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Abstract 

In this work, Ni-Mo-SiC-TiN composite coatings were prepared by pulse 

electrodeposition. Through analyzing the effect of particle content on the phase structure and 

morphology of Ni-Mo coatings, the relationship between nanoparticles co-deposition amount 

and the mechanical properties and corrosion resistance of Ni matrix composite coatings was 

evaluated. The results show that the coating prepared at an electrolyte concentration of 20 g/L 

is flat and dense presenting the highest particle content. The crystallite size ranging from 

28.27 nm to 11.85 nm is affected by different nanoparticle concentrations. As shown by the 

Tafel polarization and wear test, the incorporation of two hard particles improved the coating 

performance, and the corrosion current density was reduced by 74% to 1.84 µA/cm2. The 

wear rate decreased from 10.196×10-4 mm3/N·m to 2.65×10-4 mm3/N·m, and the average 

friction coefficient decreased to 0.11. The duplex hard particles play a bearing and hindering 

role during friction and corrosion. Based on the co-deposition kinetic model, a five-step pulse 

deposition model referring to nanoparticles was established. It is found that SiC/TiN particles 

                                                        

  * Corresponding author: School of Materials Science and Engineering, Chang’an University, Xi’an, 

710064, ShaanXi, China 

E-mail address: xuyiku23@hotmail.com 



co-deposited to the preferential Ni (111) crystal face and subordinate Ni (200) face. And the 

good binding ability between the matrix and the nanoparticles results in a high load transfer 

effect, thus enhancing the tribological properties of the coating. Moreover, the interaction 

between the duplex nanoparticles was further discussed. 

Keywords：Ni-matrix nanocomposite coatings; Pulse electrodeposition; Wear; Corrosion; 

Duplex particles interaction. 
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1. Introduction 

The development of technology has created high requirements for protective surface 

coatings of engineering components, such as corrosion resistant and tribological properties. 

Pure metal or metal matrix coatings prepared by electrodeposition techniques enhances the 

surface properties of engineering components and applications in automotive, aerospace and 

many other industrial fields. Metal matrix composite coatings typically contain other metallic 

elements to form an alloy coating and exhibit better performance than pure metal coatings [1, 

2]. Such as the Ni-Mo composite coating prepared by co-deposition molybdenum has good 

mechanical properties, magnetic properties and corrosion resistance. They also demonstrate 

the excellent electrocatalytic performance of the hydrogen evolution reaction and exhibit 

potential as an alternative to chromium coatings [3]. 

Currently, many nanoparticles are used as a reinforcing phase to improve coating 

performance [4, 5]. Insoluble particles added to the electrolyte are captured and buried in the 

substrate coating as the metal ions are reduced during the co-deposition [6, 7]. 

These particles typically contain ox-ides, carbides, or nitrides, such as SiO2, Al2O3, SiC, 

TiO2, Cr2O3 and TiN [8-10]. The incorporation of particles of different types, sizes and 

contents has significant effect on the structure and properties of the coating. Silicon carbide, 

as one of the ceramic particles, and the Ni-SiC nanocomposite coating has been widely used 

for its high hardness and excellent tribological properties. [11-17]. Many studies have been 

conducted on the effects of SiC particle incorporation. The reduction in particle size has a 

beneficial effect on the comprehensive properties of the coatings [12, 13]. However, it is more 

difficult for nanosized particles to form composite coatings by co-deposition than 

micron-sized particles, due to nanosized particles being more easily agglomerated in the 
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electrolyte [14, 15]. Many studies have focused on reducing particle agglomeration and 

increasing the particle content in the coating by adding suitable surfactants. [16, 17]. 

Additionally, TiN, as a metal nitride ceramic, has been added to metal-based coatings due to 

its high hardness, thermal stability, chemical stability, and corrosion resistance [18, 19]. F.F. 

Xia et al. incorporates TiN nanoparticles into the pure nickel coating using ultrasonic 

electrodeposition, which revealed that, compared with alloy coating, the incorporation of TiN 

reduces the porosity of the coating and improves the corrosion resistance of the coating [20]. 

