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Abstract: In order to improve the hardness and tribological performance of Ti6Al4V alloy, NiCoCrAlY–B4C composite 
coatings with B4C of 5%, 10% and 15% (mass fraction) were fabricated on its surface by laser cladding (LC). The 
morphologies, chemical compositions and phases of obtained coatings were analyzed using scanning electronic 
microscope (SEM), energy dispersive spectrometer (EDS), and X-ray diffraction (XRD), respectively. The effects of 
B4C mass fraction on the coefficient of friction (COF) and wear rate of NiCoCrAlY–B4C coatings were investigated 
using a ball-on-disc wear tester. The results show that the NiCoCrAlY–B4C coatings with different B4C mass fractions 
are mainly composed of NiTi, NiTi2, α-Ti, CoO, AlB2, TiC, TiB and TiB2 phases. The COFs and wear rates of 
NiCoCrAlY–B4C coatings decrease with the increase of B4C content, which are contributed to the improvement of 
coating hardness by the B4C addition. The wear mechanisms of NiCoCrAlY–B4C coatings are changed from adhesive 
wear and oxidation wear to fatigue wear with the increase of B4C content. 
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1 Introduction 
 

Ti6Al4V alloy is widely used in aerospace, 
medical and weapon fields due to its low density, 
high strength and corrosion resistance [1,2], which 
accounts for 50% of the total consumption amount 
of Ti alloys. However, its poor wear resistance 
limits the application fields due to its low  
hardness [3,4]. Scholars have tried to solve this 
problem, and found that coating technology is the 
main method of improving the hardness of Ti6Al4V 
alloy. As excellent thermal barrier coatings, 
MCrAlY (M=Ni, Co or combination of these) 
coatings are applied to protecting the substrate from 
oxidation at high temperature. PEREIRA et al [5] 
prepared the NiCoCrAlY and CoNiCrAlY coatings 
on AISI 304 steel by laser cladding (LC), showing 

that the coefficient of friction (COF) of Ni–based 
coating was lower than that of Co-based coating at 
500 °C. Meanwhile, PEREIRA et al [6] also 
revealed that the NiCoCrAlY coating prevented 
further the oxidation of substrate by forming a 
thermally-grown oxide (TGO) film at 1100 °C. The 
research results also show that the NiCoCrAlY 
coating increases the wear resistance at high 
temperature for all materials tested [5], which is a 
promising coating in the tribological fields. 

At present, LC is an effective method of 
directed energy deposition (DED) for the 
NiCoCrAlY coating, in which argon gas is used to 
prevent the formation of oxide film in the coating 
fabrication process [7]. As a covalent bond 
compound, B4C has excellent physical properties, 
such as high melting point, low density and 
hardness is second only to diamond and CBN [8], 
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which is widely used in the light ceramic armor, 
wear resistance parts and coating materials [9]. 

In the past, a lot of researches have been done 
on the B4C reinforced Ni-based coatings. ZHAO  
et al [10] prepared the Ni204 coatings with      
the different mass fractions of TiC, TiN and B4C  
on 45 steel by LC, and found that their COFs 
decreased compared with the Ni204 coating. 
PUSHPANATHAN et al [11] developed the Ni− 
B4C−TiC coating on AZ80 alloy, and revealed that 
the grain refinement of nickel and orientation of 
nano-particles improved the coating properties. And 
MENG et al [12] fabricated the NiCrBSi−5%B4C 
coating on Ti−6Al−4V substrate by LC, and 
indicated that B4C was reacted with the Ti of 
substrate, which in-situ synthetized the TiB2 and 
TiC reinforcements in the coating. The above 
analyses show that the B4C reinforced phase 
improved the hardness and friction-wear 
performances of MCrAlY coatings. However, few 
reports on the in–situ synthesis and tribological 
performance of NiCoCrAlY−B4C coating on 
Ti6Al4V alloy have been reported. 

In this study, NiCoCrAlY coatings with the 
different B4C mass fractions were fabricated on 
Ti6Al4V alloy using a LC. The aim was to in-situ 
synthesize the TiC, TiB and other ceramic phases 
by B4C and Ti of Ti6Al4V alloy, and the effects of 
B4C mass fraction on the microstructure and high 
temperature wear resistance of obtained coatings 
were studied, which provided the experimental data 
for the tribological fields of NiCoCrAlY−B4C 
coatings at high temperature. 
 
