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Abstract: A Ni-based composite coating reinforced by in situ synthesized TiB2 and TiC particles was fabricated on Ti6Al4V by 
laser cladding. An attempt was made to correlate the thermodynamic predictions and experimental observation. The micro-
structure and the microhardness profile across the coating were investigated by means of X-ray diffraction (XRD), scanning 
electron microscopy (SEM), energy dispersive spectroscopy (EDS), and a hardness tester. It is found that the coating mainly 
consists of a large number of reinforcements (black blocky TiB2, flower-like or equiaxial TiC, and fine acicular CrB) and the γ 
matrix. The hardness of TiB2, TiC, and CrB reinforcements is much higher than that of the γ matrix. The dispersive distribu-
tion of such high hardness reinforcements causes the increase in hardness of the whole coating. The average value of the hard-
ness is approximately Hv0.2 700 in the coating. The hardness of the coating is obviously higher than that of the substrate due to 
the dispersion strengthening of reinforcements. 
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1. Introduction 

Titanium alloys have been widely used in aerospace, 
national defense, automobiles, medical care, and many 
other fields due to their superior strength-to-weight ra-
tio, low density, high specific modulus, and excellent 
corrosion resistance [1]. However, low wear resistance 
and other disadvantages restrict their applications in 
replacing friction components under severe wear and 
friction conditions completely [2-3]. In recent years, in 
order to strengthen the engineering application of tita-
nium alloys, the laser cladding of ceramic-metal com-
posite coatings onto Ti-alloy substrates has been used 
to improve their surface properties. Cracks may pro-
pagate from the interface between ceramic particles 
and the metal matrix because the surface of these par-
ticles is not clean or is contaminated, so the in situ 
synthesis method has been extensively used to produce 
reinforcements on the metal matrix [4-11]. TiB2 has 
high melting point, high elasticity modulus, high 
hardness, high temperature stability, good compatibil-
ity with metals, etc., which can make the coating have 

high hardness and low friction coefficient when it is 
used as the reinforcement for NiCrBSi alloys [12]. 
Compared with TiB2, TiC can offer the necessary 
toughness to the coating to operate under higher loads 
and to remain stable at high temperature. On the 
other hand, TiC has a lower density, a better wet-
tability, and a higher hardness and wear resistance [13]. 
There are few reports about the preparation of nickel 
matrix composite coatings reinforced by in situ syn-
thesized TiB2 and TiC on titanium alloys by laser 
cladding at present [14-16]. 

This research aims to prepare a nickel matrix com-
posite coating reinforced by in situ synthesized TiB2 

and TiC on a Ti6Al4V substrate by laser cladding. 
The microstructure and microhardness profile were in-
vestigated in detail by modern analysis methods. 

2. Experimental 

Ti6Al4V alloy was used as the substrate material. 
Its chemical composition is shown in Table 1.  
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Table 1.  Chemical composition of the substrate material  
wt% 

Al V Fe N C H O Ti 

6.5 4.26 0.22 0.03 0.07 0.01 0.14 Bal. 

 

The coating alloy was NiCrBSi alloy powder, and 
the chemical composition is shown in Table 2. 

Table 2.  Chemical composition of NiCrBSi alloy   wt% 

Cr B Si Fe C Ni 

14.0-18.0 3.0-4.5 3.5-5.5 ≤5.0 0.60-1.00 Bal. 

 

Ti6Al4V alloy was machined into the form of cylin-
ders of 50 mm in diameter and 10 mm in length. The 
substrate surface was degreased in acetone. The or-
ganic adhesive (isopropanol) was applied to the sur-
faces evenly, and then the powders (about 6 g) were 
preplaced on Ti6Al4V and pressurized with a press 
force of 58800 N by a hydraulic press instrument to 
form a layer of 1.0 mm in thickness. The compactness 
of the obtained coating by the cold press process was 
higher, which would contribute to suppressing the 
formation of gas holes. Laser cladding was carried out 
using an HL-5000 type CO2 gas laser with an applied 
power of 2.0 kW, a beam diameter of 5 mm, and a 
scanning speed of 5 mm/s.  