Concerning various nanocomposite coatings, M. Alizadeh et al. prepared Ni-Al2O3-SiC 

coatings and studied the effect of Al2O3/SiC particle content on coatings microstructure and 

properties. They found that after different contents of nanoparticles were incorporated, the 

nanocomposite coatings showed prominent and non-uniform morphology. Due to the increase 

of particle concentration, the nickel crystal structure changed from (100) to (111) and the 

grain size also decreased significantly. As the content of the two particles changes, the wear 

rate of the coating decreases, and the corrosion and passivation performance also steadily 

improves [21-23]. S. Rahemi Ardakani et al. adjusted the concentration of SiO2 and Al2O3 in 

the electrolyte and obtained the best overall performance of Ni-P-SiO2-Al2O3 coating when 

the SiO2 10 g/L and the Al2O3 14 g/L are added into the electrolyte. They found that different 

nanoparticles can promote the co-deposition of each other and the matrix metal so that the 

prepared nanocomposite coatings have finer grains and denser structures [24]. Zhang et al. 

added TiN nanoparticles to Ni-W alloy coatings. They showed that incorporation of TiN 

nanoparticles is beneficial to the (111) orientation of nickel crystals. It increases nucleation 

rate and limits the growth of grains, which results in the refinement of grains and the uniform 

growth of Ni-W crystals [25].  
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As mentioned above, Ni-Mo coatings have broad application prospects and have been 

extensively studied in recent years. Many studies have focused on the enhancement of Ni-Mo 

coatings by different types of particles. [26, 27]. In previous works, direct-current 

electrodeposition was used to successfully prepare Ni-Mo-SiC-TiN nanocomposite coatings. 

The incorporation of two kinds of hard particles improved the comprehensive properties of 

metal coatings [28]. In this work, Ni-Mo-SiC-TiN nanocomposite coating was prepared at 

different particle concentration by pulse electrodeposition. The phase structure, morphology, 

chemical composition, tribological properties and corrosion resistance of coatings under 

different nanoparticle contents were studied. The mechanism of the action of nanoparticles in 

coatings was studied. 

2. Experiment 

2.1. Fabrication of Ni-Mo-SiC-TiN nanocomposite coatings 

Ni-Mo coating and Ni-Mo-SiC-TiN coatings were prepared by pulse electrodeposition. 

The material used for the anode is a pure nickel (99.99%) plate, and 6061 aluminum alloy 

plates (20 mm×20 mm×3 mm) were used as the cathode. All samples should be pretreated 

before use, and the surface shall be mechanically polished to 1500-grit finish and then 

degreased in 0.21 M Na2CO3, 0.13 M Na3PO4, and 1.8 M NaOH at 55 °C for 2 min and then 

activated in 4.76 M HNO3 for about 4 min at room temperature. After activation treatment, 

the substrate was rinsed and put into zinc bath for 1 minute. The zinc bath compositions were 

0.5 M ZnO, 0.007 M NaKC4H4O6·4H2O, 12 M NaOH, and 0.006 M FeCl3. This pretreatment 

process could effectively improve the bonding ability of the coatings to the substrate. The 

nanoparticles were mixed with distilled water, which was ultrasonically dispersed for 3 hours, 
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and mechanically stirred for 12 hours to prevent the agglomeration of nanoparticles. Then, the 

nanoparticle slurry is mixed with the electrolyte. The average size of SiC and TiN 

nanoparticles (purity> 99.9%) was about 40 nm and 20 nm, respectively. The electrolyte is 

composed of analytical reagent and nanoparticle slurry, the same amount of SiC and TiN 

particles are added each time. Table 1 list the detailed composition of the electrolyte and the 

electrodeposition operation parameters. The distance between the anode and the cathode was 

set to be 4.0 cm. At constant temperature, magnetic stirring at 350 rpm during 

electrodeposition. The prepared samples were rinsed with deionized water.  

2.2. Characterization of Ni-Mo-SiC-TiN nanocomposite coatings 

The surface morphology and cross-section morphology of various samples were obtained 

and analyzed using Hitachi S-4800 FE-SEM (Field Emission Scanning Elecrton Microscopy). 

The instrument is equipped with an energy chromatograph (EDS) for qualitative and 

quantitative analysis of constant elements in the micro area of the sample.  

The coating samples were subjected to Bruker D8-advanced X-ray diffraction, The 

diffracted conditions were as follows: Cu-Kα radiation, scan rate of 0.3 °/min and 2θ range is 

20°~80°) to detect the phase identifications. Crystallite size (D) is calculated by Scherrer 

relation: 

                              � =
��

���� 
                               (Eq.1) 

where K is 0.89, λ is 0.154056 nm, θ and β corresponds to the Bragg angle and full width 

at half maximum(radian) of the characteristic peak respectively 

The structure of the coating and the existence of nanoparticles were further characterized 

by transmission electron microscopy (FEI Talos F200X TEM). 
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The 3D morphology of the surface and the coating after the wear test were observed by a 

laser scanning confocal microscope OLS4100 (LSCM). 