2 Experimental 
 
2.1 Sample preparation 

The substrate was Ti6Al4V alloy with the 
chemical composition (wt.%): Fe ≤0.30, C ≤0.10, 
N ≤0.05, H ≤0.015, O ≤0.20, Al 5.5−6.8, V 3.5−4.5, 
and Ti balance. NiCoCrAlY powders (Chengdu 
Huayin Powder Technology Limited Company, 
China) with the B4C mass fractions of 5%, 10% and 
15% (Hebei Yili Metallurgical Materials Limited 
Company, China) were milled using a planetary ball 
miller for 2 h. The LC test was conducted on a 
ZKSX−2008 type fiber-coupled LC system (Jiangsu 
Zhongke Sixiang Laser Technology Limited 
Company, China), and the powder feeding was 
conducted using a LAMCN-C type nozzle with the 

coaxial ring. Technique parameters were: laser 
wavelength of 1064 nm, beam distribution of 
circular Gaussian, spot diameter of 4 mm, laser 
power of 1400 W, scanning speed of 4 mm/s, stand– 
off distance of 50 mm, and overlap rate of 50%. 
 
2.2 Characterization methods 

The surface morphologies, cross-section 
microstructure and phases of obtained coatings 
were analyzed using JSM−6360LA type scanning 
electron microscopy (SEM), VHX−700F type ultra- 
depth microscope (UDM), and D/Max−2500/PC 
type X-ray diffraction (XRD), respectively. The 
hardness was measured using a micro Vickers 
hardness tester, where the hardness was 
characterized with the average value in the three 
testes. 

The friction and wear test was performed on a 
HT−1000 type high temperature wear tester with 
the ball−disk contact method. Test parameters were: 
friction pair of Si3N4 ball, temperature of 600 °C, 
rotation speed of 500 r/min, normal load of 4.5 N, 
and time of 30 min. The profiles, morphologies, 
chemical elements of worn tracks on the 
NiCoCrAlY−B4C coatings were analyzed using 
UDM, SEM, and EDS, respectively. 
 
3 Results and discussion 
 
3.1 Morphologies and XRD analysis of powders 

The morphologies of NiCoCrAlY powders 
with the B4C mass fractions of 5%, 10% and 15% 
are shown in Figs. 1(a−c), respectively. The three 
kinds of mixed powders had no obvious differences, 
which were composed of NiCoCrAlY and B4C 
powders. Figure 1(d) shows the XRD patterns of 
NiCoCrAlY−B4C powders. The mixed powders 
were mainly composed of Ni, Co, Cr and Al phases, 
and the B4C peak was found at 2θ values of 23.50°, 
34.96° and 37.82°; while the Y peak was not found 
due to its low content. 
 
3.2 Characterization and analysis of coatings 
3.2.1 Morphologies and XRD analysis of coating 

Figure 2(a) shows the surface morphology and 
XRD patterns of NiCoCrAlY coating. The coating 
was mainly composed of α-Ti, NiTi, NiTi2 and  
CoO phases. The gray dendrite on the coating 
surface originated from the precipitation of α−Ti 
and NiTi2 phases in the LC process. In this case, Ni  
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Fig. 1 Morphologies of NiCoCrAlY powders with B4C mass fractions of 5% (a), 10% (b) and 15% (c), and XRD 

patterns of mixed powders (d) 

 
was reacted with Ti of substrate as follows:  
Ni+Ti=NiTi                             (1)  
Ni+2Ti=NiTi2                             (2)  

The NiTi and NiTi2 in Eqs. (1) and (2) with the 
high contents were the basic phases of NiCoCrAlY 
coating, when the temperature exceeded the 
transformation temperature of β-Ti, the Ti went 
through the liquid phase (L) and transformation 
layers of β-Ti and α-Ti+β-Ti, and the 
inhomogeneous distribution of elements easily 
produced the stress concentrations and cracks. 
Figure 2(b) shows the surface morphology and 
XRD patterns of NiCoCrAlY coating with the B4C 
mass fraction of 5%. The TiC, TiB, TiB2 and AlB2 
phases were detected on the coating, and the B 
reduced the martensitic transformation temperature, 
which promoted the transformation from β-Ti to 
α-Ti [13]. The B4C mainly was reacted with the Ti 
of substrate as follows [14]:  
B4C+3Ti=2TiB2+TiC                      (3)  
TiB2+Ti=2TiB                           (4)  
2TiC+B4C=2TiB2+3C                     (5)  

