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Abstract: In this paper, Ni-cubic boron nitride (cBN) composite coating with different volume 
fractions (from 0.3 to 8.5 vol.% ) of cBN particle was successfully prepared by electro-deposition 
method on titanium alloy substrates. The effect of volume fraction of cBN particles and applied load 
on the friction and wear behaviors of the composite coatings were investigated at a speed of 0.0333 
m·s-1. The experimental results indicate that the friction coefficient of the composite coatings 
decreased with increasing the volume fraction of cBN particles and the applied load. Moreover, 
within the range of volume fraction of cBN particles from 0 to 8.5%, the wear rate of the composite 
coatings showed a decreasing trend from 0.2417 to 0.0267 mg·m-1 with increasing volume of cBN 
particles. The wear rate of the composite coating increased with the increase of the applied load.  

Introduction 
Recnetly, Ti-6Al-4V (TC4) alloy has been paid more and more attention due to its high strength, 

low density, and good corrosion resistance [1-4]. However, the low wear performances has restricted 
its further practical application in certain field, such as aerospace. To our best knowledge, surface 
treatment method is widely used to improve the wear resistance of the Ti alloys, such as physical 
vapor deposition (PVD)[5], chemical vapor deposition (CVD)[6], electroless plating[7] and 
electroplating[8]. Compared to other medhods, Electro-deposition is one of the most important 
techniques for producing composites of metallic and non-metallic constituents, because of its simple 
process and fast deposition rate. Coatings containing solid particles such as SiC, Al2O3, WC, CNT 
and diamond, etc. have been developed for better wear resistance or dispersion hardening [9-14]. 
Cubic boron nitride (cBN) has outstanding physical and chemical properties similar to diamond such 
as high hardness, high thermal conductivity, large band gap, and high breakdown field [15-17]. So 
cubic boron nitride (cBN) particles are chosen as the second phase to enhance the wear resistance 
property of the coating. 

In this paper, Ni-cBN composite coatings with different volume fractions of cBN particles were 
deposited on titanium alloy by electroplate. The effect of the volume fraction of cBN particles and 
applied load on friction and wear properties of the Ni-cBN composite coatings were investigated.  

Experimental 

Preparation of Ni-cBN composite coating 
The commercialized TC4 titanium alloy was used as the substrate with the size of 18 mm×12 

mm×8 mm. The TC4 titanium alloy substrate had the composition of 5.5%~6.8% Al, 3.5%~4.5% V 
with the balance of Ti (wt.%). Before preparation of coatings, the TC4 titanium alloy was ground up 
to a grit of #600 using SiC papers, and then ultrasonically cleaned in acetone for 5 min. The 
pre-treatment process of the TC4 titanium alloy included washing in an alkaline solution containing 
60~80 g/L NaOH, 20~40 g/L Na2CO3, 20~40 g/L Na3PO4 and 3~10 g/L Na2SiO3 at 70 ℃ for 30 min, 
and activating in a solution containing 50 mL/L HCl and 40 mL/L HF at room temperature for 1~3 
min, and finally washing thoroughly with distilled water before conducting the plating, as shown in 
Table 1. After pre-treatment, a double-layered Ni/Ni-cBN coating was prepared on the TC4 titanium 
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alloy substrate, that is, the Ni coating was firstly electroplated on the TC4 titanium alloy, and then the 
Ni-cBN composite coating was electroplated as the outmost layer. Washing was conducted in 
distilled water for a short duration of less than 30s after the Ni and Ni-cBN layers were plated, 
respectively. The detailed electro-deposition parameters and process are also shown in Table 1. 

