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Abstract:

In this paper, Ni based gradient composite coatings containing micro- and nano-SiC particles
was prepared by dipulse electrodepositing in watts nickel solution. The effect of nano-SiC
added in the solution on the micro morphology, wear-and corrosion resistance of the coating
was investigated. The results show that the grain size of Ni-SiC gradient composite coatings is
fined when adding nano-SiC in electrolyte; the maximum microhardness of gradient coating is
553 HV, and the average coefficient of gradient coating with 0.41 are about 1.5 times and 4/5
than that of micro-SiC gradient composite coating; and shows the best corrosion resistance
which the values of corrosion current density with 1.957x107A.cm2 is about 1/10 than that of
micro-SiC gradient composite coating.

Keywords: Ni-SiC gradient composite coating, Nano-SiC, Wear resistance, Corrosion
resistance.

I. INTRODUCTION

Owing to low density, good ductility and toughness, and easy machining, aluminum and
aluminum alloys have been widely used in various industrial sectors. In practical applications,
however, disadvantages such as low hardness, poor wear resistance and frequent abrasion have
limited the wider application of aluminum alloy materials. Currently, major surface treatment
methods used to improve the aluminum alloy properties include the micro-arc oxidation [1-3],
laser treatment [4, 5], electroless plating [6, 7], electroplating [8, 9] and anodization [10, 11].
Through these surface treatment techniques, the corrosion and wear resistances of aluminum
alloys have been greatly improved.

Ni-SiC composite coatings have the advantages of high hardness and good wear, oxidation
and corrosion resistances, which are widely used in internal combustion engines, die-casting
molds and engine cylinders [12]. Although extensive research has been conducted on
nano-Ni-SiC composite and gradient coatings at home and abroad [13-17], the majority of them
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focus on the effects of process parameters on the coating microhardness, composition and
corrosion resistance, while the effect of nanoparticles on the properties of micro-gradient
coatings has scarcely been reported. To this end, we fabricated Ni-SiC gradient composite
coating containing nano-SiC on the surface of LY12 aluminum alloy by dipulse
electrodeposition, and investigated the effects of nano-SiC particles in the electrodepositing
solution on the wear and corrosion resistances of the fabricated coating.

Il. EXPERIMENTAL
Using pure nickel plate as anode, and LY12 aluminum alloy sample (15x% 15x 3.0mm) as
cathode, the Ni-SiC gradient composite coating was deposited on the surface of aluminum
alloy by using dipulse electrodeposition power supply (SMD-30P). Table | details the

composition of electrodepositing solution and the electrodeposition conditions.

TABLE I. The electrodeposition parameters for Ni/SiC composite coatings

SOLUTION COMPOSITION (G.L-1) ELECTRODEPOSITION CONDITIONS
NISO,4.6H,0 300 pH 4.5~5.5
NICL.6H,0 30 Temperature 30£1°C
H3;BO; 35 Stirring rate 250 rpm
SIC POWDER(5MM)) | 20,40,60,80,100 Current density 2.5 A.dm”
SIC POWDER(40NM) | 2.0 Duty cycle(d.c) 50%

Time (h) 5

Pulse frequency(v) 1000Hz

Generally, when nano-SiC particles are added to the electrodepositing solution at room
temperature, they always float on the solution surface and require prolonged stirring to enter
the solution, thus resulting in long pretreatment time. Prior to electrodeposition, preweighed
nano-SiC particles were added with an appropriate amount of electrodepositing solution and
heated using a water bath. Meanwhile, surfactant was added dropwise, so that the nano-SiC
particles were quickly wetted by the electrodepositing solution to enter it. Next, some of the
electrodepositing solution containing wetted nano-SiC particles was added into the
electroplating beaker, stirred at 800rpm and ultrasonicated for 15min. Afterwards, 20g/L
micro-SiC particles were added at 1-h intervals to perform composite electrodeposition,
thereby fabricating the nano-SiC-containing Ni-SiC gradient composite coating.

Utilizing FM700 microhardness tester, the microhardness of the gradient composite coating
was measured at an indenter load of 100g and a loading time of 15s. Five values were
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measured at different sites of coating cross section, and then averaged.

Friction experiment of the gradient composite coating was conducted with MFT-3000
tribometer (RTEC) under the following conditions: GCrl5 ball (p10mm, quenched, hardness:
HRC63) friction material, reciprocation speed 10m/s, dry grinding, radius 2mm, load 16N,
room temperature, and time 30min.

Electrochemical test was completed on the PARSTAT 2273 workstation. A three-electrode
system was adopted, where the auxiliary electrode was a platinum electrode, the reference
electrode was a saturated calomel electrode (SCE), and the working electrode was the sample.
A 3.5% NaCl aqueous solution was used as the test solution, and the pretest stabilization time
was set at 60 min. In the Tafel extrapolation test, the scan range was the self-corrosion potential
(Ecorr£1.5) V, and the scan rate was 5mV/min.

