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Microstructure and Mechanical Properties of 
an in situ Synthesized TiB and TiC Reinforced 

Titanium Matrix Composite Coating 

LI Jun, YU Zhishui, WANG Huiping, LI Manping
 (School of Materials Engineering, Shanghai University of Engineering Science, Shanghai 201620, China)

Abstract: A titanium-based composite coating reinforced by in situ synthesized TiB and TiC particles 
was fabricated on Ti6Al4V by laser cladding. The microstructure and mechanical properties were investigated. 
The coating was mainly composed of -Ti cellular dendrites and an eutectic in which a large number of rod/
needle-shaped TiB and a few equiaxial TiC particles were homogeneously embedded. The microstructural 
evolution could be divided into four stages: precipitation and growth of primary -Ti phase, formation of the 
binary eutectic -Ti+TiB, formation of the ternary eutectic -Ti+TiB+TiC, and solid transformation from -Ti to 
-Ti. Microhardness of the coating showed a gradient variation from the surface (about HV0.2 876) to the bottom 
(about HV0.2 660) and was prominently improved in comparison with that of the substrate. Fracture toughness of 
the coating also exhibited a gradient variation from the surface (6.3 MPa•m1/2) to the interface (11.9 MPa•m1/2). 
Wear resistance of the coating was signifi cantly superior to that of Ti6Al4V.
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1  Introduction

Titanium alloys are widely used in aerospace, 
chemical, petrochemical and marine industries as 
key structural components due to their combination 
of high strength weight ratio, excellent corrosion 
resistance, and superior mechanical properties at 
elevated temperatures[1]. However, titanium alloys 
exhibit a number of poor tribological properties, such 
as high and unstable friction coeffi cient, low adhesive, 
abrasive and fretting wear resistance, and diffi culties in 
lubrication, which restrict their potential applications as 
substitutes for tribological components conventionally 
made of steel[2]. 

Wear is a surface-dependent property. Wear 
resistance can be improved by appropriately tailoring 
surface microstructure and/or composition, i e, by 
modifying the surface without affecting the bulk[3]. 
Many surface modification techniques are available, 

including ion implantation, physical and chemical 
vapor deposition processes, plasma spraying, and 
laser cladding. Of these, laser cladding has a number 
of attractive advantages, such as low and precise heat 
input, small heat-affected zone, high processing speed 
and productivity, low residual stress and distortion, 
possible elimination of pre- and post-repair heat 
treatments, high dimensional accuracy, and great 
process flexibility and reliability, which allow unique 
mechanical and chemical properties to be imparted to 
a surface without affecting the bulk[4,5]. In recent years, 
laser cladding of ceramic-metal composite coatings 
onto Ti-alloy substrates has been used to improve the 
surface properties of titanium alloys. Ceramic phases 
such as WC[6-8], TiN[9-11], TiC[12-14], Ti3Al[15], TiB[16, 

17], SiC[18], ZrO2
[19] and Al2O3

[20] have been directly 
added into coatings or in situ synthesized by reacting 
pure elements during laser cladding. Comparatively, 
the in situ synthesized reinforcements may be more 
compatible with the matrix and the interface may be 
cleaner, which ensures that the matrix has sufficient 
strength to transfer stress. Among in situ synthesized 
reinforcements, TiC and TiB have been extensively 
regarded as the two best reinforcements in a titanium 
matrix, for a number of reasons, including their high 
elastic modulus, their similar density to Ti alloys, 
and their excellent interfacial bonding with titanium 
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matrixes[21-23]. The use of titanium matrix composite 
coatings reinforced by TiB and TiC has produced 
titanium alloys with increased stiffness, enhanced 
temperature strength, good creep performance, and 
increased fatigue and wear resistance, thus widening 
their utilization fi elds[17]. 

