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Abstract: The tribological properties of Ni-P/SiC nanocomposite coatings annealed at different 

temperatures (350-500 °C) were investigated in order to determine the optimal temperature needed 

to enhance their wear resistance as well as to reveal the underlying wear mechanisms. With increasing 

annealing temperature, the hardness of the annealed coatings gradually decreased from 8.2±0.5 to 

7.1±0.6 GPa as a result of the Hall-Petch effect, nevertheless these values obtained were constantly 

higher than that of the as-plated coating (6.3±0.3 GPa) due to the formation of a hard Ni3P phase. 

Regarding to tribological properties, the Ni-P/SiC coating annealed at 350 °C presented a poorer wear 

resistance (6.1×10-5 mm3/Nm) compared to the as-plated coating (3.9×10-5 mm3/Nm) owing to a 

rougher original contact surface and the subsequent generation of nickel and iron oxides on the wear 

track. In contrast, coatings annealed at temperatures ranging between 400-500 °C exhibited the 

improved wear resistance (4.3×10-5-7.8×10-6 mm3/Nm) attributable to their smoother surfaces and to 

the lubrication effect of H3PO4 arising from the tribochemical reaction between Ni3P and the 

environment. Overall, the Ni-P/SiC coating annealed at 500 °C containing the largest amount of Ni3P 

exhibited the lowest friction coefficient (0.51) and wear rate (7.8×10-6 mm3/Nm). 
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1. Introduction 

Protective coatings have attracted scientific interest for decades due to their potential to increase 

resistance to wear and corrosion, which are estimated to account for 3-4% of the world’s Gross 

Domestic Product (GDP) [1]. At present, one of the mostly used coatings in the world is hard chrome, 
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as it exhibits a unique property that simultaneously helps prevent wear and corrosion. However, Cr6+ 

(hexavalent chromium) used in electrolytic baths is extremely harmful to both human health and the 

environment [2]. As a result, hard chrome electroplating must be accompanied by expensive 

ventilation and complicated waste management systems in order to meet strict legislations [3]. 

Consequently, Ni-P coatings employing the same deposition technique were introduced, and the 

influence of the baths parameter [4], surfactant [5], pH value [6] and post-treatments such as hydrogen 

plasma [7] and annealing [8] on their comprehensive properties were investigated. Optimised Ni-P 

coatings are well suited for general applications, especially in corrosive environments, but their 

hardness and wear resistance are still inadequate for more demanding situations. Hence, various 

reinforcing particles such as SiC [9, 10], TiN [11], TiO2 [12], SiO2 [13], WC [14], Al2O3 [15], B4C 

[16] and CNTs [17] were incorporated into Ni-P coatings to enhance their mechanical and tribological 

properties. As reported in Table 1, incorporation of reinforcing particles increases the hardness of Ni-

P coatings, especially when SiC particles were used. Moreover, studies [18, 19] have demonstrated 

that the incorporation of SiC particles in a Ni-P matrix is the most effective combination of cost and 

performance in industrial applications. 

Regarding Ni-P/SiC composite coatings, SiC particles with a size ranging between 0.5-6.0 µm 

was mostly used [20-25], while only a few studies investigated the use of nano-sized SiC particles 

(40-50 nm) [26-32]. However, it is worth noting that these studies investigated only the effects of SiC 

nanoparticles on the microstructures, corrosion resistance [26-30] and wear resistance of the as-plated 

coatings [31, 32]. Therefore, there is still a large gap in the relationship between microstructure, 

mechanical and tribological properties of Ni-P/(nano)SiC coatings. In particular, the effects of post-

deposition heat treatments on the tribological properties is still unexplored. 

In this study, SiC particles with a nanometric size were incorporated in Ni-P coatings, and the 

effects of different annealing temperatures on the microstructure, mechanical and tribological 

properties of the composite coatings was investigated and correlated. 

