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Abstract: Recently, a strategy of synthesizing SiC whisker-reinforced nickel (Ni/SiCw) composites
with excellent mechanical properties by electrodeposition has been proposed for exploring its potential
applications in micromechanical devices. In this paper, a series of external conditions that affected
the content of SiC whiskers in composite films were studied, such as cathode current density, stirring
rate and electrolyte temperature. The experimental results indicated that the optimum morphology
was obtained at a stirring speed of 300 rpm, a temperature of 50 °C, and a current density of 18
mA/cm?. Additionally, the content of SiC whiskers and textural preference were also investigated by
varying its external conditions, and the results demonstrated that the composites with high mass
percentage whiskers are more advantageous for electrocrystallization of Ni in the (200) orientation.
Finally, the relationship between external conditions and intrinsic morphology, composition and
texture of Ni/SiCw composites was revealed, and it provides a constructive approach to fabricate the
high-content SiC whiskers of these composites.
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1. Introduction

Electrodeposition is one of the most commercially successful and inexpensive superior techniques
for fabrication of metallic coatings. However, the conventional electrodeposition methods are very
simple, since it has only one phase throughout the process. The pure electroplated metals are
difficult to satisfy the current requirements, due to their plastic deformation. In order to resolve
this problem, the method of co-deposition insoluble solid particles in metal matrix was established
and recognized for fabrication the composite coatings. The reinforcing particles, suspending in the
electrolyte, are entrapped and incorporated into the metal matrix by adopting suitable methods
during the co-deposition process, such as electrophoresis, adsorption or mechanical entrapment [1].
In 1928, Fink et al. [2] introduced the co-deposition method to produce Cu/graphite composite coatings
that applied in car engines for the first time. Besides, the first patent of co-deposition was issued
by Grazen, in 1962 [3]. Since then, considerable researches have been focused on different types
of composites fabricated by the co-deposition method. These composites include ceramics, metals,
polymer or microcapsule/liquid incorporated into metal matrices, which could improve the coating
properties as mechanical strength, wear/friction-resistance, high-temperature oxidation-resistant and
corrosion-resistance [4-15]. Based on the SiCw with features in high modulus and tensile strength,
good wear resistance, as well as dimensional stability, recently, we have successfully synthesized high
mechanical strength Ni/SiCw composites by electrodeposition.

Since the performance of composite coatings is highly sensitive to external conditions during the
co-deposition process, such as current density, temperature, stirring speed, and current density, etc.
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Therefore, numerous efforts have been dedicated to improving its microstructure and micromorphology
of the deposited coatings for enhancing their properties. Lately, relevant studies have revealed that
the content of particles in the composite coating can be controlled by the external conditions during
the deposition process, and resulting in a difference in the performance of the composite coatings. H.
Gl et al. [16] reported the nickel metal matrix composites reinforced with SiC submicron particles by
electrodeposition. Besides, the influence of stirring speed and particles concentration on co-deposited
composite coatings was investigated. The results indicated that the maximum of particle concentration
was 20 g/L and the high stirring speed was chosen to obtain the wear resistant nickel matrix coatings.
P. Gyftou et al. [17] applied both direct and pulse current conditions to produce Ni/ nano-SiC
composites, and it proved that pulse electrodeposition significantly improved the hardness of the
Ni/SiC composite deposits. C.K. Chung et al. [18] investigated the electrodeposition process of Ni
at low electrolytic temperatures (5-20 °C). It demonstrated that low temperature could enhance the
hardness up to 6.18 GPa and produce the smoothness of films. Tushar Borkar et al. [19] presented
the effects of the deposition conditions and the nanoparticle concentration in the electrolyte on the
surface microstructure, crystallographic micro-texture, microhardness, and tribological properties of
coatings. The reinforcement of Ni-Al,O3 nanoparticles significantly improved microhardness and
wear resistance of the composite coatings. Based on the previous studies, it is necessary to clearly
understand the influence of various conditions on the co-deposition of SiC whiskers in the nickel
matrix, so as to consciously control the whiskers content and effectively manipulate the performance of
the composite coatings. The purpose of this study is to achieve high SiC whiskers content in Ni/SiCw
composite coatings. In addition, the influence of the parameters, such as stirring speed, electrolyte
temperature and cathode current density on the SiCw content in composites were investigated, which
clearly indicated the relationship between the external conditions and the content of SiC whiskers in
the composites.