Current methods for fabrication of in situ 
synthesized TiB-TiC reinforced titanium matrix 
composites usually rely on techniques such as 
ingot metallurgy (IM)[24-30], self-propagation high-
temperature synthesis (SHS)[31] or powder metallurgy 
(PM)[21, 32], etc, which are rather complex and may 
result in material waste and increased costs. Few 
studies have investigated laser cladding as a means 
of preparing titanium matrix composite coatings[33] 
and have focused mainly  on micros t ructura l 
characterizations, with little detailed discussion 
regarding the microstructural evolution of the coating 
or the interface. Comprehensive investigation of the 
mechanical properties is lacking, especially regarding 
the wear behavior and the distribution of fracture 
toughness in cross sections of the coatings.

As an extension of previous investigations, the 
aim of the present work was to improve the hardness and 
wear resistance of a Ti6Al4V substrate by laser cladding 
a TiC-TiB reinforced titanium matrix composite 
coating onto its surface. A detailed investigation into 
the microstructure, phase and mechanical properties (in 
terms of microhardness, fracture toughness and wear 
resistance) was undertaken. The possible mechanism 
underlying the microstructural evolution of the TiB and 
TiC reinforcements is discussed.

2 Experimental 

A Ti6Al4V alloy with a composition of 6.5 
wt% Al, 4.26 wt% V and the balance Ti was used as 
a substrate material. It was hot rolled and annealed 
in the + range, and was machined into cylinders 
50 mm in diameter and 10 mm long. The substrate 
surface was polished with 200-grit SiC abrasive paper 
and degreased in acetone prior to coating. The powder 
mixture of the coating alloy contained pure titanium (87 
wt%), B4C (9 wt%) and Al (4 wt%). This was mixed 
with a binder (4% polyvinyl alcohol, PVA) to form a 
slurry, which was applied to the Ti6Al4V to form a 
layer of 0.8-1.0 mm thickness and allowed to dry for 5 
h at 90 ℃.

Laser cladding was carried out using a 5-kW 
continuous wave CO2 gas laser with an applied power 

(P) of 3-3.5 kW, beam diameter (D) of 4 mm and 
scanning speed (v) of 5 mm/s. These laser parameters 
had been optimized by ensuring a good interface fusion, 
a smooth coating surface, and a minimum dilution. 
The molten pool was shielded from heavy oxidation 
by blowing high purity nitrogen gas over the surface 
during laser treatment. Eight overlap tracks were clad 
side by side, with a overlap ratio of approximately 
25%, in order to clad the entire 30×30 mm surface of 
the substrate specimen for the subsequent friction and 
wear test. 

Phase constituents of the coating were analyzed 
by a Rigaku D/mas 2550V X-ray Diffractometer (XRD) 
with Cuk radiation. Microstructural characterization 
was carried out with a VHX-600K Optical Microscope 
(OM), a JSM6460 Scanning Electron Microscope 
(SEM) and an INCN Electron Probe Micro Analyzer 
(EPMA). The cross section of the sample was prepared 
on a Buehler Phoenix 4000 sample preparation system 
and then rinsed with alcohol and acetone. A mixture 
of 20 vol% HF and 80 vol% HNO3 was used as the 
etchant. 

Microhardness measurement was performed on a 
HXD-1000TM microhardness tester with a load of 200 
g applied for 15 s. Dry sliding friction and wear tests 
without lubricant were carried out using the pin-on-disc 
mode on a HT-500 friction and wear apparatus at room 
temperature. The discs of the coating and Ti6Al4V 
were polished with 200-grit SiC abrasive paper prior 
to the wear test, and the layer was removed to about 
200 m. Counter-body pins made of 45# steel with a 
hardness of HRC 35 and a surface roughness of Ra=0.4 
m were machined in the form of cylinders 5 mm in 
diameter and 24 mm long. The applied load was 17.5 N. 
The sliding speed was kept constant at 0.176 m/s. The 
total sliding time was 600 min. The appearance of the 
worn surfaces of the coating and Ti6Al4V was observed 
using a VHX-600K Optical Microscope (OM), and 
phase constituents of worn scraps were identifi ed using 
a Rigaku D/mas 2550V X-ray Diffractometer (XRD). 
Fracture toughness of the coating was measured by 
the Vickers indentation method and calculated by the 
following equation:

 (1)

in which KIC is fracture toughness, MPa•m1/2; H 
is the Vickers hardness, MPa; a is half length of the 
diagonal line of an indentation, m; c is half length of 
cracks, m.
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3  Results and discussion

3.1  XRD analyses
Phase constituents of the coating were identifi ed 

from the X-ray diffraction spectrum shown in Fig.1. 
According to the indexed results of the diffraction 
peaks in terms of PDF, the coating mainly included -Ti 
as the matrix, in which a certain amount of elements 
such as Al and C were dissolved, along with a few 
TiB and TiC as the reinforcements. TiB and TiC were 
new phases that were in situ synthesized between Ti 
and B4C in the coating during laser cladding. No B4C 
phase was observed, which meant that the reactions 
between Ti and B4C consumed all of the B4C powder. 
The following reactions between Ti and B4C may take 
place:

5Ti+B4C=4TiB+TiC                      (1)
   3Ti+B4C=2TiB2+TiC                     (2)  

The changes in Gibbs free energy of the above 
reactions were calculated using the thermodynamic 
data from Reference[34]. As shown in Fig.2, the 
Go of both reactions is negative up to 2 500 K, 
which indicates that both reactions can spontaneously 
occur, namely, TiB2, TiB and TiC can be formed. 
At the same temperature, the spontaneous chemical 
reactions followed the order: (1)>(2), so that TiB can 
be formed in preference to TiB2. However, no TiB2 was 

observed in the XRD analyses results, which could be 
attributed to the excess of titanium in this system. In 
situ synthesized TiB2 will simultaneously react with the 
titanium matrix by the following reaction:

Ti+TiB2 = 2TiB                         (3)
As shown in Fig.2, the thermodynamic calculation 

result reveals that this reaction can also spontaneously 
occur, although the Go is less negative. Based on the 
above analyses, TiB and TiC reinforcements can be in 
situ synthesized in the present system, in accordance 
with the XRD analysis results. 
3.2  Microstructural characterizations

An SEM overview of the TiB+TiC/Ti composite 
coating is depicted in Fig.3, and clearly reveals that the 
microstructure of the coating involves the morphologies 
of TiB and TiC phases. The microstructure of the 
coating was very uniform and was mainly composed of 
coarse primary cellular dendrites (C1) and the eutectic 
transformation product, in which a large number of 
coarse rod-shaped (C2), needle-shaped (C3) and fine 
needle-shaped particles (C4) and a few equiaxial 
particles (C5) were homogeneously embedded. 
Combined with the corresponding micro composition 
analyses, i e, EPMA and the XRD analysis results, the 
phases with different morphologies were identified. 
Coarse cellular dendrites were -Ti, and equiaxial 
particles were TiC with a mean size of 0.5 m. The 
TiB phase presented three morphologies: a coarse rod 
shape and needle shape with a mean diameter of 1 m 
and a typical length of 30 m, and a fi ne needle shape 
with a mean diameter of 0.4 m and a typical length 
4 m. The TiC and fine needle-shaped TiB particles 
were distributed within the interdendritic zone. For 
coarse TiB particles, one part was located within the 
interdendritic zone, the other part was surrounded by 
coarse cellular dendrites. Comparatively, the amount 
of TiB was far higher than that of TiC, which was also 
validated by the XRD results. The difference in amount 
was mostly correlated with the initial composition ratio 
of B and C (about 4:1 in molar ratio). Dissolution of C 
into the titanium matrix (B almost has no dissolution in 
the titanium matrix) further reduced the fi nal content of 
TiC, to a certain extent. 
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Differences in morphology between TiB and 
TiC could be primarily related to differences in their 
crystal structures. TiC has a B1 crystal structure, 
where the unit cell is completely symmetrical without 
a preferential growth crystal facet, no matter what 
the geometric configuration and chemical bonding 
may be. This causes TiC to grow in an equiaxial or 
near-equiaxial shape when TiC is precipitated by the 
binary eutectic reaction[32]. The reactant TiB has a B27 
prismatic structure with lattice parameters a=/0.612 
nm, b=0.306 nm, and c=/0.456 nm. It grows preferably 
along the [010] crystal direction for the occupation of 
atoms and chemical bonds is asymmetrical[35]. 

