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Abstract: TiB2−TiC reinforced Ni55 matrix composite coatings were in-situ fabricated via plasma cladding on steels using Ti, B4C, 
and Ni55 as precursor materials at different proportions. Effects of TiB2+TiC content of ceramics phase on the microstructure and 
wear resistance were studied. The results showed that ceramic phases TiB2 and TiC were in-situ synthesized by plasma cladding, and 
the ceramic phase content significantly affected tribological performance and the wear mechanism of coatings under different loads. 
The composite ceramics protected coatings from further delamination wear by crack-resistance under a load of 30 N. Severe abrasive 
wear and adhesive wear were prevented when the load increased to 60 N because of the high hardness and strength of ceramic phases. 
Moreover, a compacted layer appeared on the wear surface of coatings with high content of ceramic phases, which effectively 
decreased the friction coefficient and wear rate. The TiB2−TiC composite ceramics significantly improved the wear performance of 
metal matrix composite coatings by different mechanisms under loads of 30 and 60 N. 
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1 Introduction 
 

Metallic matrix composite (MMC) coatings have 
been widely employed in engineering (such as surface 
enhancement of pick and chute in the mining industry) 
because of their high hardness and excellent wear 
resistance [1−3]. There are many techniques to produce 
MMC coatings, such as plasma spraying [4], mag-  
netron sputtering [5], laser cladding [6−8], surface 
welding [9,10], and plasma cladding [11−14]. Of these 
methods, plasma cladding is a versatile technique to 
produce MMC coatings on mining picks and chutes, 
because of its good metallurgical bonding, low cost, and 
high efficiency [14−16]. The coating with excellent wear 
resistance can be prepared by plasma cladding 
technology. 

Recently, many efforts have been made to improve 
the tribological characteristics of MMC coatings, 
including adding or forming in-situ ceramic 
strengthening phases in the coating, such as TiB2, TiC, 
TiB, Al2O3, and WC [17−19]. FENG et al [20] have 

fabricated TiC−TiN reinforced Fe-based plasma cladding 
coatings using the plasma cladding method. The results 
indicated that the composite coatings exhibited excellent 
wear resistance and corrosion resistance, and high 
hardness. The wear resistance and corrosion resistance of 
the cladded coatings increased with the increase of Ti 
and B4C contents. SHARIFITABAR et al [12] have 
fabricated Fe−TiC−Al2O3 coatings on the surface of 
1045 steel by gas tungsten arc. The hardness of the 
coatings increased to HV 830 due to the formation of 
TiC−Al2O3 reinforcing particles in the structure of the 
coatings, which improved the abrasive wear resistance of 
the substrate. MA et al [21] have fabricated Ni60/WC 
composite coatings by wide-band laser, and reported that 
fine ceramics greatly enhanced the wear resistance of 
composite coatings, but effects of large block ceramic 
particles on the wear resistance were limited. Of the 
above reinforcing ceramic phases, titanium carbide and 
boride demonstrated excellent compatibility, and greatly 
improved friction and wear performance [22,23]. WANG 
et al [24] have prepared (TiB2+TiC)/Fe composite 
coatings from a precursor of B4C, TiO2 and Al powders 
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by laser cladding. The results showed that ceramic 
reinforcement particles could improve the wear 
resistance by inhibition of plastic deformation and 
plowing of soft substrate. Hard particles reduced the 
contact area of the matrix with the counterface, and 
minimized the smearing effect of the Fe-based coating on 
the counterface surface, thus lowering the the friction 
coefficient of composite coating. ZHANG et al [25] have 
produced TiC−TiB2 particle reinforced Fe-based 
composite coatings by laser cladding. The wear 
mechanisms of the substrate were plowing wear and 
adhesive wear. TiB2 and TiC reinforcements uniformly 
distributed in the coatings can overcome the effect of 
plowing and strengthen the substrate by the pinning 
effect, and the wear mechanism of composite coatings 
was abrasive wear by micro cutting. However, there are 
few detailed studies [26,27] on the effects of TiB2−TiC 
ceramic content on the resulting microstructures and dry 
sliding wear performance under different loads of MMC 
coatings applied via in-situ synthesis. 