The dendrite structure was observed on the 
coating surface, which was because B4C was 
combined with the Ti of substrate. However, the 

excess Ti precipitated and formed α–Ti and NiTi2 
phases due to the low B4C content, which resulted 
in the dendritic segregation. There were a few pores, 
irregular black flakes and spherical particles on the 
coating surface, which were mainly composed of Ti 
and C with the NaCl type face centered cubic  
(FCC) structure. Figure 2(c) shows the surface 
morphology and XRD pattern of NiCoCrAlY 
coating with the B4C mass fraction of 10%. The 
coating porosity increased than the former coatings, 
and there was no new phase in XRD analysis result. 
Ti precipitated on the Ti-rich zones and was 
transformed into TiB and TiC phases with the 
increase of B4C mass fraction, and the dendrite 
crystal disappeared on the coating surface. 
Figure 2(d) shows the surface morphology and 
XRD patterns of NiCoCrAlY coating with the B4C 
mass fraction of 15%. There were many pores on 
the coating surface, and the dendrites disappeared, 
which was because the increase of B4C mass 
fraction neutralized Ti in the molten pool. 
Meanwhile, the amount of precipitated Ti was 
reduced, which prevented the dendrite segregation 
caused by the excessive dendrite precipitation. As a 
result, the in-situ synthesized ceramic phase refined 
the grain sizes and inhibited the crack growth [15]. 
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Fig. 2 Morphologies and XRD patterns of NiCoCrAlY coating surfaces with B4C mass fractions of 0 (a), 5% (b),   

10% (c) and 15% (d) 

 
Figure 3(a) shows the morphology of the 

NiCoCrAlY coating cross-section. The bonding 
interface was serrated, which was because the heat 
conduction speed of the Ni-rich zone was faster 
than that of the Ti-rich zone. Figures 3(b−d) show 
the morphologies of the NiCoCrAlY−B4C coating 

cross-sections. The number of pores decreased  
with the increase of B4C mass fraction, and there 
were no obvious boundaries between the coatings 
and the substrates, which indicated that the bonding 
mode at the coating interface was metallurgical 
bonding. 
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Fig. 3 Morphologies of NiCoCrAlY coating cross-sections with B4C mass fractions of 0 (a), 5% (b), 10% (c) and   

15% (d) 

 

3.2.2 Hardness analysis 
Figure 4 shows the hardness distributions of 

NiCoCrAlY−B4C coating cross-sections. The 
average hardness of NiCoCrAlY coating cross- 
sections with the B4C mass fractions of 5%, 10% 
and 15% were HV 1002, HV 1054, and HV 1213, 
respectively, higher than HV 893 of NiCoCrAlY 
coating. The increase of hardness was contributed 
to the TiC and TiB hard phases [16,17], meaning 
that the coating had the high micro cutting 
resistance and wear resistance [18]. There was an 
obvious hardness transition region between the 
coating and the substrate, which was because the 
contents of B and C on the coating bottoms were 
lower than those of TiC and TiB phases. Therefore, 
the hardness decreased rapidly on the transition 
zone. At the same time, the TiC and TiB phases 
increased the nucleation rate and refined the 
microstructure of NiCoCrAlY−B4C coatings,  
which further improved their hardness and wear 
resistance [19]. 
 

3.3 Friction and wear performances 
3.3.1 COFs and wear rates 

Figure 5(a) shows the COFs of NiCoCrAlY− 
B4C coatings vs test time. The COFs fluctuated 

 

Fig. 4 Hardness distributions of NiCoCrAlY−B4C 

coating cross-sections 

 
greatly in the running period, which were caused by 
the removal and redistribution of hard phases on the 
contact surface. The average COFs of NiCoCrAlY 
coatings with the B4C mass fractions of 5%, 10% 
and 15% in the normal period of 10−30 min were 
0.31, 0.29, and 0.26, respectively, lower than 0.45 
of NiCoCrAlY coating. The hard phases of 
NiCoCrAlY−B4C coatings prevented the formation 
of fine debris in the friction process, which played a 
role of friction reduction [20].  
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Fig. 5 Curves of COF vs test time (a), profiles of worn 

tracks (b) and wear rates (c) on NiCoCrAlY−B4C 

coatings 

 