2. Materials and Preparation

The SiC whiskers (3- SiCw, XFNANO Material Co., Ltd., Nanjing, China), with an average length
of 50 um and diameter of 0.2 um, were selected. Ni/SiCw composite coatings were prepared by a
constant-current electrodeposition method from a nickel sulfamate electrolyte containing SiC whiskers
as a reinforcement phase. Prior to the SiCw addition into the electroplating solution, it was first stirred
in 3 vol. % hydrofluoric acid and refluxed for 8 h at 95 °C [20], then ultrasonically washed in distilled
water until the pH becomes neutral, subsequently modified by y-aminopropyltriethoxysilane (KH550).
These treatments can remove the SiCw surface impurities (5iO;) and improve its wettability, as well as
dispersibility. After the above treatments, SiC whiskers were added in the electrolyte by continuous
magnetically stirring with a rate of 300 rpm for at least 24 h, which can prevent whiskers agglomeration
and maintain them in suspension state. According to anumber of optimization experiments, the optimal
whisker concentration in the electrolyte was 0.8 g/L. The electrolyte composition and electrodeposition
parameters are listed in Table 1. Analytical reagents and deionized water were used to prepare the
plating solution. After electrodeposition, Ni/SiCw composite coatings were ultrasonically cleaned in
distilled water for 10 min to remove loosely adsorbed SiCw from the surface.

The surface morphology and microstructure of the composite coatings were characterized by
scanning electron microscopy (SEM; ULTRAS5S5, Zeiss, Germany). The amount of embedded SiCw
was evaluated by the energy dispersive X-ray spectroscopy (EDS) with the same system of SEM.
The phase structure analysis of the coatings was conducted by X-Ray Diffraction (XRD, D8 Advance,
Bruker-axs) operating with Cu Ko (A = 1.54178 A) radiation at room temperature. The preferred XRD
orientation index TC(hkl) was calculated, and the texture co-efficient (TC) for each (hkl) reflection is
given by [21,22]:
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where TC (hkl) is the texture coefficient of the specific (hkl) plane; I (hkl) and I (hkl) are the diffraction
intensity of the electrodeposited nickel and the powder pattern in the JCPDS cards, respectively; n is
the number of reflection peaks used in the calculation. Three peaks of (111), (200) and (221) are used to
calculate the texture coefficient.

Table 1. Operating parameters for Ni/SiCw composite electroplating.

Electrolyte Composition Electrodeposition Parameters
Ni(NH,S03),-4H,O 300 g/L Current density 2~40 mA/cm?
NiCl,-6H,O 40 g/L Temperature 20~60 °C
H;3BO; 30 g/L Magnetic stirring 0~500 rpm
SiC whisker 0.8 g/L pH 41

3. Results and Discussions

3.1. Effects of Electrodeposition Parameters on Morphology and Composition of the Ni/ SiCw Composite

Figure 1 shows the surface morphology of various current density for the Ni/SiCw composite
coatings, which was prepared at a stirring speed of 300 rpm, a temperature of 50 °C, and a current
density from 2 mA/cm? to 40 mA/cm?. As shown in Figure 1, obviously, the microstructure and content
of SiCw in coatings were appreciably affected by the current density. When the current density was
lower than 18 mA/cm?, the glossy surface of the nickel matrix with uniformly distributed SiC whiskers
could be seen, and the content of SiCw increased with the increase of current density (Figure 1a-d).
However, when the current density was higher than 25 mA/cm?, the whiskers content reduced, and the
surface morphology of coatings became nodular and inhomogeneous (Figure 1e—f). These phenomena
made clear that the electrodeposits prepared at low current density tend to form smooth and luminous
surface morphology with fine grains.

Figure 1. SEM images of Ni/SiCw composite coating fabricated from the electrolyte at stirring speed of
200 rpm, and temperatures of 35 °C, and current density of (a) 2 mA/ecm?, (b) 6 mA/cm?, (¢) 10 mA/cm?,
(d) 18 mA/cm?, (e) 25 mA/cm?, (f) 40 mA/cm?.