In the present study, TiB2−TiC reinforced MMC 
coatings were fabricated using Ti, B4C and NiCrBSi 
(Ni55, widely used as a precursor because it offers 
excellent wear and corrosion resistance [28,29]) as raw 
materials at different proportions by plasma cladding. 
The phase components and microstructures of the 
resulting materials were investigated. The dry sliding 
wear behaviors of the MMC coatings and pure Ni55 
coating were characterized to investigate the influence of 
composite ceramic phases (TiB2−TiC) on the wear 
resistance of the coated materials under different loads. 
 
2 Experimental 
 
2.1 Raw materials and fabrication of plasma cladding 

coatings 
The starting materials were commercial powders of 

Ti (≥99.7 wt.%, 48−75 μm), B4C (94 wt.%, 50−90 μm), 
and NiCrBSi (Ni55, 40−70 μm). Chemical composition 
of the Ni55 self-fluxing alloy powders is presented in 
Table 1 (the molar ratio of Ti/B4C was set to be 3:1 
according to the chemical equation of 3Ti+B4C=2TiB2+ 
TiC [30]). Figure 1 shows the morphologies of the 
starting powders. The surfaces of Q235 mild carbon steel 
(with w(C)<0.2%) substrates (size: 100 mm × 30 mm × 
10 mm) were polished with emery paper and 
ultrasonically cleaned in an alcohol bath. Four chemical 
compositions of the precursors are prepared as listed in 
Table 2. 

The cladding process was conducted using plasma 
cladding equipment with an output power of 4.5 kW, 
schematically described in Fig. 2. The specific plasma 
cladding parameters are as follows: operating welding 
current 80 A, welding voltage 30 V, cladding speed  

Table 1 Chemical composition of Ni55 alloy (wt.%) 

C Si B Cr Fe Ni 

0.4−0.9 3.5−5 3.0−4.5 14−17 ≤5.0 Bal.

 

Table 2 Chemical compositions of mixtures used during 

plasma cladding process 

Coating w(Ni55)/% w(Ti+B4C)/% 
Molar ratio
of Ti/B4C 

C10 90 10 3:1 

C20 80 20 3:1 

C30 70 30 3:1 

C40 60 40 3:1 

 

 

Fig. 1 Morphologies of starting Ti (a), B4C (b) and Ni55 (c) 

powders 

 
300 mm/min, powder feeder gas flux 2.5 L/min, and 
overlap between adjacent cladding (overlapping ratio) 
approximately 30%. In order to prevent the melted pool 
from heavy oxidation, high-purity argon gas was used as 
a shielding gas applied through the coaxial nozzle at   
10 L/min. The work distance between the plasma gun 
and the substrate surface was 10 mm. 
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Fig. 2 Schematic diagram of plasma cladding process 

 
2.2 Microstructure characterization 

In order to identify the phase components in the 
produced coatings, X-ray diffraction (XRD, D/ 
MAX2500PC, JAPAN) with Cu Kα radiation was 
performed at a scanning rate of 4 (°)/min and with 
scanning angles that ranged from 20° to 90°. Analysis of 
the microstructure of the coatings was performed using a 
field emission scanning electron microscope (FESEM, 
FEI Nova Nano SEM 450, USA) that allowed energy 
dispersive spectroscopy (EDS). The microhardness 
profile along the cross-section of the plasma cladding 
samples was measured using a microhardness tester 
(HVS−1000, FM−700, Japan) under a load of 500 g, a 
dwell time of 10 s, and an average distance between two 
points of 0.1 mm. The presented microhardness value of 
each sample at a certain depth is the average value of 
three parallel measurements on the cross-section. 
 