Meanwhile, the graphite in the reaction 
processes of TiC and B4C acted as a lubricant to 
further reduce the COFs of NiCoCrAlY–B4C 
coatings. The standard deviation of NiCoCrAlY 
coatings with the B4C mass fractions of 5%, 10% 
and 15% were 0.0108, 0.0073, and 0.0072, 
respectively, lower than 0.0272 of NiCoCrAlY 
coating. The NiCoCrAlY−B4C coatings presented 
the smaller deviation, which was because B4C 

reduced the contents of α–Ti and other oxides on 
the coating surface, which slowed down the COF 
fluctuations. 

Figure 5(b) shows the profiles of worn tracks 
on the NiCoCrAlY−B4C coatings. The depths of 
worn tracks on the NiCoCrAlY coatings with the 
B4C mass fractions of 5%, 10% and 15% were 4.00, 
3.40, and 2.30 µm, respectively, which decreased 
with the increase of B4C mass fraction. The depths 
of worn tracks on the NiCoCrAlY−B4C coatings 
were smaller than 6.66 µm of worn tracks on the 
NiCoCrAlY coating, which was because the TiC, 
TiB, TiB2 and other hard phases hindered the wear 
of NiCoCrAlY−B4C coating [21]. Meanwhile, the 
graphite was acted as solid lubricant to reduce the 
COFs of NiCoCrAlY−B4C coating to a certain 
extent. 

Figure 5(c) shows the wear rates of 
NiCoCrAlY−B4C coatings. The wear rates of 
NiCoCrAlY coatings with the B4C mass fractions  
of 5%, 10% and 15% were 9.16×10–6, 8.46×10–6, 
and 5.45×10–6 mm3/(Nꞏm), respectively, which 
decreased by 61.63%, 64.58%, and 77.17% than 
23.89×10–6 mm3/(Nꞏm) of NiCoCrAlY coating, 
respectively. The hard phases of TiB and TiC were 
distributed on the coating surface [19], which 
played a role of friction reduction and wear 
resistance [22]. 
3.3.2 Worn morphologies and XRD analysis 

Figure 6(a) shows the morphology of worn 
track on the NiCoCrAlY coating. There were 
obvious wear marks on the worn track, which was a 
typical adhesive wear feature. The coating oxides 
were produced on the worn track and pulled off by 
the tribo-pair, indicating that the oxidation wear 
occurred on the worn track. Figure 6(b) shows the 
morphology of worn track on the NiCoCrAlY 
coating with the B4C mass fraction of 5%. There 
was obvious plastic deformation on the worn track, 
and the adhesive wear was found on the worn track. 
The Ti of substrate was not reacted with the B4C 
due to the low content of B4C, which was oxidized 
to TiO2 and fell off in the friction process. 
Figure 6(c) shows the morphology of worn track on 
the NiCoCrAlY coating with the B4C mass fraction 
of 10%. The smear marks disappeared on the worn 
track, which was because the amount of ceramic 
phases increased, and the sliding friction force  
was not enough to destroy them on the worn track, 
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Fig. 6 Morphologies of worn tracks on NiCoCrAlY coatings with B4C mass fractions of 0 (a), 5% (b), 10% (c) and 15% 

(d) 
 
which reduced the degree of adhesive wear. 
However, there were some fatigue pits on the worn 
track due to the action of normal load, which fell 
off to form the fatigue pits on the worn track [23]. 
Figure 6(d) shows the morphology of worn track on 
the NiCoCrAlY coating with the B4C mass fraction 
of 15%. The fatigue pits were the most serious 
among the four kinds of coatings. Meanwhile, the 
width of worn track became narrow, indicating that 
the wear resistance was improved to a certain extent, 
which was related to the enhancement of coating 
hardness. In this case, the thermal conductivities of 
TiC and TiB were much higher than those of Ti and 
TiO2, which was the main factor of wear resistance 
for the NiCoCrAlY−B4C coatings [24]. 

