure 3. FE-SEM micrograph of Ni and Ni-ND deposits obtained at I,= 4 A/dm? and C=10 Hz.
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Figure 4. FE-SEM micrographs of Ni and Ni-ND deposits obtained at I,= 4 Al/dm?, C=50 %.

It can be seen in Fig. 3a and b that pure nickel coatings possess a truncated pyramidal structure.
This is a usual morphology for pure nickel electrodeposits with (111) preferred texture [25, 26]. The
modifications in the surface morphologies is attributed to the modification from a preferred orientation
to a random oriented electrodeposit [27]. The addition of ND particulates deteriorates the pyramidal
structure.

In case of pure nickel coatings, coatings obtained under 75% duty cycle conditions consist of
smaller grains. Duty cycle of 75% leads to an ion deficient area around the deposit due to differences
in Ni** ions crystallization rate at the cathode surface and the diffusion rate of Ni?* cations towards the
cathode. Consequently the deposition overpotential and rate of nuclei formation increases and the size
of grains becomes smaller.

Contrarily, for Ni-ND coatings some very large grains with irregular structure were observed at
duty cycle of 75%. These grains have a [100] orientation [21]. Hence, in this case the variations in
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grain orientation leads to changes in grain size. The Ni-ND coating obtained at duty cycle of 10%
seems to be very compact and possess fewer gaps compared to other coatings. This may be attributed
to very small on-time and extensive off-time. These conditions results in high Ni** concentration near
the deposit-electrolyte interface and favors lateral growth [28].

Figure 5. FE-SEM micrographs of Ni and Ni-ND deposits obtained at i,= 4 A/dm?, C=50 %, f=10Hz.

In pure nickel coatings obtained at f=1 Hz many grains with binary symmetry were observed
which is typical of grains with [211] orientation (crystallization on (111), (311) and (222) crystal
planes may lead to a dispersed [211] preferred orientation [21]). When applying high pulse frequencies
a considerable change in the topography of the pure nickel and nickel-ND coatings was observed. For
nickel electrodeposits obtained at =100 Hz, grains grew with irregular sizes and geometrical shapes.
Similar morphologies were observed for Ni-ND deposits both at 1 and 100 Hz. Again, large grains are
result of electrocrystallization on (200) crystal plane and smaller ones probably are result of
electrocrystallization on (111) crystal plane.

Two of the coatings were deposited at 75 °C (Fig.5).The cathodic overpotential is lower at high
the bath temperatures. Hence, the grains of the coatings were larger at high bath temperatures [29].
However, it is noteworthy to remind that bath temperature has two contradictory influences [30]:

1. At higher temperatures the critical size of nucleus is larger which results in formation of
fewer stable nucleus and consequently coarser grains.

2. The kinetic driving force is higher at high temperatures which enhances the nucleation
rate and smaller grains.

If the size of critical clusters is very large, although according to Arrhenius equation the
nucleation rate increases with increasing temperature, the thermodynamic barriers for nucleation is
considerable and few of the active sites act as a critical nucleus. Hence, these conditions lead to coarse
grains.
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3.4 ND incorporation rate
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Figure 6. GDOES results on Ni-ND samples obtained at (a) i,= 4 A/dm?, C=10 %, f=10Hz (b) i,= 10
Aldm?, 0=50 %, f=10Hz (c) i,= 4 A/dm?® C=75 %, f=1Hz.

GDOES profiles of Ni and Ni-ND coatings were recorded to evaluate the ND content of the
coatings and study ND particles distribution in the depth of the deposits. Three representative results
are depicted in Fig.6. The results confirm even distribution of ND particulates throughout the film. The
volume fractions of ND particulates were calculated using the average weight fraction values obtained
from two separate GDOES tests, on the same coating. The ND incorporation decreases with the
changes in current density from 1 up to 10 A/dm? (Fig. 7a). These results evidence that diffusion of
nickel ions from solution towards the cathode was faster than ND particles [31]. Hence, rapid
electrodeposition of the nickel ions leads to a decrease in ND content of the composites.

Application of higher pulse frequencies results in higher overpotential and enhances the
embedding particles in the nickel matrix [32]. Hence, it’s not surprising that particle incorporation rate
at 10, 50 and 100 Hz is considerably higher than that of 1 Hz (Fig.7b). The incorporation rate of ND
particles increases with the duty cycle and reaches a maximum at y=25% (Fig.7c).This observation can
be associated with the fact that at duty cycles of 10% by the short on-time and long off-time, loosely
adsorbed ND particulates may be detached by solution flow [33]. By increasing y to 25% this problem
is avoided and maximum ND incorporation is achieved. As y increases to 50% or 75% the amount of
embedded ND particulates decreased due to higher average current density.
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Figure 7. ND content of the Ni-ND composite as a function of electroplating parameters (a) v=50 %,
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The ND content of the composites increases with ND concentration of the bath (Fig. 7d). This
is in agreement with the Gugliemi’s model [34] for electrodeposition of the composite coatings.
Decrease in incorporation rate of ND particles in composites obtained from solutions containing 20
g.L™ND, could be attributed to the agglomeration of the particles [35].