2. Experiment details 
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2.1 Coatings electroplating 

    Plasma CVD β-SiC particles (density of 3.22 g/cm3, Nanostructured & Amorphous Materials, 

Inc.) with a size ranging between 45-55 nm were used as reinforcement for Ni-P coatings. Carbon 

steel plate substrates, with a size of 4×6 cm2 and a thickness of 1 mm were cleaned in solvent, alkaline 

and acid washes. Before depositions, the substrates were covered with galvanic tape (3M 470 

Electroplating and Anodizing Vinyl Tape) so as to leave a 4×4 cm2 exposure area. Direct current (DC) 

electroplating was performed under a constant current density of 20 A·dm-2, with the carbon steel 

plates acting as cathodes and the Ni-S balls in titanium mesh baskets as anodes. In order to ensure a 

uniform electrolyte solution, a magnetic stirring at 300 rpm was applied. Ni-P/SiC composite coatings 

(5.9 wt% P) ~ 60 µm thick were electroplated from a bath containing nickel sulphate as the nickel 

source, phosphorous acid as P source, nickel chloride to support the dissolution of Ni-S anode, as 

well as wetting, buffering and dispersing agents. The deposition parameters for the fabrication of Ni-

P/SiC composite coatings are listed in Table 2. 

    The as-plated Ni-P/SiC coatings (50 °C) were subsequently annealed at 350, 400, 450 and 500 °C. 

Hereafter, samples annealed at different temperatures are denoted as Ni-P/SiC-50, Ni-P/SiC-350, Ni-

P/SiC-400, Ni-P/SiC-450 and Ni-P/SiC-500, respectively. During the heat treatment, a constant 

heating rate of 5 °C/min was maintained until the designated temperature was reached, and all 

samples were isothermally annealed at the target temperature for 1 hour before cooling naturally to 

room temperature. As the isothermal annealing was conducted in an electric furnace followed by air-

cooling, a thin oxide layer formed on the top surface of the coatings. In order to remove the residual 

surface oxides, after the heat treatments the samples were polished by using a 0.3 μm Al2O3 colloidal 

solution for 5 minutes.  

2.2 Characterization of microstructure and mechanical properties 

The surface morphology of Ni-P/SiC coatings after polishing was examined by using a FEG-

SEM (JEOL-JSM-6500F, Japan) while the chemical composition of the deposits was measured by 

using energy dispersive X-ray spectroscopy (FEI Quanta 200, Netherland). Moreover, SiC 
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nanoparticles were observed by SEM (Zeiss). Microstructural analyses were carried out by X-ray 

diffraction (XRD) with a Cu-Kα radiation (Siemens D-5000). XRD data were recorded for 2θ ranging 

between 20°-100° with a scan step size of 0.05° at a scan rate of 5°/min. A nanoindenter 

(Micromaterials, Wrexham, UK) equipped with a diamond Berkovich tip was used to measure the 

mechanical properties of Ni-P/SiC coatings. In order to minimize substrate effects a penetration depth 

of 500 nm (less than 1% of coatings thickness) was used. At least 10 indents were performed on each 

coating for statistical analyses. Hardness (H) and reduced elastic modulus (Er) were calculated from 

the load-displacement curves according to the procedure outlined by Oliver and Pharr 

2.3 Tribological properties 

A reciprocating tribometer (TE77, Phoenix Tribology, Ltd.) was used to evaluate the tribological 

properties of Ni-P/SiC coatings. Based on the potential application of Ni-P/SiC coatings on crankshaft 

and piston ring, 52100 steel balls (Ø 6 mm) as a material for making linkage (against crankshaft) and 

cylinder (against piston ring) were used as counterparts in this study. In order to obtain a steady 

friction coefficient after the running-in stage and before coatings failure, the load and frequency were 

kept at 10 N and 5 Hz, respectively over a stroke of 10 mm and for a sliding time of 1 hour. 

Accordingly, a line velocity of 0.1 m/s and a total sliding distance of 360 m were covered. To ensure 

the validity of collected frictional data, two tribotests were carried out for each coating, while a third 

test was carried out when the relative error was over 5 %. 