The concrete difference in morphology of 
the reinforcements can be rationalized by the 
microstructural evolution progress. The growth 
mechanism of reinforcements can be divided into a 
diffusion mechanism and a dissolution precipitation 
mechanism according to the processing temperature. 
When the temperature is lower than that related to the 
liquid phase line, reinforcements are in situ synthesized 
by a diffusion mechanism. In contrast, a dissolution 
precipitation mechanism will play a key role in 
formation of reinforcements. In this research, the heat 
exerted on the molten pool is comparatively high due 
to the high laser power of 3.5 kW. In addition, reactions 
(1) and (2) will release a great amount of heat, 
which has been confirmed by many researchers[35, 36]. 
Overlap of these two heat inputs will result in a drastic 
enhancement of temperature and will cause the in situ 
synthesized TiB and TiC to melt into the liquid titanium 
during fabrication. During the subsequent cooling, TiB 
and TiC will nucleate and grow from the liquid phase. 
According to the projection of the liquidus surface in 
the Ti-B-C ternary phase diagram[37], the composition 
of the powder mixtures is located at the rich-
titanium corner, in which a ternary eutectic reaction  

 and three binary eutectic 
reactions corresponding to ,  and  

 are present. Combined with the analysis 
of the Ti-B-C phase diagram and the observation of the 
coating microstructure, the microstructural evolution 
process can be described as follows:

Precipitation and growth of primary phase -Ti. 
TiB and TiC were in situ synthesized and melted into 
the liquid phase as described above. In the subsequent 
cooling process, primary phase -Ti will nucleate from 
the liquid phase by the reaction  and 
grow into the coarse cellular or dendritic shapes, due to 
suffi cient time and space to grow in the liquid alloy. 

Formation of the binary eutectic of -Ti and TiB. 
As the temperature was gradually reduced, one part of 
the liquid phase was further transformed into -Ti and 
TiB by the binary reaction  
. -Ti and TiB will grow quickly owing to rapid 
atom diffusion in the liquid phase. -Ti may collide 
with TiB growing preferably along the [010] crystal 
direction and will grow around the surface of the TiB. 
As a result, coarse rod-shaped and needle-shaped TiB 
particles are surrounded by -Ti, as shown in Fig.3 (b).

Formation of the ternary eutectic of -Ti, TiB 
and TiC. With a further decrease in temperature, the 
remaining liquid phase will be crystallized into three 
kinds of phases corresponding to -Ti, fine needle-
shaped TiB and equiaxial TiC particles by the ternary 
eutectic reaction . Owing 
to the fast reaction time and slow atom diffusion rate in 
the solid state, TiB and TiC are very fi ne in comparison 
with primary -Ti and the binary eutectic product TiB.