The Vickers microhardness for composite coatings was measured using microhardness 

tester (HV-1000A). The load is 20 g and the holding time is 10 s. Microhardness 

measurements were performed on polished cross-section. The average of seven measured 

values was selected as the reported value. The friction and wear properties of the coating were 

evaluated at room temperature and dry condition by pin disk wear machine (MMQ-02G). 

GCr15 bearing steel balls (6 mm diameter) used as the abrasive. The test was performed for 

20 minutes under a load of 4 N, a friction radius of 3 mm, and speed of 100 r/min. After the 

test samples were ultrasonically cleaned, the masses before and after wear were weighed with 

an analytical balance. S4800 FE-SEM was used to observe the surface morphology of the 

worn samples and analyze the wear mechanism. 

The corrosion behaviors were tested through a three electrode working system. Prepare 

3.5 wt% NaCl solution as corrosion medium. The saturated calomel electrode is the reference 

electrode, and the platinum electrode is the counter electrode. The effective area exposed by 

the sample was 1 cm2. The sample needs to be immersed in the corrosion solution for 30 

minutes to keep the open circuit potential stable. The dynamic potential polarization scan rate 

is 1 mV/s, and the scan range is -1 V and +1 V. The corrosion potential (Ecorr) and corrosion 

current density (icorr) were determined by Tafel extrapolation. The corrosion morphology of 

the coating was characterized by SEM. 

3. Results and discussion 

3.1. Surface morphology 
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Surface micrograph of Ni-Mo (a, b) and Ni-Mo-SiC-TiN nanocomposite coatings (c-h) 

are shown in Fig. 1. The as-prepared Ni-Mo coating has a pyramidal structure with binary 

symmetrical grains. As incorporation of duplex nanoparticles in the Ni-Mo coatings, the 

surface topography develops from pyramidal to spherical. The coatings with relatively low 

particle concentrations of 4 g/L and 8 g/L showed a rougher surface, which is attributed to the 

fewer nucleation sites for nickel grains served by SiC/TiN nanoparticles during the 

electrodeposition process. With the increase of nanoparticle concentration, the coating surface 

becomes smoother and the grain size of the prepared coating synchronously decreases. As the 

nanoparticle concentration reaches 20 g/L, the coating surface becomes almost flat without 

obvious protrusions. 

Fig. 2 indicates the LSCM 3D morphology of coatings further demonstrates the effect of 

nanoparticle content on coating roughness. In the absence of particles, Ni ions are uniformly 

deposited and grown on the substrate, which can be confirmed from the flat surface of the 

Ni-Mo coating. The coating prepared at 8 g/L has a peak of more than ten microns. With the 

increase of particle concentration, the coating gradually smooth, eventually the surface 

prepared at 20 g/L exhibiting a flat feature. The surface roughness of the Ni-Mo coating is 3.2 

μm. In contrast, the incorporation of nanoparticles affects the roughness from 9.8 μm (with 8 

g/L SiC/TiN), 5.6 μm (with 16 g/L SiC/TiN) to 3.7 μm (with 20 g/L SiC/TiN). This indicates 

that high concentration nanoparticles provide more nucleation sites, which inhibits the growth 

of Ni grains, accompanied by the nanoparticles dispersing evenly on the coating surface. 

The cross-section micrographs of the composite coating prepared are shown in Fig. 3. 

All the deposited coating is uniformly dense. No discontinuities and cracks at the interface, 

which clearly showed a good bond. From the cross-sectional micrographs, the effect of the 
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incorporation of different particle contents on the roughness of the coating can be clearly 

observed. The high-magnification SEM cross-sectional micrographs in Fig. 3 shows that the 

nanoparticles deposited in the coating and their distribution. In addition, compared with the 

Ni-Mo thickness of 10.15 μm, the incorporation of the particles changed the thickness to 

14-17 μm. This can prove on one hand that the incorporation of particles promotes the 

deposition of the Ni coating. 