Figure 7 shows the XRD patterns of 
NiCoCrAlY−B4C coatings. The new phases 
rutile-TiO2 and (Ni, Co)2Ti4O were produced on the 
worn tracks, in which Ni2Ti4O was caused by the 
dissolution of O in NiTi2 [25], and Co2Ti4O was 
generated by the Co atom replacing the Ni atom in 
Ni2Ti4O. A small amount of α-Ti on the worn  
track was oxidized to anatase-TiO2, which was 
irreversibly transformed into the rutile-TiO2 [26], 
corresponding to the rutile peaks at 2θ values of 
27.45°, 36.09°, 39.19° and 41.23°. 

 

Fig. 7 XRD patterns of worn tracks on NiCoCrAlY−B4C 

coatings 
 
3.3.3 Line scan analysis of worn tracks 

Figure 8(a) shows the line scanned position of 
worn track on the NiCoCrAlY coating, where C 
was the impurity products adsorbed on the coating 
surface in the air. The Ni content on the worn track 
decreased slightly than the unworn coating, which 
was because the NiTi2 was oxidized; while the Co, 
Cr, Al and Y contents on the worn track were no 
obvious change than the unworn coating, as shown 
in Fig. 8(b). The Ti content on the worn track 
decreased than the unworn coating due its oxidation; 



Wen-chang WANG, et al/Trans. Nonferrous Met. Soc. China 31(2021) 2729−2739 

 

2736

while the O content on worn track increased than 
the unworn coating due to the oxidation wear. And 
the Si content on the worn track increased than the 
unworn coating, which originated from the 
adhesion of tribo-pair, as shown in Fig. 8(c). 

Figure 9(a) shows the line scanned position of 
worn track on the NiCoCrAlY coating with the B4C 
mass fraction of 5%. The Ni, Co and Cr contents 
did not change significantly; while the Al content 
on the worn track decreased than the unworn 
coating, which was worn away from the worn track, 
as shown in Fig. 9(b). The Ti content on the worn 
track increased than the unworn coating due to its 
oxidation, while the O content was the opposite. 
The Si content on the worn track increased slightly 
than the unworn coating, indicating that the wear 
mechanism was adhesive wear, as shown in 

Fig. 9(c). 
Figure 10(a) shows the line scanned position 

of worn track on the NiCoCrAlY coating with the 
B4C mass fraction of 10%. The Ni, Co and Al 
contents on the left side of worn track were high 
due to the uneven distribution of elements, as 
shown in Fig. 10(b). The Ti and O contents on the 
worn track decreased compared with those of the 
unworn coating, which was because the oxides 
were worn away from the worn track. And the Si 
content on the worn track increased compared with 
those of the unworn coating, indicating that the 
wear mechanism was adhesive wear, as shown in 
Fig. 10(c). 

Figure 11(a) shows the line scanned position of 
worn track on the NiCoCrAlY coating with the B4C 
mass fraction of 15%. The Ni, Cr and Al contents 

 

 
Fig. 8 Line scan analysis of worn track on NiCoCrAlY coating: (a) Line scanned position; (b) Contents of Ni, Co, Cr 

and Al; (c) Contents of Ti, Si and O 

 

 
Fig. 9 Line scan analysis of worn track on NiCoCrAlY coating with B4C mass fraction of 5%: (a) Line scanned position; 

(b) Contents of Ni, Co, Cr and Al; (c) Contents of Ti, O and Si 

 

 

Fig. 10 Line scan analysis of worn track on NiCoCrAlY coating with B4C mass fraction of 10%: (a) Line scanned 

position; (b) Contents of Ni, Co and Al; (c) Contents of Ti, O and Si 
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Fig. 11 Line scan analysis of worn track on NiCoCrAlY coating with B4C mass fraction of 15%: (a) Line scanned 

position; (b) Contents of Ni, Cr and Al; (c) Contents of Ti, O and Si 
 
on the worn track changed little than the unworn 
coating, as shown in Fig.11 (b). The Ti content on 
the worn track decreased slightly than the unworn 
coating, while the O content did not changed, 
indicating that the degree of oxidation wear was 
further reduced. The Si content on the worn track 
increased than the unworn coating, indicating that 
the adhesive wear occurred in the friction process, 
as shown in Fig. 11(c). 