Table. 1 The pre-treatment and electro-deposition processes of the TC4 titanium alloy. 
Process Chemicals Concentration Conditons 

Alkaline cleaning 

NaOH 60—80 g/L 

70℃,30min Na2CO3 20—40 g/L 
Na3PO4 20—40 g/L 
Na2SiO3 3—10 g/L 

Activation HCl 50 mL/L Room temperature, 
1~3min HF  40 mL/L 

Ni electroplating 
NiSO4·6H2O 150—300 g/L 

50℃, 20min, 3A/dm2 NiCl2 45 g/L 
H3BO3 35 g/L 

Ni-cBN electroplating 

NiSO4·6H2O 150—300 g/L 
50℃,120min, 
 1~5A/dm2 

NiCl2 45 g/L 
H3BO3 35 g/L 
cBN particles 1-20 g/L 

The surface and cross-sectional morphologies of the coatings were characterized by a scanning 
electron microscope (SEM). The composition of the coatings was identified by an energy dispersive 
spectrometer (EDS) and a X-ray diffraction (XRD). 
Friction and wear properties of Ni-cBN composite coating 

The friction and wear tests for the Ni-cBN composite coatings were performed on a UMT-2 
multi-function friction and wear tester under unlubricated condition. Fig. 1 shows the schematic 
diagram of the test machine. The spherical friction pair is a radius of 6 mm were fabricated by GCr15 
with a hardness of HRC 62. Tests were conducted at a sliding speed of 0.0333 m·s-1 and at load of 5~8 
N in air. Mass loss was measured with an analytical balance after ultrasonically cleaned in acetone for 
3 min. The coefficient of frication was calculated by dividing the friction force which was recorded on 
line via torque as measured by the strain gauge. The worn surfaces of the Ni-cBN composite coatings 
were examined using a scanning electron microscope (SEM). 

 
Fig. 1 Schematic diagram of UMT-2 wear tester 
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Results and discussion 
Fig. 2 shows a SEM image of the cubic boron nitride (cBN) particles. It can be found that the size 

of cBN particles ranges from 3 μm to 5 μm. 

 
Fig. 2 The SEM image of cBN particles 

The volume fractions of cBN in the composite coatings were calculated by the image analysis 
system. As shown in Table 2, the volume friction of cBN particles in Ni-cBN composite coatings 
decreases with the increase of current density. Fig. 3 shows the surface and cross-sectional 
morphology of the Ni-cBN composite coatings with 8.5 vol.% cBN particles. It can be found that cBN 
particles are well dispersed and embedded in the nickel matrix. The micro-hardness of the composite 
coatings with different volume fractions of cBN particles are also listed in Table 2. It is evident that 
the Ni-cBN composite coatings reveal higher hardness then pure Ni coating. The hardness of the 
Ni-cBN composite coatings increase with the increase of the volume fraction of cBN particles. As 
shown in Table 2, the hardness of the composite coating with 8.5 vol.% cBN particles is the highest. 
Fig. 4 shows the XRD patterns of the Ni-cBN composite coatings with 8.5 vol.%, which shows that 
the composite coatings are crystalline nickel and cBN particles.  
Table. 2 Volume fraction of cBN and micro-hardness of Ni-cBN composite coatings. 

Current density(A·dm-2) Volume fraction of 
cBN in coatings(%) 

Micro-hardness of 
coatings (Hv 100) 

1.0 8.5 625.83 
2.0 6.7 432.85 
3.0 3.5 331.12 
4.0 2.3 306.03 
5.0 0.3 212.48 

 
Fig. 3 The SEM images of: (a) surface morphology; (b) cross-sectional morphology.  
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Fig. 4 XRD patterns of Ni-cBN composite coating 

Fig. 5(a) shows the friction coefficients of Ni-cBN composite coatings with different cBN 
particles contents at load of 5 N. Fig. 5(b) shows the relationship between average friction coefficient 
and wear rate of Ni-cBN with different cBN particles contents. It can be seen from Fig. 5(b) that the 
coefficient of friction of Ni-cBN composite coatings decreases with the increase of cBN particles 
content. It is indicated that an increase in surface fraction of cBN particles could reduce the direct 
contact between the nickel matrix and GCr15 steel ball. Due to self-lubrication of cBN particles, the 
cBN particles would more easily slide or roll between the mating metal surface, thus resulting in the 
decrease the friction coefficient of the composite coatings. In addition, Fig. 5(b) also shows the effect 
of volume fraction of cBN particles on the wear rate of the Ni-cBN composite coating. Within the 
range of volume fraction of cBN particles from 0 to 8.5%, the wear rate of the Ni-cBN composite 
coatings shows a steadily decreasing trend with increasing volume of cBN particles. The favorable 
effects of cBN particles on wear resistance are attribute to their excellent mechanical properties and 
well dispersed in the composite coatings. 