3.2. Analysis of Coating Structure  

Fig. 4a presents The XRD patterns of SiC and TiN powders. The characteristic peaks of 

the two particles, such as for (111), (200), (220), and (311) are consistent with PDF number: 

75-0254, number: 87-0628. Fig.4b exhibits the XRD spectra of the nanocomposite coatings, 

the three peaks of typical Ni coatings appearing on 44.36˚, 51.59˚ and 76.08˚ correspond to Ni 

(111), (200), (220) crystal planes respectively (PDF number: 87-0712), and (111) preferential 

crystal orientation occurring obviously. As molybdenum replaces part of the lattice of nickel 

and forms a solid solution of the FCC structure, the diffraction peak of Mo does not appear 

[28]. Consistent with our former research, the characteristic peaks of the two nanoparticles 

were not detected at low concentration. The main peaks of SiC and TiN were detected through 

the addition of particles in the electrolyte at 20 g/L and more.  

It should be concerned that as the content of SiC and TiN in the electrolyte increases, the 

diffraction peaks are gradually broadened, particularly the preferential (111) diffraction peak. 

As reported, this is related to both microstrain and grain size [29]. While, the microstrain 

caused by the electrodeposition sample is rather small [30], and studies have shown that the 

addition of nanoparticles can reduce the grain size of the coating matrix [31, 32]. With the 

raise of the SiC/TiN concentration, many nucleation sites on the cathode surface increased, 
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meanwhile the growth of Ni crystallites was suppressed, thereby achieving grain refinement. 

The grain sizes of different Ni-Mo-SiC-TiN nanocomposite coatings calculated using the 

Scherrer equation are shown in Fig. 4c. Compared with the average Ni-Mo coating grain size 

of 28.27 nm, the average grain size of the nanocomposite coating obviously decreased to 

11.85 nm with the concentration of 20 g/L.  

For better understanding the reinforced coatings, the weight percentage of Mo and 

SiC/TiN particles incorporated in the coating is also calculated and displayed in Fig. 4d. In the 

Ni-Mo matrix nanocomposite coating prepared at different particle concentrations, the content 

of molybdenum changed slightly in the range of 12-13 Wt%. With the increase of particle 

concentration, Ni content gradually decreases. Compared with the alloy coating Mo/Ni ratio 

of 0.123, the addition of nanoparticles increased the Mo/Ni ratio to 0.168. This may indicate 

that nanoparticles promote the co-deposition of Mo. The particle content in the coating 

increases with the presence of more nanoparticles in the electrolyte, reaching a peak at a 

concentration of 20 g/L (10 g/L SiC+10 g/L TiN). It is worth mentioning that although the 

concentration of the two particles in the electrolyte is equal, the deposition amount of TiN 

particles is always greater than SiC particles. This phenomenon can be attributed that the 

more activation of TiN is than SiC during the co-deposition, which may be related to the 

wettability of the two nanoparticles, conductivity, Zeta potential, and their interaction with Ni 

ions [33]. 

Fig. 5 displays the TEM bright-field image of Ni-Mo-SiC-TiN (20 g/L) nanocomposite 

coating. The EDS mapping indicates the existence of two types of nanoparticles passes 

through the distribution of Si, C, Ti and N elements. The presence of nanoparticles are 

considered to be the aggregated parts of bright spots in the corresponding element map.  
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3.3. Tribological behavior of coatings 

As demonstrated in Fig. 6a, the microhardness of the Ni-Mo coating is 386 HV, and the 

addition of nanoparticles from 4 g/L to 20 g/L increased the microhardness of the coating 

from 431 HV to 561 HV. The hardness increase has been attributed to two factors: grain 

refinement of the matrix coating and reinforcing phase induced hardening (related to the 

Orowan mechanism) [34, 35]. According to Hall-Petch equation, the grain size is inversely 

proportional to the microhardness, which is consistent with our experiment results as Fig. 4c 

exhibited. Meanwhile, the more particles in the coating, the smaller average distance λ 

between uniformly dispersed particles. The dislocation lines do not easily bypass the particles, 

which enhances the composite coating strengthening. 

Wear tests performed on coatings with different nanoparticle content, indicate that the 

Ni-Mo coating exhibits a continuous increasing friction coefficient and attains a maximum 

value of approximately 0.35(Fig. 6b), which can be caused with the severe plastic 

deformation at low hardness, adhesion and delamination. The friction coefficient of the 

coating prepared at 4 g/L still performed fluctuating and unstable to the high spacing of the 

particles during co-deposition at low nanoparticle concentrations, which does not produce 

sufficient dispersion strengthening. Therefore, the instability caused by the stress applied at 

the interface between the particles and the substrate may cause the particles to fall off. Since 

the increase of particle content in the coating led to more stable the friction coefficient, the 

Ni-Mo-SiC-TiN coating deposited at 20 g/L demonstrates the lowest friction coefficient, 

about 0.11. Moreover, the dispersion strengthening also made the friction coefficient more 

stable.  
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The wear rate is also proved to decrease as the particle content increases, as shown in Fig. 