The influences of current density on composite coatings could be explained by the following aspects.
Firstly, as the cathode current density increases, the Coulomb force between the whisker-adsorbed
metal ions and the cathode increases, which can increase the deposition rate of the matrix metal and
save time for SiCw to be embedded in Ni matrix. That is, the content of SiCw in the nickel matrix
increases at per unit time. Secondly, as the cathode current density increases, the cathode overpotential
and the electric field force increases correspondingly, which facilitates the electrostatic attraction of the
cathode to the solid particles adsorbing the positive ions. At higher overvoltage, the transportation
of metal ions to cathode becomes an important factor in electrodeposition, and it is well known that
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the addition of inert particles could enhance this transportation [23]. Compared with lower current
density, the rate of whisker that transfer to cathode surface and embed into the composite coatings
increases remarkably when the cathode current density is too high. Thirdly, part of the surface of the
cathode is covered by whiskers, due to its embedding behavior, which results in the increase of the
cathode overpotential, the enhancement of hydrogen adsorption capacity and the formation of alkaline
salts near the cathode [4]. These by-products that adsorbed on the cathode surface or embedded into
the coating also prevent the whisker from co-depositing with nickel metal and lead to a decrease of
the SiCw content in electrodeposits. Besides, at a higher overpotential, the dendrites or nodules were
formed on the coating’s surface, due to the discharge of metal ions near the cathode, which cause the
discharge at the swelling of deposits and it is consistent with previous literature reported by other
researchers [2].

During the electrodeposition process, the deposited crystal and grew behavior are closely related
to the electrolyte temperature, which plays an essential role in controlling its texture and grain size.
Moreover, the mass transfer process of metal ions and whiskers to the cathode surface could be enhanced
at an appropriate electrodeposition temperature [24]. Therefore, it is indispensable to evaluate the
effect of electrolyte temperature on the composite for the purpose of obtaining the high content of
SiCw in the coating with smooth and uniform morphology. In this experiment, the temperature of
electrolyte ranging from 20 °C to 60 °C were investigated at a stirring speed of 200 rpm and a current
density 18 mA/cm?. As illustrated in Figure 2, the dendrites and nodules could be observed clearly at a
lower temperature (Figure 2a), while the smooth and luminous surface accompanied by the increasing
whisker content was obtained at a temperature rising to 50 °C (Figure 2d).In addition, the nickel
grains became finer, and the composite coatings were also strengthened after adding the whiskers.
However, the whiskers tended to aggregate and decreased its content in composite coatings when the
temperature was exceeding 50 °C, which resulted in the deposited grains was coarse and oversized.

Figure 2. SEM images of Ni/SiCw composite coating fabricated from the electrolyte at stirring speed
of 200 rpm, and current density of 18 mA/cm?, and temperatures of (a) 20 °C, (b) 30 °C, (c) 40 °C, (d)
50 °C, (e) 60 °C.

In general, both the average kinetic energy of ions and the viscosity of electrolytic could
be consolidated by increasing the electrolyte temperature, which all consequently facilities the
transportation of whiskers. Besides, the diffusion mobility of metal ions adsorbed on the cathode
surface would be increased on the electrode surface, which resulted in an increase of the whiskers
contents in composites coating. Whereas, the anions diffusion rate, the overpotential and the electric
field force of the cathode reduced when the temperature reached to a specific value, which was
detrimental to the whiskers embedded into the nickel matrix. In addition, the electrolyte would
evaporate seriously at a higher temperature, thus, affecting the deposition of active ingredients onto
the cathode and coursing the surface of composites. As a result, the excessively high temperature led
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to a reduction of the SiCw adsorption ability and the cathode electric field force, which ultimately
reduced the SiCw content in the composite coatings.