JSM-6380LV SEM equipped with EDS was utilized to analyze the microstructures of
gradient composite coating and wear track surfaces. The composite coating structure was
analyzed via Bruker D8 Advance rotating target XRD under the following conditions: Cu
rotating target, Cu-Ka excitation, tube current 40 mA, tube voltage 40 kV, step size 0.02°, and
scanning rate 5.0°/min.

I11. RESULTS AND DISCUSSION
3.1 Effect of Nano-SiC on the Coating Microstructure

Fig. 1 illustrates the microstructures of the Ni-SiC gradient coatings, where no nano-SiC
particles were added into the electrodepositing solution in Fig. 1(a), and 2.0 g/L nano-SiC
particles were added into the solution in Fig. 1(b). As is clear, the addition of nano-SiC
particles had a prominent effect on the microstructure of the composite coating. According to
Fig. 1(a), when no nano-SiC particles were added into the electrodepositing solution, random
distribution of micro-sized SiC particles was observable on the Ni-SiC composite coating
surface. Meanwhile, presence of cavities was noted, which were left by the scoured SiC
particles not firmly wrapped by matrix metal, and the coating surface was incompact.
According to Fig. 1(b), after adding 2.0g/L nano-SiC particles into the electrodepositing
solution, the coating surface was cystiform, which was constituted by smaller crystal grains that
were obviously refined. Meanwhile, the compactness of the composite coating was slightly
improved. The reason was that appropriate addition of nano-SiC into the electrodepositing
solution provided more activation sites during the deposition of matrix metal, which led to
increased nucleation sites of Ni metal, thereby refining the crystal grains.
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Fig.1: SEM images of the surface of gradient composite coatings: (a) without nano-SiC; (b) with
nano-SiC 2.0g/L

3.2 Effect of Nano-SiC on the Coating Texture

Fig. 2 displays the XRD patterns of coatings, where Fig. 2(a) shows the spectra of pure Ni
coating and Figs. 2(b) and (c) show the spectra of gradient coatings without or with nano-SiC
particles. As is clear, all the gradient coatings were composed of matrix phase Ni and SiC
phase. After adding SiC particles into the electrodepositing solution, the Ni in the coating
preferentially grew on the (200) crystal plane and transformed into the (111) plane. This was
probably attributed to the coexistence of micro- and nano-SiC particles in the electrodepositing
solution, which led to change in the preferentially oriented plane of Ni during the
electrocrystallization process.
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Fig.2: XRD patterns of coatings: (a) nickel coating; (b) Ni-SiC composite; (c) Ni-SiC composite
with nano-SiC

Fig. 3 illustrates the cross-sectional microstructures of the Ni-SiC gradient coatings.
Uniform gradient dispersion of SiC particles were observed in the coatings, and the coating
particle content increased with the furthering distance from the interface. The reason was that
under fixed stirring rate of electrodepositing solution and cathode current density, the amount
of SiC particles deposited in the coatings increased with the rise in their addition into the
solution.

Fig. 3: SEM images of the cross-section of Ni-SiC composite coatings: (a) without nano-SiC; (b)
with nano-SiC

3.3 Effect of Nano-SiC on the Coating Tribological Properties

Fig. 4 plots the microhardness (a) and friction coefficient (b) variations of the gradient
coatings. According to Fig. 4(a), all the microhardness values exhibited gradient increases with
the furthering distance from the matrix/coating interface, peaking at the outer coating rims. The
maximum microhardness was 367HV when only micro-SiC was added into the
electrodepositing solution, and was 553HV when both micro- and nano-SiC particles were
added, showing 5.6- and 3.6-folds greater values than that of the pure Ni coating, respectively.
This was attributed to the role of micro-SiC in holistically strengthening the composite coating.
Contrastively, after adding nano-SiC particles into the electrodepositing solution, they were
co-deposited with micro-SiC particles to locally strengthen the matrix around the micro-SiC
particles. The integration of holistic and local effects enhanced the plastic deformation
resistance of the nano-SiC-containing coating, which thus exhibited higher microhardness.
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Fig. 4(b) depicts the temporal variations of the coating friction coefficients. As is clear, the
friction coefficient of pure Ni coating fluctuated drastically within the sliding time, with an
average of approximately 0.56. Contrastively, the friction coefficient of Ni-SiC gradient
coatings decreased slightly, which fluctuated little during the sliding time, basically
maintaining at 0.45. The gradient coating containing nano-SiC particles showed the smallest
friction coefficient. With the prolongation of sliding time, the friction coefficient tended to
decrease slowly, reaching a minimum of 0.36. Based on a combination of Figs. 4(a) and (b), a
certain correspondence existed between the coating microhardness and the friction coefficient.
The composite coating with higher microhardness had lower friction coefficient.
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Fig. 4: Relationship between coefficient and time: (a) nickel; (b) Ni-SiC composite; (¢) Ni-SiC
composite with nano-SiC