6a. Compared to 10.196×10-4 mm3/N.m of Ni-Mo coating, the wear rate of the coating 

prepared at 20 g/L decreased to a minimum value of 2.65×10-4 mm3/N.m, a reduction by 

about four times. But the wear rate rised after the concentration of nanoparticles exceeded 20 

g/L. 

Fig. 7 displays the wear surface of Ni-Mo matrix nanocomposite coatings with different 

particle contents. The wear track of the Ni-Mo coating in Fig. 7a possessed a severe wide 

peeling along the sliding direction, due to the low hardness of the coating. Therefore it is not 

hard to understand high plastic deformation and adhesive wear were caused by the combined 

action of compression and shear stress during the wear process. With the incorporation 

nanoparticles concentration of 8 g/L (Fig. 7b), micro-cracks still exist on the surface of the 

wear, and significant stress concentration occurs at the interface between the hard 

nanoparticles and the soft coating. There are strong signs that the incorporation of 

nanoparticles changed the wear morphology prominently. As seen that the increasing particle 

concentration decreased the width of the wear track, and both surface peeling and plastic 

deformation were significantly reduced. It is indicated by the emerged wear grooves that the 

wear mechanism of the coating changes to abrasive wear, which proves the better wear 

resistance of the nanoparticles coatings. The wear depth is described by the 3D morphology of 

the worn surface. The decrease of wear depth can be seen from the record of wear track by 

LSCM data, which can reflect the friction performance of the coating. 

Fig. 7d exhibiting the coating prepared at 20 g/L shows that the surface roughness of the 

prepared coating was not completely eliminated after wear. This may be due to insufficient 

plastic deformation of the coating under a low load of 4 N. When continuing to increase 
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particles in the electrolyte, the slight increase of wear rate can be attributed to the relationship 

between coating structure and nanoparticle content. It can be seen from Fig. 1h that when 

compared with the coating prepared at 20 g/L, the surface is slightly rough and more 

prominent. In the process of wear, the stress concentration in the protruding part leads to more 

coating peeling. In addition, according to Fig. 4d, when the particle concentration is saturation, 

the decrease of the content in the coating may also lead to the increase of wear rate. 

As stated above, the coating deposited at 20 g/L has the best wear resistance. The change 

in the abrasion resistance of the coating can be essentially attributed to the structural changes 

caused by the addition of particles. As the wear schematic shown in Fig. 7e, fatigue cracks 

caused by high stress along the sliding direction accelerate the peeling of the Ni-Mo coating. 

The two as-deposited hard nanoparticles in the composite coating could prevent the shape 

deformation through suppressing dislocation motion. The evenly distributed nanoparticles 

reducing the damage of steel ball to the matrix coating, definitely play a bearing role during 

the wear process. 

3.4. Anti-corrosion capability of the coating 

The corrosion resistance of the coatings prepared at different particle concentrations was 

tested for polarization in NaCl solution. Fig. 8a shows the potentiodynamic polarization 

curves for Ni-Mo-SiC-TiN coatings. And Table 2 lists the βa, βc, Icorr and Ecorr calculated from 

the anode and cathode intersections of the Tafel curve using Tafel extrapolation. Polarization 

resistances (Rp) calculated using Stern-Geary relationship equation:  

 ! =
("# ×"%)

&.'*'×+,-//("#0"%)
                        (Eq.2) 

Compared with the corrosion potential of Ni-Mo coating at -0.394 V, the incorporation of 

nanoparticles makes the corrosion potential move in a positive direction from -0.361 V to 
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-0.250 V with the increase of nanoparticle content. The current density decreases from 6.96 

µA/cm2 to 1.84 µA/cm2 with the concentration of SiC and TiN from 0 to 20 g/L. Polarization 

resistance increases to a maximum value of 3887 Ω·cm2 at 20 g/L. As the SiC and TiN 

concentration increased to 24 g/L, the Icorr was increased to 2.01 µA/cm2.  