In order to understand the effect of cBN particles on the friction and wear behaviors of Ni-cBN 
composite coatings, the worn surface morphologies of composite with different volume fractions of 
cBN particles are investigated by SEM images (Fig. 6). It can be seen from Fig. 6(b) that the worn 
surface of pure Ni coating shows very slightly ploughed marks, which has signigicantly adhesion 
feature. However, less plucked but some slight ploughed marks appeared on the worn surface of 
Ni-cBN composite coatings(Fig. 6a), which indicates that the cBN particles in the composite can 
dramatically restain the adhesive wear of coatings.  

 
Fig. 5 (a) Variations of coefficient of friction with sliding duration; (b) Fig.7 Friction coefficient and 

wear rate of Ni-cBN with different cBN particles contents. 
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Fig. 6 Worn surface morphology of the Ni-cBN composite coatings: (a) 8.5 vol.% of cBN particles in  

Fig. 7(a) shows the friction coefficient of Ni-cBN composite coatings at different applied loads. 
Fig. 7(b) shows the relationship between average friction coefficient and wear rate of Ni-cBN 
composite coatings under different applied loads. It can be seen from Fig. 7(b) that the average 
coefficient of friction of Ni-cBN composite coatings increases with the increase of applied load. 
Moreover, the wear rate of the composite coatings incereses with increasing the applies load. The 
increased wear rate of the composite coatings is ascribed to the contact area increasing between 
friction pair and composite coating, which results from the plastic deformation of composite coating 
incaresing due to the increased applied load. 

Fig. 8 shows worn surface morphology of the Ni-cBN composite coatings with different applied 
load under unlubricated condition. Through comparison between Fig. 8(a) and (b), it can be seen that 
the wear behavior turns mild to severe with the increases of applied load. As shown in Fig. 8(b), the 
worn surface of 3.5 vol. % cBN particles composite sliding under 10 N clearly shows large amount of 
cracks are vertical to the sliding direction, which indicates that the serious fatigue wear is the main 
wear mechanism of Ni-cBN composite coatings when sliding under high load. It can be inferred that 
larger area of friction surface of composite will flake away if the load further increases and the 
material will be seriously damaged. 

 
Fig. 7 (a) Variations of coefficient of friction with sliding duration; (b) Friction coefficient and wear 

rate of Ni-cBN with different applied loads. 
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Fig. 8 Worn surface morphology of the Ni-cBN composite coatings: (a) 5N; (b) 10N. 

Conclusions 
Ni-cubic boron nitride (cBN) composite coatings have been successfully deposited on a titanium 

alloy substrate by electro-deposition technology. The cBN particles can be well dispersed and 
embedded in the nickel matrix. The results demonstrate that Ni-cBN composite coatings exhibit 
higher wear resistance and lower friction coefficient than pure Ni coating under unlubricated 
condition. Due to self-lubrication of cBN particles, the friction coefficient of the composite coatings 
decreases with increasing the volume friction of cBN particles. The wear rate of the composite 
coatings exhibits decrease with the volume fraction of cBN particles increasing from 0 to 8.5%. With 
the applied load increasesing from 5N to 10N, friction coefficient and the wear rate of the composite 
coatings increases 

The favorable effects of cBN particles on the tribological parameters attribute to their excellent 
mechanical properties. The cBN particles may be released from the matrix onto the metal surface 
during the experiment, serving as spacers, which prevent the asperities from contacting. Therefore, 
the tribological properties of the composites and coating with cBN particles are significantly 
improved. 
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