3.5 Deposition rate

One of the aims of this research work was to investigate the dependence of the deposition rate
of the composite on plating parameters and find the optimum conditions for the electrodeposition of
pure nickel and Ni-ND composites. Effects of different conditions on deposition rate are shown in
figures 8. It is reported that presence of nanoparticles in the electrolyte increases the deposition rate
[36].

However, in this research work it was observed that deposition rates of Ni and Ni-ND coatings
were almost equal or sometimes deposition rate of the Ni-ND was slightly lower. The deposition rate
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of the Ni-ND coatings increases linearly with increasing current density from 1 to 7 A/dm? .It can be
predicted form Fig. 8a that beyond 10 A/dm?deposition rate of Ni-ND coating remains almost
constant. This can be explained by the polarization at the cathode surface with increasing current
density and under these conditions the rate of deposition is determined by the rate of transport of the
Ni?*ions to the cathode surface [37].
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Figure 8. Deposition rate of the Ni and Ni-ND electrodeposits as a function of electroplating
parameters at (a) v=50 %, f=10 Hz (b) v=50 %, i,= 4 Aldm? (c) =4 A/dm?, £=10 Hz (d) v=50
%, ip=4 Aldm*, f=10 Hz.

High pulse frequencies result in high deposition rates (Fig. 8b). At low pulse frequencies an ion
deficient area forms around the cathode during the extensive off-time. Hence, deposition rate is lower
at low pulse frequencies. The effect of duty cycle on deposition rate was similar to the effect of current
density (Fig. 8c). Again, one may say that at high duty cycle with the extensive on-time and short off-
time, polarization occurs at the cathode surface lowering deposition rate. According to the results ND
content of the solution has a negligible influence on the deposition rate of Ni-ND composite coating
(Fig. 8d).

According to the literature the deposition rate of the nickel electrodeposits may be increased by
rising the electrolyte flow and optimizing the distance between the substrate and nickel anode [38].
Pollet et al. [39] reported that ultrasonic-assisted electrodeposition has a higher deposition rate in
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comparison to conventional electrodeposition due to reduced polarization. The choice between pulse
reverse and pulsed current electrodeposition techniques greatly favors the latter. According to
Chandrasekar et al.[14] pulse reverse electrodeposition has a low net rate of deposition and deposition
rate decreases with increasing the magnitude and duration of the reverse pulse.

3.6 Current efficiency
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Current efficiency of the pulse current electrodeposition process can be calculated using the

following equation:

1(%) = s (®)

Where z is valence, m is mass of deposited nickel, M is molar mass of nickel (58.7 gr/mol), I,
is average current and t is the electrodeposition time. Average current is defined as:

=Ly =2 (©)

Where |, is peak current. Fig. 9a presents the effects of peak current density on n. It was
observde that n decreases with increasing applied current density. The effect of i, in reducing n has
two reasons:

i At higher current densities, the high rate of Ni?* consumption results in lowering of Ni**
concentration on the cathode surface and lowers current efficiency.

ii. At higher current densities, the decomposition of water and hydrogen evolution
increases current loss.
Similarly at low pulse frequency and high duty cycle, low Ni*" concentration at the cathode
surface leads to low current efficiency.
Current efficiency slightly decreases in presence of ND particulates. This may be attributed to
[36]:

i H" ion film forms around each ND particulate immersed in the electrolyte which leads
to facilitated transfer of the hydrogen ions towards the cathode and their faster reduction. These results
are in agreement with observations made by Dolati et al.[40]. They believe that nanoparticles play a
catalytic role in conversion of H* t0 Hags.

ii. Attachment of ND particulates to the cathode surface perturbs nickel growth. This

reduces the current efficiency of the electrodeposition process.

4. CONCLUSIONS

Pure nickel and Ni-ND coatings with maximum incorporation rate of 2.24 vol.% were
prepared. Incorporation rate of ND increases with increasing pulse frequency up to 10 Hz and duty
cycle up to 25%. Almost always presence of nanodiamond particles leads to formation of a mix
microstructure of fine and coarse grains. X-ray diffraction studies revealed that application of high
current density and duty cycle leads to orientation along the (200) crystal plane. Raising temperature
encouraged formation of coatings with coarse grains. Deposition rate of Ni and Ni-ND coatings
increased with pulse frequency, current density and duty cycle. Maximum current efficiency was
achieved at duty cycle of 10%.
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