After tribotests, the wear scars on counterparts and coatings were measured by a 3D optical 

microscope (Infinite Focus, Alicona, UK). The wear volume of the balls was assessed using Eq. (1), 

while the wear volume of the coatings was calculated by taking into account the cross-section (A) and 

the length (L) of wear track.  

                             𝑉 =
𝜋𝑑4

64R
                                (1) 

In Eq. (1), d and R are the diameter of wear scar and the radius of the steel ball, respectively. Moreover, 

the morphology of wear track was observed by FEG-SEM (JEOL-JSM-6500F, Japan), and its 

composition was analyzed using EDS (Inca Energy 350, Oxford, UK).  
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3. Results and discussions 

3.1 Microstructure 

SiC particles exhibited a spherical shape (Fig.1a) and a cubic crystalline structure (Fig.1b), 

which demonstrates their high purity (97.5 %). As seen in Fig.2a, all of the Ni-P/SiC coatings 

exhibited two main diffraction peaks attributed to Ni (111) and Ni (222) around 44.43° and 98.33°, 

respectively (reference: JCPDS 04-0850). The intensity of these peaks increased significantly after 

annealing, thus suggesting a higher degree of crystallinity for Ni in Ni-P/SiC coatings. Accordingly, 

the crystallite size calculated from the Ni (111) peak by using the Scherrer’s formula also increased 

in relation to the annealing temperature (Fig.2b). On the other hand, after annealing a weak peak 

(2θ~60.16°) attributed to a Ni3P phase appeared in the XRD pattern for the Ni-P/SiC-350 coating, 

while the XRD pattern was more densely populated by peaks attributed to Ni3P when the annealing 

temperature exceeded 350°C (Fig.2a). Structural properties of Ni-P/SiC-50 and Ni-P/SiC-450 

coatings were extracted from the XRD patterns by using a Difrac® plus Eva software and listed in 

Table 3. In spite of a high number of Ni3P peaks observed in the diffractograms, the fraction of Ni3P 

was still limited due to the low concentration of phosphorus in Ni-P/SiC coatings (5.9 wt%). The 

surface morphology of polished Ni-P/SiC coatings (Fig.3) became smoother with increasing 

annealing temperature, thus affecting the frictional behavior of the coatings, as will be discussed in 

the following sections. 

3.2 Characterization of mechanical property 

Hardness (H) and reduced elastic modulus (Er) of Ni-P/SiC coatings were calculated from the 

load-displacement curves after that these were corrected by taking into account thermal drift and 

frame compliance. Table 4 summarizes calculated mechanical properties. Annealed coatings 

exhibited a higher average hardness (7.1±0.6-8.2±0.5 GPa) compared to the Ni-P/SiC-50 coating 

(6.3±0.3 GPa). The hardness increase is attributed to the formation of a hard Ni3P phase [33]. 

Nevertheless, the hardness of Ni-P/SiC coatings decreased gradually from 8.2 GPa to 7.1 GPa as the 

annealing temperature was increased from 400 to 500 °C. The observed decrease in hardness is 
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attributed to the increasing grain size of the Ni (111) phase according to the Hall-Petch effect [34]. 

Wear resistance is often correlated to mechanical parameters such as H/Er and H3/Er
2 ratios, which 

provide simultaneous information about resistance to plastic deformation and elastic properties of 

materials [35]. Based on these parameters (Tab. 4), the coating annealed at 400 °C is expected to 

exhibit the best tribological performance. 