2.3 Wear testing 

Figure 3 shows the schematic diagram of wear test 
process and wear volume of tracks on the coatings. The 
dry sliding wear tests were performed under room 
temperature conditions with a ball-on-disk model using a 
micro-tribometer (UMT−3, CETR, USA) with loads of 
30 and 60 N for 2 h. An Al2O3 ball with a diameter of 
9.525 mm, a hardness of HRA 92, and a surface 
roughness of around 50 nm was used as a counter body. 
The wear volume was determined by the depth and width 
of wear scars measured via a 3D profiler (Zeta−20, Zeta, 
USA). The wear volume was calculated by Eq. (1) [31]: 
 

2[ arccos( ) ]
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r d r d
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r

 
                (1) 

 
where W, d and L are the width, depth and length of the 
wear scar, respectively, and r is the outer radius of the 
wear ball. The wear rate was calculated by Eq. (2): 
 

V

DP
 
                                     (2) 

 
where ω is the wear rate, D is the wear distance, and P is 
the load. 

 

 

Fig. 3 Schematic diagram of wear test process (a) and wear 

volume of tracks (b) on coatings 

 
After the wear test, the worn surfaces of MMC 

coatings were studied by FESEM. 
 
3 Results and discussion 
 
3.1 Phase component 

Figure 4 depicts the typical XRD patterns of the 
coatings with different ceramic contents. The coating of 
Ni55 mainly contained three phases: γ-Ni, CrFeB, and 
Fe2B. When 10% (Ti+B4C) was added to the reaction 
system, TiC and CrB appeared in the XRD patterns. With 
the continuous increase of Ti+B4C content up to 20%, 
diffraction peaks of TiB2 began to emerge. For C30 
coating, TiB2 peaks increased greatly. The XRD patterns 
of C40 coating are similar to those of C30 coating. No 
peak corresponding to Ti and B4C phases is visible in the 
XRD pattern of the MMC coatings, which confirms that 
 

 

Fig. 4 XRD patterns of coatings with different ceramic phase 

contents 
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TiB2 and TiC can be synthesized in-situ by the reaction: 
3Ti+B4C=2TiB2+TiC. 
 
3.2 Microstructure 

Figures 5(a−e) show the microstructures of Ni55 
and MMC coatings prepared with different amounts of 
Ti+B4C. More detailed morphology about the micro- 
structure of C30 coating is presented in Fig. 5(f), and 
EDS mapping analysis corresponding to Fig. 5(f) is 
shown in Fig. 6. From the EDS results, we can see that 
there are mainly three kinds of particles, rectangular, 
square, and strip-shaped particles in the C30 coating. The 
Ti is concentrated in rectangular and square areas, B is 
concentrated in rectangular and strip areas, and C is 
concentrated in square areas. The areas of strip shape in 
the coating are rich in Cr, and there is no significant 
decrease of Fe in these areas. Combined with the data 
provided by the XRD patterns shown in Fig. 4, we can 
deduce that the rectangular particulates are TiB2, the 
square phases are TiC, and the strip areas are CrFeB. The 
hexagonal shape phases shown in Figs. 5(c) and (e) are 

TiB2 according to previous research [32], and TiB2 has a 
hexagonal AlB2-type structure with a P6/mm space group 
involving alternating planes of Ti and B atoms [33]. The 
size and volume fraction of TiB2 particles increased with 
the increase of the mixing ratio of Ti to B4C, and the size 
of TiC first increased and then decreased. The size of 
CrFeB became smaller because the increase of the TiB2 

particles occupied more B element. In addition, more 
TiB2 particles limited the growth of CrFeB and TiC. 

Figure 7(a) shows the cross-section typical micro- 
structure of coating in the interface region of the material 
prepared with 30% (Ti+B4C). The coating is free from 
pores and cracks, and has good metallurgical adhesion 
with the substrate. The microstructure of the coating near 
the substrate is composed of a small amount of 
well-developed columnar crystal phases growing in the 
direction of the heat flow [34]. The element distribution 
obtained by EDS line scan analysis corresponding to  
Fig. 7(a) is presented in Fig. 7(b). It can be seen that  
the Fe element is diffused into the coating and shows a 
decreasing trend, and the trend of Ni element is opposite.  