The reinforcing phases, microstructure, and crystallite size of the coating can affect the 

corrosion resistance [36]. As inert particles, SiC and TiN play a positive role in the isolation 

and hindrance of corrosion medium. As physical barriers, the uniformly distributed particles 

can effectively reduce the contact area of the metal coating in the corrosive environment and 

thus inhibit the corrosion. In addition, the electrochemical mechanism is another factor 

affecting the corrosion resistance of coatings. The micro-galvanic cells formed at the interface 

between the nanoparticles and the matrix affects the corrosion behavior of the coating. When 

the sample is immersed in the corrosion solution, the electrochemical potential of SiC and 

TiN is more positive than that of the Ni matrix. Therefore, the nanoparticles play the role of 

the cathode and metal coating as the anode. Compared with nickel, the electrochemical 

potential of SiC and TiN is higher [18, 37]. The formation of micro-galvanic cells was 

beneficial to anodic polarization, which promotes the passivation process of nickel and 

reduces the corrosion rate of the nickel matrix in the NaCl corrosion medium. 

The morphology of nanocomposite coatings after polarization experiments are shown in 

Fig. 8b-e. The coating on the surface of the alloy provides effective protection. Comparing the 

coating with different samples, corrosion cracks, and corrosion products occur on the surface 

of a Ni-Mo coating. As more particles presenting in the coating, the corrosion defects 

decrease. The coating prepared at 20 g/L nanoparticle concentration was compact and uniform, 

with no obvious corrosion characteristics. In the process of electrodeposition, SiC and TiN 
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particles can occupy some cracks and voids in the coating. The size of these defects is about 

micrometers, and the location of the defects is easier to be corroded. Therefore, particles 

smaller than 100 nm are more likely to occupy defects. The existence of nanoparticles inhibits 

local corrosion, mainly uniform corrosion, and the particles as corrosion barriers can 

effectively prevent the further expansion of corrosion holes [36, 38]. As the concentration of 

particles in electrolyte continues to increase, the content of nanoparticles decreases. The 

formation of voids on the surface is shown in Fig. 1h. When the corrosion solution enters the 

defect position, the corrosion resistance of the coating may be reduced. 

3.5. Discussion of Co-deposition model and duplex particles interaction 

Several co-deposition models have been proposed, such as the Guglielmi model [39] and 

Celis model [40]. Guglielmi proposed that the non-conductive nanoparticles suspended in the 

electrolyte must be adsorbed by two consecutive steps. First step, outside the dense layer of 

the cathode, particles are surrounded by ions to form reversible weak adsorption. Then, the 

weakly adsorbed particles take off the surface, with a strong adsorption of ions, and the 

nanocomposite coating is embedded by the growing metal. Celis model includes a five-step 

mechanism that comprehensively considers fluid mechanics and interfacial electric field 

factors. To better describe the incorporation of particles in pulse co-deposition, based on the 

above two models, a modified five-step model is gained and described in Fig. 9g. The steps 

include: ( ) metal ions form an adsorption layer on the particle surface, ( ) the charged 

particles pass through the diffusion layer through convection and diffusion, and reach the 

boundary of the electric double layer, ( ) charged particles are adsorbed on the cathode, ( ) 

the cation diffuses and discharges on the surface of the electrode or particle, and ( ) with the 

nucleation and growth of the matrix, the nanoparticles are buried in the coating. In the 
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embedding stage, Ni ions reduce at the particle/cathode interface until the whole surface of 

the particles is covered by Ni atoms. [41]. 

Fig. 9a shows the more detailed study of the structure of the co-deposited 

Ni-Mo-SiC-TiN composite coating at 20 g/L by TEM. The selected area electron diffraction 

(SAED) pattern containing (111), (200), (220) and (311) crystal planes represents the Ni-Mo 

solid solution matrix with a face-centered cubic structure (Fig. 9b). As-deposited SiC particle 

determined by SAED as Fig. 9c exhibited, demonstrates the space group was F-43m with a 

lattice constant of 4.348 Å. And Fig. 9e depicts the fast Fourier transform (FFT) of the 

deposited TiN particle with a space group of Fm-3m and a lattice constant of 4.244 Å.  