3.3 Frictional properties 

Fig. 4a shows some representative friction curves measured on coatings annealed at different 

temperatures. It is seen that the friction coefficient of coatings annealed at temperatures ≤ 450 °C 

gradually decreased to a lower value in the steady-state regime. On the other hand, the friction 

coefficient measured for the Ni-P/SiC-500 coating slightly increased before to reach a steady-state 

value. These differences were attributed to the lower surface roughness exhibited by the coating 

annealed at 500 °C (Fig.3). In addition, the running-in period (Pr) for Ni-P/SiC-450 and Ni-P/SiC-

500 coatings (around 300 s) was significantly shorter than that found for Ni-P/SiC-50 (900 s) and Ni-

P/SiC-350 (1200 s) coatings. This is attributed to their smoother surface morphology, which reduced 

the time needed to remove large asperities. In order to characterize the friction behavior of Ni-P/SiC 

coatings, a mean-steady friction value (µm) was calculated as average over the steady-stage regime 

(see Fig.4b). The as-plated Ni-P/SiC-50 coating exhibited a µm of 0.54, while a slight increase (~0.55) 

occurred after annealing at 350 °C. For higher annealing temperatures in the range of 350-500 °C, µm 

gradually decreased from 0.55 to 0.51.  

XRD patterns indicated that, for annealing temperatures above 350 °C, the Ni3P phase gradually 

formed in coatings. Compared with the oxidation reaction of Ni-P/SiC-50 and Ni-P/SiC-350 coatings 

(Eq. (2)), Ni-P/SiC-400, Ni-P-/SiC-450 and Ni-P/SiC-500 coatings experienced the oxidation 

reaction given as Eq. (3).  

                    4Ni + 3O2 = 2Ni2O3                              (2) 

                      ∆𝐺f
298 = −287.6 kJ ∙ mol−1 

                2Ni3P + 7O2 = 3Ni2O3 + P2O5                         (3)  
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                      ∆𝐺f
298 = −1364.7 kJ ∙ mol−1        

                  P2O5 + 3H2O = 2H3PO4                             (4) 

                      ∆𝐺f
298 = −144.1 kJ ∙ mol−1 

As a generation of Eq. (3), P2O5 is extremely unstable and therefore can easily absorb water 

from the environment to form orthophosphoric acid (H3PO4) as determined in Eq. (4). Based on the 

literature, H3PO4 could have a significant effect on tribological behavior [36-38]. For instance, 

TiN/Al2O3 tribopair presented a low friction coefficient of 0.1 in H3PO4 compared to that measured 

in demineralised water (0.4), which was attributed to a lubricant gel containing Fe-P-O [36]. Likewise, 

Luo’s group [37, 38] found a superlubricity phenomenon of Si3N4/glass tribopair with a friction 

coefficient of 0.004 measured in aqueous solution of H3PO4 (pH=1.5). It was concluded that the 

electrical double layer effect and the hydration effect on the positive charged surface caused the 

observed superlubrication. In our study, the formation of H3PO4 during sliding, especially in coatings 

annealed at the temperatures above 400 °C, was responsible for the lower friction coefficient (see Fig. 

4b). In particular, the Ni-P/SiC-500 coating with the highest Ni3P content exhibited the lowest friction 

coefficient (0.51). The lower friction coefficient measured for Ni-P/SiC-450 and Ni-P/SiC-500 

coatings was also attributed to the better surface quality achieved after polishing (Fig.3d-e). A similar 

result was reported in elsewhere [10]. 

3.4 Wear mechanisms 

The wear rate (Wr) measured on Ni-P/SiC coatings (Fig.5a) exhibited a similar trend as that 

found for µm (Fig. 4b). In particular, Ni-P/SiC-350 coating exhibited the highest wear rate (6.1×10-5 

mm3/Nm) while Ni-P/SiC-500 coating presented the strongest wear resistance with the lowest wear 

rate of 7.8×10-6 mm3/Nm. Generally, the wear resistance of coatings is proportional to the H as well 

as to H/Er and H3/Er
2 ratios. However, Ni-P/SiC-500 with the lowest hardness, instead of Ni-P/SiC-

400 with superior mechanical properties, exhibited the strongest wear resistance. As referred above, 

the H3PO4 produced from the tribochemical reaction not only reduced friction coefficient, but also 

contributed to the formation of Fe-P-O gel, thus preventing further wear. Therefore, a higher Ni3P 
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content in Ni-P/SiC-500 coating resulted in a larger formation of H3PO4 with a subsequent reduction 

in both friction and wear. In addition, the Fe-P-O gel also contributed at protecting the counterparts, 

and therefore the wear rate of 52100 ball sliding against Ni-P/SiC-500 coating was only 2.9×10-7 

mm3/Nm. This wear rate was one order of magnitude lower (Fig.5b) compared to that found on balls 

used against coatings annealed at 350, 400 and 450 °C (2.2~4.3×10-6 mm3/Nm).  