A Rigaku D/mas 2550V X-ray diffractometer (XRD) 
with Cu Kα radiation was used to analyze the phases 
of the coating. An S-3400 scanning electron microscope 
(SEM) coupled with an energy dispersive spectrometer 
(EDS) was employed to characterize the microstruc-
ture. An HV-50Z-type Vickers hardness tester was 
used to measure the microhardness of different phases 
with different morphologies, and the load was 490 mN. 
The microhardness profile of the coating cross-section 
was also tested with the load of 1.96 N. The cross-sec-
tion of the sample was prepared by polishing on a 
Buehler Phoenix 4000 sample preparation system and 
then rinsed with alcohol and acetone. The sample was 
eroded by the mixture etchant consisting of 35vol% 
HNO3 + 65vol% H2O + (0.5-1 mL) HF, and the ero-
sion time was about 10 s. 

3. Results and discussion 

3.1. Thermodynamic predictions 

Various chemical reactions may occur in the coating 
during the process of laser cladding, which result in 
some new compounds formed. The calculation of ther-

modynamic data for the cladding system is helpful for 
predicting which reaction can occur and which phase 
can be synthesized in the coating. The application of 
thermodynamics requires the consideration of all pos-
sible reactions occurring in the coating. The main 
components of the used cladding materials are 
Ti-Ni-B-C-Cr. The reactions between Ti-B, Ti-C, Cr-B, 
Cr-C, Ni-B, and Ni-Ti are considered.  

Ti-B system:  

Ti + B =  TiB        (1)  

Ti + 2B =  TiB2       (2) 

Ti-C system: 

Ti + C =  TiC        (3) 

Cr-B system:  

B + Cr =  CrB       (4) 

2B + Cr =  CrB2      (5) 

Cr-C system:  

C + 4Cr =  Cr4C     (6) 

6C + 23Cr =  Cr23C6   (7) 

3C + 7Cr =  Cr7C3   (8) 

2C + 3Cr =  Cr3C2   (9) 

Ni-B system:  

3B + 4Ni =  Ni4B3   (10) 

B + Ni =  NiB       (11) 

Ni-Ti system:  

3Ni + Ti =  Ni3Ti    (12) 

Ni + Ti =  NiTi      (13) 

Ni + 2Ti =  NiTi2    (14) 

The changes in standard Gibbs free energy of these 
reactions were calculated by using thermodynamic 
data [17]. It is evident that G ΟΔ  of all reactions is 
negative in the temperature range shown in Fig. 1, in-
dicating that these reactions can spontaneously occur 
in thermodynamics. At the same temperature, the 
spontaneous trends of the above chemical reactions are 
given as follows: (7)>(2)>(8)>(3)>(1)>(12)>(6)> 
(9)>(13)>(5)>(11)>(14)>(4)>(10). This conclusion 
demonstrates that TiB2 and TiC can be formed in 
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preference to the majority of other compounds, that is, 
TiB2 and TiC reinforcements can be in situ synthe-
sized in the coating. 

 

Fig. 1.  Changes of the standard Gibbs free energy as a 
function of temperature for reactions possibly occurred in 
the cladding materials. 

3.2. XRD analysis 

Phase constituents of the coating are identified from 
the XRD pattern shown in Fig. 2. The coating mainly 
consists of γ, TiB2, TiC, CrB, and Ni3B phases. Ac-
cording to the results of XRD analysis, TiB2 and TiC 
were in situ synthesized during laser cladding as pre-
dicted by thermodynamic analyses. Some diffraction 
peaks with low intensities were not identified because 
their diffraction angles are very close to each other or 
even overlapped. According to the results of thermo-
dynamic analyses, these diffraction peaks most likely 
coincide with the compounds predicted by thermody-
namics. 

 
Fig. 2.  XRD pattern of the coating. 