Fig. 5 illustrates the micromorphology of wear tracks on the gradient coating surfaces.
Clearly, material transfer and shallow furrowing were present on all the wear track surfaces of
composite coating, indicating a mixed mechanism of abrasive-adhesive wear. As shown in Fig.
5(a), the coating without nano-SiC addition had shallow furrows on the wear track surface.
Meanwhile, substantial cavities were observed on the wear track surface as well. Some of the
cavities were leftovers from the original coating surface, while the remaining was left by the
detachment of SiC particles from the matrix metal during the friction process. As shown in Fig.
5(b), after adding nano-SiC particles into the electrodepositing solution, the wear tracks of the
coating were tire-patterned and tightly arranged, with distribution of small aperture cavities on
the surface. The wear failure of gradient coatings was attributed primarily to the filling of
cavities by the wear debris resulting from hard particle extrusion and ploughing, or the
entrapment of the wear debris between wear surfaces, which acted as new abrasive particles.
Additionally, the low-hardness matrix metal Ni underwent obvious plastic deformation,
extrusion and detachment during friction with the high-hardness grinding ball. For the
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nanoparticle-containing gradient coating, the microparticles in the coating served as hard
particles, and the grinding ball was shallowly pressed into the coating surface, which led to
reduced contact area between friction pair and coating, thus forming a shallow furrowed wear
track morphology. Meanwhile, the nanoparticles were deposited in the Ni layer between
microparticle gaps, locally strengthening the Ni coating around the micro-SiC particles, and
enhancing the microparticle holding force of the Ni coating. As a result, the detachment
probability of the hard micro-SiC particles was greatly reduced during the wear process. In
summary, at concentrations where the addition of nano-SiC particles into the
micro-SiC-containing electrodepositing solution did not cause the nanoparticle aggregation, the
nano-SiC particles were evenly dispersed in the solution, which were co-deposited with the
micro-SiC particles during the electrodeposition process, thereby achieving the holistic and
local strengthening of matrix metal, and enhancing the composite coating properties.

Fig. 5: SEM morphology of the wear tracks of the composites coatings: (a) Ni-SiC composite;
(b) Ni-SiC composite with nano-SiC

3.4 Effect of nano-SiC on the Coating Corrosion Resistance

Fig. 6 displays the Tafel curves of pure Ni coating, Ni-SiC coating and
nano-SiC-containing Ni-SiC coating. It is clear that compared to the pure Ni coating, the two
Ni-SiC gradient coatings both exhibited better corrosion resistance, especially the one
containing nano-SiC. The SiC particles and Ni were co-deposited to form a composite coating,
thereby increasing the self-corrosion potential from -0.50 V (pure Ni coating) to -0.36V and
decreasing the density of self-corrosion current from 4.977x10°A/cm2 to 1.665x10°A/cm?2.
After adding nano-SiC particles into the electrodepositing solution, the self-corrosion potential
and current density of the gradient coating were -0.36V and 1.957x107"A/cm2, respectively.
Thus, clearly, the major determinants of electrochemical corrosion resistance were the base
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metal potential and the coating compactness. Due to the integration of SiC, the matrix metal led
to increased potential. Meanwhile, the co-deposition of micro- and nano-SiC played a role in
achieving effective coating densification, so that the CI-1 in the corrosive electrolyte could not
easily penetrate through the compact coating. Additionally, the micro- and nano-SiC particles
in the coating also facilitated the blockage of CI-1 penetration, thereby improving the
composite coating resistance to electrochemical corrosion.
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Fig. 6: Tafel curves of coatings
IVV. CONCLUSION

1) By adjusting the electrodepositing solution concentration of SiC particles, the Ni-SiC
composite coatings are fabricated on the aluminum alloy surface, where the SiC particles show
a gradient distribution. After adding nano-SiC particles, the crystal grains of Ni coating are
refined. However, the microstructures of the gradient coatings are not obviously affected, all of
which are in the Ni+SiC phase.

2) Compared to the micro SiC-reinforced gradient coating, after adding nano-SiC particles
into the electrodepositing solution, the coating microhardness increases to 553HV, which is 1.5
and 5.6 times that of the micro-composite coating and pure Ni coating, respectively. Besides,
the nano-SiC-containing coating exhibits a friction coefficient of 0.36, which is 4/5 and 3/5 that
of the micro-composite and pure Ni coatings, respectively. Further, its corrosion current density
is 1.957x107A/cm2, which is 1/10 that of the micro-composite coating and 1/25 that of the
pure Ni coating.
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