On the other hand, during reciprocating sliding tests, wear debris were difficult to be removed 

from the wear track immediately and often they were pressed to form oxide films on the sliding 

surface. This is evident from the EDS measurements reported in Fig.6. All the wear tracks in this 

study were oxidized at different levels. Oxides were observed on the wear tracks of Ni-P/SiC-50 and 

Ni-P/SiC-350 coatings, while little oxides were found on the wear tracks of Ni-P/SiC-450 and Ni-

P/SiC-500 coatings (Fig.7). As a result, the roughness (Ra) of the wear tracks on Ni-P/SiC-50 and Ni-

P/SiC-350 coatings (7.86~8.82 µm) were higher than that measured on the coatings annealed at 400, 

450 and 500 °C (2.15~5.71 µm). Moreover, according to EDS analysis in Fig.6b’, the wear debris on 

Ni-P/SiC-350 coating consisted of nickel and iron oxides, which instead were absent on the wear 

track of Ni-P/SiC-50 coating. Iron oxides were found to further deteriorate the contact surface, thus 

leading to the highest wear rate and Ra (8.82 µm) for Ni-P/SiC-350 coating. For higher annealing 

temperatures (400-500 °C), the wear track of individual coatings became smoother due to the 

tribochemical reaction mentioned above. In particular, the Ni-P/SiC-500 coating exhibited a wear 

track with the lowest oxygen content (9.1 at.%), thus suggesting less oxides adhered on the sliding 

surface. Consequently, the smoother interface (Ra=2.15 µm) and the fewer oxides found on the wear 

track of the Ni-P/SiC-500 coating contributed to lower the wear rate. 

4. Conclusions 

Structural, mechanical and tribological properties of Ni-P/SiC nanocomposite coatings were 

investigated in relation to the post-deposition heat treatment and in particular as a function of the 

annealing temperature. Conclusions are drawn as follows: 

(1) Regardless of the annealing temperature in the range of 350-500 °C, a hard Ni3P phase 
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formed in annealed coatings, thus causing an increase in hardness ranging from 7.1±0.6 to 8.2±0.5  

GPa compared to the as-plated coating (6.3±0.3 GPa).  

(2) Despite of the highest hardness (8.2 GPa), Ni-P/SiC coating annealed at 350 °C presented 

the worst tribological properties (µ=0.55 and Wr=6.1×10-5 mm3/Nm) because of its rougher surface 

morphology and scarce formation of solid lubricant (H3PO4) from the tribochemical reaction owing 

to the lower Ni3P content compared to the other coatings.  

(3) The lubricating effect associated with the formation of H3PO4 in Ni-P/SiC coatings annealed 

at temperatures ≥ 400 °C, contributed to lower friction coefficient (0.51-0.54) and wear rate (4.3×10-

5-7.8×10-6 mm3/Nm), while higher values were found for lower annealing temperatures.  

(4) In spite of the lower hardness (7.1 GPa) compared to the other coatings, Ni-P/SiC-500 

exhibited the lowest friction coefficient (0.51) and wear rate (7.8×10-6 mm3/Nm) owing to a sufficient 

formation of solid lubrication (H3PO4) and to its better surface quality. 
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Fig.1 (a) FESEM image (b) XRD spectrum of β-SiC particles 
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Fig.2 (a) XRD spectra of Ni-P/SiC coatings (b) Crystalline size of Ni (111) at different annealing temperatures 
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Fig.3 Morphology of the polished (a) Ni-P/SiC-50 (b) Ni-P/SiC-350 (c) Ni-P/SiC-400 (d) Ni-P/SiC-450 (e) Ni-P/SiC-500 coatings 
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Fig.4 (a) Friction behavior (b) Mean-steady friction coefficient of Ni-P/SiC coatings at different annealing temperatures 
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Fig.5 Specific wear rates of (a) Ni-P/SiC coatings and (b) 52100 balls at different annealing temperatures 
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Fig.6 Overviews of wear tracks and EDS analyses on (a)(a’) Ni-P/SiC-50 (b)(b’) Ni-P/SiC-350 