In the process of composite electrodeposition, Ni2+ in the nickel sulfate electrolyte 

existing in the form of Ni[(H2O)6]
2+ is known to be with excellent stability. Once hard 

ceramic particles are added as the second phase particles, the metal ions can reach the cathode 

in two different ways. The metal ions either directly reach the cathode through 

convection/mass transfer, or reach the cathode together with the particles [42]. The electrical 

conductivity of the particles can consequently influence the co-deposition. The particles with 

poor conductivity are gradually embedded by metal, while for the particles with good 

conductivity, the matrix metal will rapidly grow on the surface of the particles and surround 

them [43, 44]. TiN particles with high conductivity can rapidly embed into the metal matrix 

during deposition, which increases the effective area of metal ion discharge and reduction on 

the cathode. Ref. 45 has reported that SiC has poor electrical conductivity, and TiN as a kind 

of particles with good electrical conductivity is often used to improve the performance of 

SiC-based ceramics. In the mixed electrolyte mixed with many kinds of nanoparticles, more 

conductive particles enhance the co deposition of non-conductive particles [46]. In this work, 
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the clear interface between the TiN particles and the Ni matrix was captured in Fig. 9f, voids 

and harmful interface reactants were not detected. The crystalline plane spacing was obtained 

by measuring five lattice distances. The plane fringes of 0.203 nm and 0.211 nm are 

distributed to the two planes of Ni (111) and TiN (002), respectively. As demonstrated in the 

study, both alloy coatings and nanocomposite coatings exhibited a preferential growth on the 

crystal face (111). It is very common to find SiC and TiN nanoparticles co-deposited to this 

preferential Ni (111) crystal face, but also a certain extent on the subordinate Ni (200) face. 

Compared the nanoparticle size of 20/40 nm with the composite coating grain size of 11.85 

nm, it is deduced that the duplex nanoparticles deposited randomly to the matrix crystal faces 

during the pulse electrodeposition process. In particular, the good binding ability between the 

matrix and the nanoparticles results in a high load transfer effect, thus enhancing the 

tribological properties of the coating [47]. 

The incorporation of conductive SiC/TiN nanoparticles also caused the formation of 

protruding clusters in the coatings. The mechanism is sketched in Fig. 9h. Under the premise 

of relatively flat surface and the actual current density equals to the average, the unit cell 

grows uniformly due to the same growth rate. Otherwise, the producing protrusions of 

conductive particles on the cathode surface as conductive high spot, will definitely cause 

non-uniform deposit rate. The reduction reaction of ions causes the nickel atoms to nucleate at 

these protrusions positions and continues to grow preferentially so that a raised cluster 

structure is formed, as seen in Fig.1. In addition, these protrusions have the same charge in the 

electric field, and the repulsive force between them ensures the vertical growth and then forms 

a large protrusion cluster [48, 49].  
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We also find that the duplex SiC/TiN particles can interact each other and promote the 

total deposition amount. As shown in Fig. 4d, the SiC/TiN content of the coating prepared at 

the particle concentration of 20 g/L reaches the maximum value. When particles added in the 

electrolyte increase, more nanoparticles can pass through the diffusion layer to the electric 

double layer. Especially under the action of the electric field and the effect of the interface 

field, particles fixed on the surface of the cathode can be definitely improved. Therefore, as a 

kind of particles with good electrical conductivity, TiN can effectively improve the 

performance of SiC to achieve a promoted co-deposition into the Ni-Mo composite coatings. 

4. Conclusion 

In the study, duplex hard-particle-reinforced reinforced Ni-Mo nanocomposite coating 

was prepared by pulsed electrodeposition. The effect of SiC/TiN concentration in electrolyte 

on the preparation of coating was studied as follows:  

The addition of nanoparticles changed the surface morphology from a pyramid structure 

to a spherical structure. As the particle concentration increased to 20 g/L, the coating 

deposited was the most uniform and flat with the highest nanoparticle content. The XRD test 

results indicate that Ni-Mo-SiC-TiN nanocomposite coatings has FCC structure, and all of 

them have a (111) preferred orientation. The increase of nanoparticle concentration reduces 

the crystallite size from 28.27 nm to 11.85 nm.  

With the increase of SiC/TiN concentration to 20 g/L, the microhardness of the 

composite coating was increased to 561 HV, and the wear rate was reduced to 2.65×10-4 

mm3/N.m. The uniformly distributed nanoparticles play the role of bearing stress in the 

process of wear and the wear resistance of the coating is effectively improved. 
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Compared with Ni-Mo coating, the corrosion potential from -0.394 V to -0.250 V with 

the incorporation of nanoparticles, and the corrosion current density from 6.96 µA/cm2 to 1.84 

µA/cm2. The uniformly dispersed SiC and TiN nanoparticles can reduce cracks and voids in 

the coating, effectively reduce the corrosion of the substrate coating by the etching solution. 