3.3. Microstructural characterization 

Fig. 3 shows the SEM images of the cross section 

from the coating. The morphology of the whole cross 
section is shown in Fig. 3(a). The surface of the coat-
ing is comparatively smooth, the coating is free from 
pores and cracks, and the maximum thickness of the 
coating is about 1.0 mm. The interface between the 
coating and the substrate is very clear and continuous; 
no delamination is observed, indicating that it has an 
excellent metallurgical bond with the substrate. A 
more detailed SEM image of the interface is shown in 
Fig. 3(b). Four zones with different morphological 
characteristics can be observed: the coating, the dilu-
tion zone (DZ), the heat-affected zone (HAZ), and the 
substrate. The thicknesses of DZ and HAZ are about 
150 and 100 μm, respectively. Under the radiation of 
the laser beam, cladding alloy powder and a part of 
the substrate surface were melted. Due to the interdif-
fusion of atoms, a DZ including all the atoms of the 
two parts was formed. The content of alloy elements in 
the dilution zone is between those in the coating and 
in the substrate. Alloy elements diffused into the Ti 
alloy substrate from the coating, which contributes to 
forming an excellent metallurgical bonding between 
them. Furthermore, the DZ plays the role of buffer, 
avoids stress concentration at the interface region, 
which is caused by the sudden transition between the 
coating with high hardness and the substrate with low 
hardness, and then avoids crack initiation. 

As seen in Fig. 3(c), the microstructure of the coat-
ing is uniform, and plenty of coarse blocky and fine 
strip-shaped reinforcements are dispersively distributed 
in the γ matrix. The microstructure shown in the 
low-powder image actually appears rather simple; how-
ever, a closer inspection reveals that it is not the case. 
As shown in Figs. 3(d) and 3(e), the microstructure of 
the coating is mainly composed of coarse black blocky 
phase (C1), fine flower-like or equiaxial phase (C2), 
fine acicular phase (C3), and the matrix (C4). The 
black blocky phase with a mean size of about 5-10 μm 
presents the regular shape (generally quadrilaterals 
and hexagons), and the interfaces with the matrix 
possess a faceted feature. The size of flower-like or 
equiaxial particles is about 1-3 μm. The fine acicular 
phase with a mean diameter of 1-2 μm and a typical 
length of 5-10 μm is uniformly distributed in the coat-
ing. 

EDS spot analysis was used to ascertain the chemi-
cal composition of those phases with different mor-
phologies, as shown in Fig. 4 (four red crisscross spots) 
and Table 3. The results indicate that the black blocky 
phase is rich in Ti and B. The flower-like or equiaxial 
phase mainly consists of Ti and C. The strip-shaped 
phase is mainly composed of Cr, B, and a small quan-  
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Fig. 3.  SEM images of the cross section from the coating: (a) the whole coating; (b) the interface; (c), (d), (e) microstructures 
of the coating in different magnifications. 

tity of C. According to the results of XRD analyses, it 
can be concluded that black blocky phases (C1), 
flower-like or equiaxial phases (C2), and fine acicular 
phases (C3) are TiB2, TiC, and CrB, respectively. By 
calculation (as shown in Table 3), the Ti/B atomic ra-
tio is less than 1/2 in black blocky phases, and the 
Cr/B ratio is less than 1/1 in fine acicular phases. The 
main reason is that the atomic number of B element is 
5, and that is light element. When analyzed quantita-
tively, the calculated content of light element may be 
a bit high. The Ti/C ratio in flower-like or equiaxial 
phases is approximately 1/1. The matrix (C4) is the γ 
solid solution phase in which Ni is solvent, and the 
other elements are solutes. 

To further confirm the distribution of different ele-
ments within the whole microstructure, map scanning 
was carried out using EDS. The results are depicted in  

Fig. 5. Fig. 5(a) shows a backscattered electron (BSE) 
image of the coating, and three phases with different 
appearances are distributed in the matrix. As shown in 
Fig. 5(b), Ti element is mainly distributed in the black 
blocky phase and the flower-like or equiaxial phase, 
and a small amount of Ti can be observed in the other 
zone. Ni mainly exists in the matrix, and little Ni is 
found in three kinds of reinforcements, as can be seen 
in Fig. 5(c). Figs. 5(d) and 5(e) exhibit that B and C 
are rich in the black blocky phase and the flower-like 
or equiaxial phase, respectively. As in conjunction with 
Fig. 5(b), it is evident that the black blocky phase is 
composed of Ti and B, and the flower-like or equiaxial 
phase is rich in Ti and C. Fig. 5(f) reveals that Cr is 
mainly found in the fine acicular phase. The results of 
map scanning are consistent with the previous EDS 
spot analysis.  
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Fig. 4.  EDS spot analysis showing the content of phases with different morphologies: (a) SEM image; (b) C1; (c) C2; (d) C3; 
(e) C4. 