(c)(c’) Ni-P/SiC-400 (d)(d’) Ni-P/SiC-450 (e)(e’) Ni-P/SiC-500 coatings 
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Fig.7 SEM images of partial wear tracks on (a) Ni-P/SiC-50 (b) Ni-P/SiC-350 (c) Ni-P/SiC-400 (d) 

Ni-P/SiC-450 (e) Ni-P/SiC-500 coatings 
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Table 1 Mechanical properties of Ni-P composite coatings reinforced by different particles 

Reference Particles Loading (g/L) 
Hardness of Ni-P 

(Hv) 

Hardness of Ni-P 

composite (Hv) 

∆ of hardness 

(Hv) 

Zhang et al. [9] SiC 12.0 530 809 279 

Mafi et al. [11] TiN 1.0 561 660 99 

Shibli et al. [12] TiO2 12.0 429 553 124 

Sadreddini et al. [13] SiO2 12.5 342 429 87 

Hamid et al. [14] WC 12.5 465 650 185 

Alirezaei et al. [15] Al2O3 15.0 475 700 225 

Hosseinabadi et al. [16] B4C 4.0 640 720 80 

Alishahi et al. [17] CNT 2.0 538 800 262 
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Table 2 Electro-deposition conditions of Ni-P/SiC coatings 

Temperature 50±2 oC 

pH 1±0.2 

SiC load 5 g/L 

Current density 20 Adm-2 

Substrate Steel platelet 

Anode Nickel (S) 
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Table 3 Phase conditions of the as-plated Ni-P/SiC coating and Ni-P/SiC coating annealed at 450 °C 

Coatings Ni-P/SiC-50 

2 Theta (°) -- -- -- -- 44.43 -- -- -- -- -- -- -- -- -- -- -- 98.33 

Intensity (%) -- -- -- -- 100 -- -- -- -- -- -- -- -- -- -- -- 4.5 

Phase -- -- -- -- Ni -- -- -- -- -- -- -- -- -- -- -- Ni 

hkl -- -- -- -- 111 -- -- -- -- -- -- -- -- -- -- -- 222 

Coatings Ni-P/SiC-450 

2 Theta (°) 36.38 41.80 42.80 43.68 44.46 45.22 46.66 50.54 55.39 58.27 60.16 66.00 74.97 76.74 89.24 90.89 98.42 

Intensity (%) 0.1 0.7 1.3 2.2 100 4.1 0.4 0.1 0.1 0.1 0.4 0.1 0.1 0.1 0.1 0.1 4.4 

Phase Ni3P Ni3P Ni3P Ni3P Ni Ni3P Ni3P Ni3P Ni3P Ni3P Ni3P Ni3P Ni3P Ni3P Ni3P Ni3P Ni 

hkl 031 231 330 112 111 240 141 222 341 440 332 620 233 460 172 462 222 
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Table 4 Mechanical properties of Ni-P/SiC coatings at different annealing temperatures 

Coatings H (GPa) Er (GPa) H/Er H3/Er
2 (GPa) 

Ni-P/SiC-50 6.3±0.3 158±8 0.040 0.010 

Ni-P/SiC-350 8.2±0.5 192±7 0.043 0.015 

Ni-P/SiC-400 8.2±0.3 156±5 0.053 0.023 

Ni-P/SiC-450 7.8±0.3 191±8 0.041 0.013 

Ni-P/SiC-500 7.1±0.6 214±9 0.033 0.008 

 

 