From the above analysis, it can be seen that the 
Ti content on the worn tracks of NiCoCrAlY–B4C 
coatings was lower than the NiCoCrAlY coating, 
which was because the TiC and TiB occupied the 
original Ti position of substrate and reduced the 
content of α–Ti. Meanwhile, the O content on the 
worn track decreased with the increase of B4C mass 
fraction, which indicated that the degree of 
oxidation wear decreased to a certain extent. 
3.3.4 Wear mechanism 

Figure 12(a) shows the wear mechanism on the 
early friction process of NiCoCrAlY−B4C coatings. 
The oxide layer produced by the tribochemistry 
reaction at high temperature was formed on the 
coating surface [27], and the exfoliated oxides were 
adhered to the contact point on the coating due to 
its friction heat, indicating that the adhesive wear 
occurred on the pink zones. The TiB, TiC and other 
hard phases gathered on the worn track in the early 
friction process, and the cutting effect of tribo-  
pair on the coating was hindered to improve the 
wear resistance of coating. Under the action of 
reciprocating normal force, the fatigue cracks were 
formed at the boundaries of hard phases and 
marked red zones. In the subsequent normal friction 
process, part of the hard phases fell off from the 
coating surface and formed fatigue pittings, which 
was related to the number of hard phases, as shown 
in Fig. 12(b). 

 

Fig. 12 Sketches of wear mechanism of NiCoCrAlY− 
B4C coatings in early (a) and normal (b) friction 
processes 
 
4 Conclusions 
 

(1) The NiCoCrAlY–B4C coatings are mainly 
composed of NiTi, NiTi2, CoO, TiB, TiC, TiB2, 
AlB2 and α-Ti phases, and the (Ni,CO)2Ti4O and 
rutile-TiO2 new phases are formed on the 
NiCoCrAlY−B4C coatings after the high 
temperature wear test. 

(2) The addition of B4C reduces the 
precipitation of α-Ti and the dendrite disappears on 
the NiCoCrAlY−B4C coating, the hardnesses of 
NiCoCrAlY coatings with the B4C mass fractions of 
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5%, 10% and 15% are HV 1002, HV 1054, and 
HV 1213, respectively, higher than HV 893 of 
NiCoCrAlY coating. 

(3) The B4C addition plays a certain role in the 
reduction friction, and the average COFs of 
NiCoCrAlY coatings with the B4C mass fractions of 
5%, 10% and 15% are 0.31, 0.29, and 0.26, 
respectively, which decrease with the increase of 
B4C mass fraction. 

(4) The wear rates of NiCoCrAlY coatings 
with the B4C mass fractions of 5%, 10% and 15% 
are 9.16×10–6, 8.46×10–6, and 5.45×10–6 mm3/(Nꞏm), 
respectively, which decrease by 61.63%, 64.58%, 
and 77.17% compared with 23.89×10–6 mm3/(Nꞏm) 
of NiCoCrAlY coating, respectively. 

(5) The TiC and TiB phases are in-situ 
synthesized by the reactions of B4C and Ti on the 
NiCoCrAlY−B4C coatings, which reduce the 
adhesive wear and oxidation wear, and the fatigue 
wear increases with the mass fraction of B4C. 
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摘  要：为提高 Ti6Al4V 合金的硬度和摩擦学性能，采用激光熔覆技术在其表面制备 NiCoCrAlY–B4C 复合涂层

(B4C 的质量分数分别为 5%、10%和 15%)。利用扫描电子显微镜(SEM)、能谱仪(EDS)和 X 射线衍射仪(XRD)对所

制备涂层的形貌、化学成分和物相进行分析，并采用球–盘磨损试验机研究 B4C 质量分数对 NiCoCrAlY–B4C 涂层

在 600 °C 时摩擦因数和磨损率的影响。结果表明，不同 B4C 质量分数的 NiCoCrAlY–B4C 涂层主要由 NiTi、NiTi2、

α-Ti、CoO、AlB2、TiC、TiB 和 TiB2物相组成。NiCoCrAlY–B4C 涂层的平均摩擦因数和磨损率随着 B4C 质量分

数的增加而有所降低，主要归因于 B4C 的添加提高了涂层硬度。随着 B4C 质量分数的增加，NiCoCrAlY–B4C 涂

层的磨损机制由粘着磨损、氧化磨损转变为疲劳磨损。 

关键词：Ti6Al4V 合金；激光熔覆；NiCoCrAlY 涂层；B4C；摩擦行为；磨损 
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