 

 

Fig. 5 Microstructures of Ni55 (a), C10 (b), C20 (c), C30 (d), C40 (e) coatings and high magnification image of area A in C30 

coating (f) 
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Fig. 6 EDS mapping analysis results of region A shown in Fig. 5(d) 
 

 
Fig. 7 SEM image of C30 coating interface region (a) and EDS line scan analysis results (b) 

 

The distribution caused a gradual variation in the 
mechanical properties along the thickness direction of 
the material [35]. The gradient structure clearly indicates 
that sound metallurgical bonding to the Q235 substrate is 
obtained by the plasma cladding process. 

3.3 Microhardness 
Figure 8 presents the microhardness distribution of 

coatings with different ceramic contents along the depth 
direction. A dilution layer in the profile shows a lower 
microhardness than the rest of the coating. The average 
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microhardness of the MMC coating (HV0.5 1000−1300) 
is about 2 times as much as that of the Ni55 coating 
(approximately HV0.5 550), and increases to the 
maximum of approximately HV0.5 1350 for the C40 
coating. It can be deduced that the formation of  
ceramic compounds such as TiB2 and TiC with high 
hardness increases the overall microhardness of the 
coatings. 
 

 

Fig. 8 Microhardness distribution of coatings with different 

ceramic contents along depth direction 

 
3.4 Dry sliding wear behavior 
3.4.1 Wear profiles and volume loss 

The 3D profiles of the wear track of the coatings are 
shown in Fig. 9. Obviously, as additions of Ti and B4C 
increased, the wear scar on the coating tended to become 
lighter and smoother at loads of 30 and 60 N. Differences 
were observed in the width and length of the wear tracks 
obtained at different contact loads. The volume wear rate 
was calculated using data from these profiles and 
applying Eqs. (1) and (2). 
 

 

Fig. 9 3D profiles of wear tracks 

 
The wear rate and coefficient of friction (COF) of 

the (TiB2+TiC)/Ni and Ni55 coatings were determined 
and the values are presented in Fig. 10. In general, the 

 

 
Fig. 10 Wear rate (a) and COF (b) of (TiB2+TiC)/Ni and Ni55 

coatings under loads of 30 and 60 N 
 
coating with higher hardness exhibits better wear 
resistance as shown in Fig. 10(a), corresponding to the 
observed results of microhardness discussed above. As 
can be seen, the Ni55 coating exhibits the highest 
volume loss because of its relatively low hardness. 
Compared with the Ni55 coating, all coatings 
strengthened by TiB2+TiC ceramic phases exhibit a 
decreased wear rate. The wear rate of the coatings 
decreases obviously with the increasing content of 
ceramic phase under loads of 30 and 60 N. This indicates 
that the enhancement of hardness caused by ceramic 
phases can improve the wear resistance of the materials. 
The decrease of wear rate was more obvious with 
increasing ceramic content under a load of 60 N 
compared with that under a load of 30 N. HUANG     
et al [36] have studied the dry friction and wear behavior 
of 7075 Al alloy reinforced with SiC (a 3D continuous 
ceramic network). They found that the decrease of wear 
rate was more obvious with increasing ceramic content 
under high load, which is consistent with the results here. 
They explained this result as follows: under low load,  
the composite with low volume fraction of ceramic 
reinforcement exhibits better wear resistance due to the 
homogeneous reinforcement distribution with small pore 
size; in contrast, under high load, the composite with 
high reinforcement volume fraction exhibits better wear 
resistance because of the coarse frame size. 
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The data presented in Fig. 10(b) show that the COF 
of (TiB2+TiC)/Ni coatings is lower than that of the Ni55 
coating. TiB2 and TiC decrease the COF between the 
coatings and the counter-bodies by obviously improving 
the hardness of coatings and reducing the practical area 
of contact when coatings are rubbed with Al2O3 [37]. 
However, the COF of the (TiB2+TiC)/Ni coatings shows 
an increasing trend with increasing additions of Ti and 
B4C. The change is more obvious under 60 N than that 
under 30 N. The explanation for this phenomenon is 
often described as a “stick and slip” mechanism [38]. 
The asperities adhere during wear, causing the moving 
parts to stick, leading to a high friction value. The 
coatings with high content ceramic phases exhibit lower 
COF values under a load of 60 N, suggesting that the 
corresponding wear mechanisms may be different. 
3.4.2 Wear surface morphology 