Table 3.  Chemical composition of phases with different morphologies              wt% 

Phase Ti B C Ni  Cr  Al 

C1 33.06 55.43 08.28 — 01.92 — 

C2 40.87 — 39.11 11.02 04.25 02.33 

C3 03.14 30.14 05.85 07.53 48.58 — 

C4 11.90 21.40 08.78 49.99 04.81 01.00 
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Fig. 5.  EDS map scanning results for different elements: (a) BSE image; (b) Ti; (c) Ni; (d) B; (e) C; (f) Cr. 

The hardness measurement of phases with different 
morphologies is important for the evaluation of me-
chanical properties of the coating. By means of hard-
ness testing, four phases mentioned above were ana-
lyzed. Hardness indentations of phases with different 
morphologies are circled by white rings as shown in 
Fig. 6. Table 4 lists the Vickers hardness of the phases. 
The theoretical hardness values of TiB2 and TiC are 
about Hv0.05 3400 and Hv0.05 3000, respectively, which 
are generally higher than the experimental results; this 
may be attributed to the measurement error. The test 
load is low, so the indentation depth and the area of 
indentation are not obvious (as shown in Fig. 6), 
which cause the measurement error. The hardness of 
TiB2, TiC, and CrB is much higher than that of the 
matrix. The dispersive distribution of such high hard-

ness reinforcements could cause the increase in hard-
ness of the whole coating. 

3.4. Microhardness profile 

The microhardness profile along the depth direction 
of the coating is shown in Fig. 7. There are three re-
gions on the microhardness curve, corresponding to the 
cladding zone, HAZ, and the substrate. The thickness 
of the coating is about 1.0 mm. The HAZ is narrow 
with just one point on the microhardness curve, and 
the thickness is about 100 μm, which has been con-
firmed on the SEM image shown in Fig. 3(b). The DZ 
cannot be identified clearly from the microhardness 
profile. As shown in Fig. 3(b), the morphology of DZ is 
very similar to that of the coating except the tiny dif-
ference in the volume fraction of TiB2 particles, so the  
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Fig. 6.  Hardness indentations of phases with different morphologies in the coating: (a) C1; (b) C2; (c) C3; (d) C4. 

Table 4.  Vickers hardness (Hv0.05) of phases with different 
morphologies in the coating 

Black blocky phase (C1) 2208.7 

Flower-like or equiaxial phase (C2) 1981.0 

Strip-shaped phases (C3) 1362.3 

Matrix (C4) 846.9 

 

Fig. 7.  Microhardness profile along the depth direction of 
the coating. 

fluctuation in microhardness from the coating to DZ is 
not obvious. The average of the microhardness was 
approximately Hv0.2 700 in the coating, Hv0.2 550 in the 
HAZ, and Hv0.2 320 in the substrate. The hardness of 

the coating is obvious higher than that of the substrate 
due to the dispersion strengthening of reinforcements. 
The hardness distribution through the coating has a 
big fluctuation with the change in distance from the 
surface, which should mainly be attributed to the size 
of TiB2 particles. Compared with the other reinforce-
ments, such as TiC and CrB, TiB2 particles are very 
coarse (about 10 μm) and distribute in a scattered 
manner in the coating. During the microhardness test, 
when a load is applied to the zone in which the volume 
fraction of TiB2 particles is very small, the obtained 
hardness value is low. On the contrary, the high hard-
ness value can be obtained in the zone composed of a 
large number of TiB2 particles. The refining and uni-
form dispersion of TiB2 particles in the coating will 
contribute to the decrease of hardness fluctuation. 

4. Conclusions 

(1) A Ni-based composite coating reinforced by in 
situ synthesized TiB2 and TiC particles was fabricated 
on Ti6Al4V by laser cladding. The coating mainly 
consists of a large number of reinforcements (black 
massive particle shaped TiB2, fine flower-like or equi-
axial TiC, and acicular CrB) and the matrix (γ solid 
solution phase in which Ni is solvent and the other 
elements are solutes). 

(2) The hardness of TiB2 and TiC reinforcement 
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phases is much higher than that of the other phases. It 
is for this reason that the dispersive distribution of 
such high hardness reinforcements results in the in-
crease in hardness of the whole coating. 

(3) The average of the microhardness was approxi-
mately Hv0.2 700 in the coating, Hv0.2 550 in the HAZ, 
and Hv0.2 320 in the substrate. The hardness of the 
coating is obviously higher than that of the substrate 
due to the dispersion strengthening of reinforcements.  
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