In order to prevent the precipitation and agglomeration of SiCw in the electrolyte, mechanical
stirring was adopted as a key technology in electroplating process, due to the high surface energy of the
SiCw. Particularly, the content of particles in composite coatings is depended largely on the strength of
stirring, which is advantageous to the uniform distribution of particles in electrolyte and the successful
transportation to cathode surface [23]. Figure 3 shows the SEM images relating to the morphology
of Ni/SiCw coatings fabricated at a different stirring speed. The conditions of current density and
temperature were 18 mA/cm? and 50 °C, and the stirring speed was controlled at 0, 100, 300, and
500 rpm, respectively. Due to the gravity, a large number of whiskers accumulated and covered the
major cathode surface without stirring, which resulted in an increase of the cathode overpotential
and a decrease of the discharged metal ions near the cathode. Therefore, metal ions discharged at
the corner and appeared dendrites or nodules in the composite coatings under the condition without
stirring. With the increasing strength of stirring, the mass transfer rate of electrolyte and the effective
concentration of whisker were also increased accordingly, which could promote the transportation of
SiCw and increase the whisker content in the composite coatings. However, the electrolyte flew at a
high speed when the stirring strength is higher than 300 rpm, which caused intense shock to the cathode
surface, led to high-speed transfer of the electrolyte accompanied by whiskers and suppressed the
attachment of whiskers to the cathode surface. More seriously, whiskers that were not fully embedded
in the nickel matrix might be released from the cathode surface to the electrolyte, which resulted in a
dramatic decrease of the whisker content in the composite coatings.

Figure 3. SEM images of Ni/SiCw composite coating fabricated from the electrolyte at a current density
of 18 mA/cm?, and temperatures of 50 °C, and stirring speed of (a) 0 rpm, (b) 100 rpm, (c) 300 rpm, (d)
500 rpm.

The cross-sectional SEM images of Ni/SiCw composite coatings prepared with different
electrodeposited conditions were shown in Figure 4. From Figure 4a,b, in which the current density
ranges from 2 to 8 mA cm™
fairly well dispersed in the nickel matrix, can be clearly observed on the fracture surface. According
to the micrographs of the cross section, the fracture surface does not represent the initial interface

, an increase in the number of SiCw (pointed by an arrow), which are

between the the nickel matrix and SiCw after breaking with external force, so the interface was further
illustrated after treatment by an ion beam thinner (Figure 4c,d). From the cross-sectional images of the
thinned surface, the whiskers were cut in an identical plane, but in different orientations, due to their
random distribution in the the nickel matrix; meanwhile, multiple shapes of whiskers after thinning by
ion beam thinner were also noticed.
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Figure 4. SEM images of the cross section for the fracture (a,b) and thinned surface (c,d) of the
electrodeposited Ni/SiCw composite coatings (a) SiCw 0.8 g L1, 2 mA/cm?, 35 °C, 150 rpm; (b) SiCw 0.8
g L1, 18 mA/cm?, 35 °C, 150 rpm; (c) and (d) represent the thinned surface of (a) and (b), respectively.

The EDS spectra of Ni/SiCw composite coatings, prepared at different conditions, are illustrated
in Figure 5; and is related to the EDS spectra, which has been listed, as shown in Table 2. As shown
in Figure 5a, only Ni peaks were observed in the sample without SiCw coating, whereas the peaks
of Ni, Si and C were all collected in Figure 5b—e. The EDS results indicated that the SiC whiskers
were incorporated into the nickel matrix successfully. Besides, the obviously increased content of Si
and C could be seen from Figure 5b,c, which was resulted from the increased current density from 2
to 18 mA/cm?. Since the co-deposition rate of SICw was strongly related to that of Ni matrix in the
process of electrodeposition, then increasing current density could promote the deposition rate of
matrix metals and save the time of SiCw embedding into the Ni matrix. In Figure 5¢,d, the EDS spectra
of the Ni/SiCw coatings deposited at 35 °C and 50 °C, which showed that the higher temperature
facilitated the increase of whiskers content in electrodeposits. It shows that the higher temperature
facilitates the increase of whiskers content in electrodeposits. As to the influence of stirring speed
on the content of SiCw, the stronger stirring speed can contribute to the whiskers transmitting to the
cathode surface from the electrolyte which results in its higher content in coatings (Figure 5e).

Figure 5. EDS spectra of electrodeposited Ni/SiCw composite coatings (a) without SiCw, 2 mA/cm?,
35 °C, 150 rpm; (b) SiCw 0.8 g L~!, 2 mA/cm?, 35 °C, 150 rpm; (c) SiCw 0.8 g L1, 18 mA/cm~2, 35 °C,
150 rpm; (d) SiCw 0.8 g L1, 18 mA/cm?, 50 °C, 150 rpm; (e) SiCw 0.8 g L1, 18 mA/cm?, 50 °C, 300 rpm.
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Table 2. Weight fraction of the composite coatings as deposited at different conditions.