Figure 11 shows SEM images of the worn surfaces 
of the coatings under a load of 30 N. Figure 12 shows the 
schematic diagrams of wear mechanisms of coatings 
under a load of 30 N. Some scars are observed on the 

worn surface of the Ni55 coating. Crack initiation and 
propagation can occur by work hardening, and partial 
layer-stripping traces are observed on the surface of the 
Ni55 coating. This indicates that the main wear 
mechanism of the Ni55 coating is delamination wear. 
The delamination decreases with addition of 10% 
(Ti+B4C). This is due to the effect of ceramic compounds 
such as TiC with high hardness to increase the overall 
microhardness and strength of the coating. The worn 
surface morphology of C20 coating is very similar to that 
of the C10 coating, but the scars are lighter. 
Delamination is the predominant mechanism for C10 and 
C20 coatings (described in Fig. 12(a)). 

For the C30 coating, the worn surface is 
comparatively smooth. Some furrows are observed on 
the worn surface, with delamination near the ceramic 
phase. It can be inferred that more serious delamination 
wear is prevented by the crack-resisting of ceramic 
phases with the synthesis of larger size TiB2 particles. 
The worn surface morphology of the C40 coating is very 
similar to that of the C30 coating, but the furrows are  

 

 

Fig. 11 SEM images of worn surfaces of Ni55 (a), C10 (b), C20 (c), C30 (d) and C40 (e) coatings under load of 30 N 
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shallower. In the dry sliding wear stage, the softer matrix 
wears out faster compared to the hard reinforcement, 
causing the reinforcement to protrude over the worn 
surface, protecting the coating from additional wear and 
removal [39]. This indicates that the main wear 
mechanism for C30 and C40 coatings is micro-cutting 
(described in Fig. 12(b)). Overall, the ceramic phases act 

good protection against wear. The worn surface 
morphology of the coatings and the wear mechanism 
correspond well to the observed changes in 
microhardness of the coatings caused by the presence of 
the ceramic hard reinforcements. 

Figure 13 shows SEM images of the worn surfaces 
of coatings under a load of 60 N. The load caused an  

 

 

Fig. 12 Schematic diagrams of wear mechanisms of Ni55, C10, C20 (a) and C30, C40 (b) coatings at load of 30 N 

 

 

Fig. 13 SEM images of worn surfaces of Ni55 (a), C10 (b), C20 (c), C30 (d), C40 (e) coatings under load of 60 N and high 

magnification image of area B in C30 coating (f) 
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increase in the temperature of wear surface during 
friction wear. Slight plastic deformation and adhesion to 
the worn surface were very easily generated, which 
might hinder the relative motion. Many grooves and 
adhesion traces can be seen on the worn surface of Ni55 
coating, indicating that the wear mechanism is a 
combination of abrasive wear and adhesive wear. A 
smoother surface with fewer grooves is observed for C10 
and C20 coatings because high hardness and strength of 
ceramic phases confer resistance of the composite 
coatings to abrasive wear and metallic adhesion during 
dry sliding wear. For the C30 and C40 coatings, the 
compacted layers appear on the worn surface, and are 
connected together in the C40 coating. Data in      
Figs. 13(d) and (e) show the EDS results of the surface 
of the compacted layer. There are O and Al elements on 
the worn surface, indicating material transfer and severe 
oxidation during the wear process. 