It is very common to find SiC/TiN nanoparticles co-deposited to this preferential Ni (111) 

crystal face, but also a certain extent on the subordinate Ni (200) face. Thus it is deduced that 

the duplex nanoparticles deposited randomly to the matrix crystal faces during the pulse 

electrodeposition process. In addition, we also find that the duplex SiC/TiN particles can 

interact each other and promote the total deposition amount. The results show that the coating 

with SiC/TiN particle concentration of 20 g/L exhibits the best tribological properties and 

corrosion resistance. 
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Tables 

Table  Electrolyte composition and operating parameters of Ni-Mo-SiC-TiN composite coating prepared by pulse 

electrodeposition. 

Electrolyte composition and electrodeposition parameters 

Electrolyte component  Concentration (g·L-1) 

Nickel sulphate (NiSO4·6H2O)  52.6 

Sodium molybdate (Na2MoO4·2H2O) 1.452 

Sodium citrate (Na3C6H5O7·2H2O) 88.2 

Ammonium chloride (NH4Cl) 27 

Sodium dodecyl sulfate (SDS) 0.1 

SiC particles 0, 2, 4, 6, 8, 10, 12 

TiN particles 0, 2, 4, 6, 8, 10, 12 

Operating parameters for composite coatings   

Temperature (℃) 50 

Plating time (min) 20 

Magnetic stirring rate (rpm) 350 

Current density (A·dm-2) 8 

Duty cycle (%) 20 

Pulse frequency (Hz) 1000 
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Table  the corrosion parameters for Ni-Mo-SiC-TiN composite coating with different nanoparticles concentration. 

Nano-particles concentration 

(SiC+TiN) in the bath (g/L) 
βa (mv/decade) βc (mv/decade) Icorr (µA/cm2) Ecorr (V) Rp (Ω·cm2) 

0 24.4 38.9 6.96 -0.394 935 

4 27.8 34.5 5.66 -0.361 1181 

8 24.4 29.5 4.78 -0.349 1370 

12 34.0 34.5 3.10 -0.324 2399 

16 33.8 32.5 2.19 -0.294 3285 

20 33.3 32.6 1.84 -0.250 3887 

24 34.6 32.4 2.01 -0.266 3615 
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Figure captions 

Fig. 1. (a, b) SEM morphologies of Ni-Mo composite coating; (c-h) SEM morphologies of 

Ni-Mo-SiC-TiN composite coatings prepared by the electrolytes with a series of SiC and TiN 

concentrations of 4, 8, 12, 16, 20, and 24 g/L. 

Fig. 2. LSCM 3D morphologies of Ni-Mo-SiC-TiN composite coatings prepared by the 

electrolytes with different SiC and TiN concentrations of 0, 8, 16, and 20 g/L, respectively. 

Fig. 3. Cross-sectional SEM micrograph of the Ni-Mo coating and Ni-Mo-SiC-TiN 

nanocomposite coating with different nanoparticles concentrations; and the cross-section of 

each coating with higher magnification is exhibited at the lower position. 

Fig. 4. (a) XRD patterns of the TiN and SiC nanoparticles; (b) XRD patterns of Ni-Mo 

coating and Ni-Mo-SiC-TiN composite coatings; (c) average crystallite size D; (d) 

nanoparticle and Mo content in the deposited composite coatings. 

Fig. 5. EDS elemental mapping of Ni-Mo-SiC-TiN nanocomposite coating prepared by the 

electrolytes with nanoparticles concentrations of 20 g/L under TEM bright imaging.  

Fig. 6. (a) Microhardness and wear rate of the Ni-Mo coating and Ni-Mo-SiC-TiN composite 

coating prepared with different nanoparticle concentrations; (b) Friction coefficients. 

Fig. 7. (a-d) the SEM and 3D morphology of the worn surface was prepared in an electrolyte 

with different nanoparticle concentrations; (e) the wear schematic diagram of Ni-Mo coating 

and Ni-Mo-SiC-TiN nanocomposite coatings. 

Fig. 8. (a) The polarization curves of Ni-M-SiC-TiN at different concentration of nanoparticles; 

(b-e) SEM image of samples after polarization experiment. 

Fig. 9. (a, d) TEM image of Ni-Mo-SiC-TiN nanocomposite coating; (b) SAED of the matrix; 

(c) SAED image of the red gridlines in (a); (e) HR-TEM image of the red gridlines in (d); (f) 
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HR-TEM image of the red gridlines in (a); (g) schematic illustration of the particle 

incorporation mechanism; (h) the formation of a protrusion cluster and gap structure. 
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