Weight Fraction (wt. %)

Samples
Ni Si C (0]
a 98.66 — 0.32 1.02
b 95.18 1.47 0.55 2.80
c 90.88 3.48 1.00 4.64
d 85.57 5.39 1.48 5.56
e 76.32 8.83 4.67 10.18

3.2. Effects of Electrodeposition Parameters on Crystallographic Texture of the Ni/ SiCw Composite Coatings

For all the electrodeposited coatings, the nickel crystals are face-centered cubic structures (FCC).
The three peaks at 20 = 44.5, 51.85 and 76.37° that corresponds to (111), (200) and (220) crystallographic
planes of nickel respectively, are in agreement with the standard XRD pattern JCPDS 04-0850. Note
that the peaks corresponding to the SiCw were not detected in the XRD pattern of the composites.
This might be due to the high content of Ni and its high scattering factor leading to higher peak
intensities compared to those of SiCw [25]. Figure 6 shows the XRD pattern for the applied SiC whiskers.
Comparing to the standard card, SiC particles was fit to No. 29-1129 exactly.

—SiC

Intensity (a. u.)

15 30 45 60 75 90
20(9)

Figure 6. XRD pattern of the SiC whiskers.

Figure 7 shows the XRD patterns and its crystallographic orientation indexes of the Ni/SiCw
composite coatings fabricated at a different current density. As shown in Figure 7a, at low current
density (2 mA-cm~2), the composite coating exhibits a strong (111) plane preferred orientation and a
relatively low intensity of peaks (200) and (220). However, the intensity of (111) and (220) peak gradually
reduce with the increase of current density, while the (200) peak increased obviously. Particularly, when
the current density increased to 40 mA-cm™2, the value of (200) peak intensity reaches the strongest,
and the other peaks are almost disappeared. These results mean that the current density alters the
texture of the composites and enhances the (200) reflections, which is in good agreement with the
literature reported observation (the current efficiency of Ni deposition reached high values of over
97%) [26]. XRD analyses show that the texture coefficient of the deposits varies with current density.
From Figure 7b and Table 3, the calculated results exhibit that the texture coefficient of (111) and (220)
orientation decreases from 0.91 to 0.05 and 0.43 to 0.18, respectively; while the (200) orientation index
increases from 0.66 to 2.9.

The variation of preferred orientation implied two possible reasons. One is the growth axis of
the nickel grain mainly depends on the applied current density. There is a trend for dominating
surface textures with increasing current density, as follows—(110) < (211) < (100). This means that



Appl. Sci. 2019, 9, 3824 8 0f 12

(110), (211) and (100) texture are preferred orientation at very low current, medium and high current,
respectively [27]. This also can be explained by the theory of nucleation energy (W) [28,29] as
Equation (2).

Wik = ﬁ%r 2

Nall— Ak

where Ay and By are material parameters of the crystallographic direction (/kl); Na and F are the
constant of Avogadro and Faraday, respectively; z is the number of electrons, and 1 is the over-voltage
of cathodic polarization. For face-centered cubic metals, at low over-voltage, W111 < W100 < W110,
while W100 < W111 at high over-voltage [26]. This phenomenon indicates that when particular
nucleation energy is lower than other types of nucleation energy, the crystals of the deposited metal
will exhibit particular preferred orientation. The other is the incorporated whiskers provides the
occurrence of new nuclei and limits the growth of the original crystal grains [30,31], which facilitates
more nucleation sites and the grain size refined. As mentioned above, the crystalline structure of
Ni-W/SiC deposits is also affected by the factor of the SiCw content in the composites.
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Figure 7. (a) XRD patterns of composites fabricated at a different current density, (b) The crystallographic
orientation indexes of (111), (200) and (220).

Table 3. Texture coefficients of various (hkl) for the composite coatings as deposited at different
current density.

(nkI) TCoin
2 mA-cm—2 6 mA-cm—2 10 mA-cm2 18 mA-em~2 25mA-cem~2 40 mA-cm2
111 0.91 0.62 0.25 0.13 0.08 0.05
200 0.66 1.73 2.17 2.63 2.84 29
220 1.43 1 0.58 0.23 0.1 0.18

Figure 8 shows the XRD patterns and its crystallographic orientation indexes of the Ni/SiCw
composite coatings electroplated at 20, 30, 40, 50, 60 °C, respectively. With the temperature elevated,
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the intensity of the (200) increases, while (111), (220) peaks increases. The calculated orientation index
of (200) plan increases from 1.08 to 2.32, while the (111) and (220) orientation index decreases from 1.15
to 0.32 and 0.73 to 0.36 (Figure 8b and Table 4), respectively. These results indicate that relative high
electrolyte temperature is benefit for the preferred orientation of (200) plan, which is in agreement with
previous studies [32].