Figure 14 shows the COF curves of the coatings 
under a load of 60 N. The COF of Ni55 coating 
displayed a high value under a load of 60 N. Coatings 
strengthened by ceramic phases exhibited a lower COF 
compared with the Ni55 coating because of the high 
hardness, the elastic modulus, and the chemical stability 
of the in-situ synthesized ceramic phases (TiB2 and TiC). 
Obviously, the COF of the C40 coating became very 
small. In the initial stage, the softer matrix would wear 
out faster, allowing protrusion of the reinforcements over 
the worn surface to protect the coating from serious wear 
damage (Fig. 13(f)). Under high load, adhesive wear and 
abrasive wear could accelerate material transfer. Because 
of the hindrance of TiB2 particles, the transferred 
material would agglomerate around the TiB2. The 
compacted layer appeared on the worn surface after the 
process of fracture, welding, rewelding, and repetitive 
rolling when the Ti+B4C content was 30% and 40%, 
respectively. A continuously compacted layer appeared 
on the wear surface of the C40 coating because a   
large size ceramic phase was better for blocking material 
 

 

Fig. 14 COF curves of coatings under load of 60 N 

transfer (corresponding to the microstructure shown in 
Fig. 5(e)). CHI et al [40] also observed this phenomenon 
for the dry sliding friction and wear behavior of 
(TiB2+h-BN)/2024Al composites, and found that the 
existence of the compacted layer had a significant effect 
on the friction coefficient and wear rate. The large area 
of the compacted layer hindered the adhesive and 
abrasive activities, eventually reducing the COF (as 
shown in Fig. 14) and wear rate. The results suggested 
that the ceramic content and wear load affected the 
tribological behavior of coatings through different wear 
mechanisms. 
 
4 Conclusions 
 

(1) After plasma cladding, TiB2 and TiC ceramic 
phases were in-situ synthesized and homogenously 
distributed in TiB2 and TiC reinforced Ni55-based MMC 
coatings. 

(2) The microhardness of the cladded coatings with 
Ti+B4C was about 2 times as high as that of the Ni55 
coating due to the formation of re-enforcements such as 
TiB2 and TiC with high hardness. 

(3) Cladded coatings reinforced by TiB2 and TiC 
exhibited a much better wear resistance than the Ni55 
coating. Serious delamination wear was prevented 
because the in-situ synthesized ceramic phases TiB2 and 
TiC provided high hardness and prevented crack 
extension during dry sliding wear under a load of 30 N. 
At a load of 60 N, the ceramic phases significantly 
improved the tribological properties of coatings by 
providing resistance to abrasive wear and metallic 
adhesion. Compacted layers appeared on the worn 
surface of coatings with high content ceramic phases 
(C30 and C40), which effectively decreased the friction 
coefficient and wear rate. Ceramic content and wear load 
affected the tribological behavior of coatings through 
different wear mechanisms. 
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TiB2+TiC 含量对等离子熔覆 Ni55 基复合材料涂层 

显微组织及耐磨性能的影响 
 

张新杰，崔洪芝，王佳峰，张国松，赵玉桥，孙 康 

 

山东科技大学 材料科学与工程学院，青岛 266590 

 

摘  要：采用等离子熔覆工艺，以不同比例的 Ti、B4C 和 Ni55 为原料原位制备 TiB2−TiC 强化 Ni55 基复合材料

涂层，研究陶瓷相 TiB2+TiC 含量对涂层显微组织及耐磨性能的影响。结果表明：通过等离子熔覆合成 TiB2和 TiC

陶瓷相，陶瓷相含量对涂层在不同载荷下的摩擦学性能和磨损机制有较大影响。在 30 N 磨损载荷下，复合陶瓷

通过阻碍裂纹扩展抑制剥层磨损的作用；在 60 N 磨损载荷下，高硬度、高强度陶瓷可以有效降低磨粒磨损和黏

着磨损的作用。另外，在高陶瓷含量的涂层磨痕表面发现有压实层结构分布，有效降低摩擦因数和磨损率。在 30 

和 60 N 的磨损载荷下，TiB2−TiC 复合陶瓷通过不同的磨损机制提高涂层的磨损性能。 

关键词：金属基复合材料涂层；等离子熔覆；显微组织；摩擦学行为；磨损机制 
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