In the view of the observations made by E. Budevski et al. [28], the energy barrier of nucleation
showed a positive linear dependence with 1/ and 1/n2 for the 2D and 3D model, respectively; the
nucleation kinetics of nickel crystallites depends on the applied overpotential . At low overvoltage,
the particles near the cathode suppress metal ion reduction; while at high overvoltage, the transmission
of the metal ions to the cathode becomes an important factor, moreover, the incorporated of inert
whiskers enhance this transmission [23]. Therefore, the grains size of composites at high temperature
becomes larger than that at low temperature (Figure 2).
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gl 40°C
2 50.°C 12
= |. Iy apy y y
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Figure 8. (a) XRD patterns of composites fabricated at a different temperature, (b) The crystallographic
orientation indexes of (111), (200) and (220).

Table 4. Texture coefficients of various (hkl) for the composite coatings as deposited at
different temperature.

(nkl) TCoi

20°C 30°C 40°C 50 °C 60 °C
111 115 1.05 0.8 051 0.32
200 1.08 121 153 2 232

220 0.73 0.73 0.71 0.51 0.36
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Figure 9 shows the XRD patterns and its crystallographic orientation indexes of the Ni/SiCw
composite coatings electroplated under different stirring conditions. The XRD patterns (Figure 9a)
shows that, under static conditions, the intensity of (200) peak is slightly higher than that of (220) peak,
and (111) peak possess the highest intensity. When given a certain stirring speed at 100 rpm, there
is about the same intensity of (111) and (200) crystal planes, while the intensity of (220) peak is very
weak and almost disappeared. With increasing stirring speed to 300 rpm, the intensity of (200) peaks
gradually increase, along with a relative decrease in intensity of (111) and (220) peaks. Notably, at high
stirring speed (500 rpm), the intensity of (200) peak presents a weakening trend. This is because the
excessive stirring speed takes a large impact force for the cathode surface, it can, therefore, caused
the whiskers transferred with the electrolyte at a high speed. Ultimately, the content of whiskers
incorporated into the nickel matrix is reduced. The XRD patterns further analysis is shown in Figure 9b
and Table 5. The preferred orientation of the composite coating at different stirring speeds is mainly
related to the content of SiCw in coatings, and thereby the embedded SiC whiskers into the nickel
matrix change the microstructure of the composites.
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Figure 9. (a) XRD patterns of composites fabricated at a different stirring speed; (b) the crystallographic
orientation indexes of (111), (200) and (220).

Table 5. Texture coefficients of various (hkl) for the composite coatings as deposited at different
stirring speed.

(hk1) TCoi

0 rpm 100 rpm 300 rpm 500 rpm
111 1.28 0.97 0.31 0.69
200 0.88 1.79 2.58 2.16

220 0.83 0.23 0.11 0.14
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4. Conclusions

In summary, the influences of the external conditions of electrodeposition on the crystallographic
texture, morphology and composition were investigated. For the deposited Ni/SiCw composite
coatings, the content of SiCw in coatings increased with the increasing current density, stirring rate
and electrolyte temperature in a certain range. Particularly, glossy Ni matrix surface with uniformly
distributed whiskers was obtained at a current density of 18 mA/cm?2, whereas it became nodular and
inhomogeneous with the widely differed spherical particles. Moreover, the detailed XRD analysis
indicated that the current density altered the texture of the composites and enhanced the reflections of
(200) plane. Also, the optimized temperature results revealed that the flat and bright morphology, as
well as high content of whiskers in the composite coatings, was obtained at a temperature of 50 °C.
Furthermore, the effects of stirring speed on the composition and structure on the coatings were studied.
It was found that when the stirring speed was too low, the composite coatings appeared dendrites
or nodules, while the whisker content was drastically reduced at a high speed. Consequently, these
external conditions not only affect the surface morphology and the SiCw content of the composites,
but also modified their preferred orientation.
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