Formation of -Ti. -Ti will be transformed 
into -Ti by the following allotropic transformation 
reaction: . The -Ti, TiB and TiC are 
then maintained at room temperature. 
3.3  Mechanical properties

Microhardness measurements were performed 
to acquire a general understanding of microhardness 
distribution across the coating. As shown in Fig.4, the 
profi le can be divided into three regions, corresponding 
to the coating, the dilution zone (DZ), and the substrate. 
Microhardness ranged from HV 875.64 to HV 659.75 
in the coating and presented a gradient distribution. In 
the dilution zone, microhardness exhibited a variation 
from HV 603.4 to HV 353 and gradually decreased 
with increasing distance from the coating surface. For 
the substrate, the constant microhardness of about 
HV 330 was obtained. Compared with the substrate, 
the microhardness of the coating was prominently 
enhanced, which was the mutual result of the grain-
refinement hardening and dispersion hardening of 
TiB and TiC phases. The microhardness distribution 
characteristics of the coating were relevant to the 
convection movement of the melt and the relative 
densities of constituent elements. 

The in situ synthesized TiB and TiC were 
dissolved in the liquid phase. The C and B atoms tend 
to float upwards in the molten pool owing to their 
relatively low densities in comparison with that of the 
titanium matrix. During the subsequent solidification, 
the amount of TiB and TiC is gradually reduced with 
increasing distance from the surface of the coating, and 
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presents a gradient distribution on a macroscale. This 
particle movement driven by differential density was 
also reported in previous studies[38], where the particles 
tended to move toward the upper regions in a particle-
reinforced MMC layer. Additionally, the convective 
fl ow in the liquid will have an effect on the movement 
of the ceramic particulates. The forces and flow 
patterns resulting from surface tension gradients will 
undoubtedly strongly infl uence the distribution of ultra-
fi ne ceramic reinforcements in situ formed[39].

Fracture toughness of the coating was measured by 
the Vickers indentation method. OM images of Vickers 
indentations obtained at different positions from the 
cross section of the coating, including upper, middle, 
bottom and interface parts are indicated in Fig.5. All 
indentations are very clear and integral, except for 
some fine cracks that were generated at four corner 
angles of the indentations and propagated towards 
the area far from the indentations. When a load was 
applied to the cross section of the coating, deformation 
disaccord occurred between reinforcements and the 
matrix due to their significant differences in modulus 
elasticity (modulus elasticities of -Ti, TiB and TiC are 
115, 550 and 440 GPa, respectively). As a result, the 
interface between reinforcements and the matrix gives 
rise to the stress concentration and cracks are easily 
generated and propagated. Cracks located at different 
positions presented different morphologies.

Wi th  the  inc rease  in  d i s t ance  f rom the 
surface, propagation distance of cracks is gradually 
reduced, which indicates that fracture toughness is 
correspondingly increased. The calculation results of 
fracture toughness also further substantiate the above 
analysis. Fracture toughness of the upper, middle, 
bottom and interface of the coating were 6.328, 
8.913, 11.940 and 11.928 MPa•m1/2, respectively, 
and exhibited a gradient distribution. This variation 
tendency was exactly contrary to the microhardness 

distribution, which can be adequately explained by the 
distribution of TiB and TiC reinforcements. 

Fig.6 shows the changes in friction coefficient 
of the coating and Ti6Al4V with sliding time. For the 
coating, friction coeffi cient ranged from 0.150 to 0.571, 
with an average value of about 0.452. The friction 
coeffi cient of Ti6Al4V presented a change from 0.291 
to 0.658, with an average value of about 0.586, which 
was higher than that of the coating. At the initial 
wear stage, the friction coeffi cient for the coating and 
Ti6Al4V drastically fluctuated with the changes in 
time, indicating that wear mainly takes place at some 
protruding portions of the pin and disks. The friction 
coefficient gradually stabilized 90 min later, which 
meant that wear occurred on the entire surface of pin 
and disks. 

The worn surface appearance of Ti6Al4V and the 
coating is shown in Fig.7. A great number of plough 
grooves with different widths and depths were observed 
on the worn surface of Ti6Al4V, confirming that the 
wear process of Ti6Al4V was governed by the effect 
of a micro-cutting mechanism. The plough grooves 
were contaminated by many fine bay worn scraps. 
Some were uniformly dispersed in grooves, and others 
assemble together to form flakes. The worn surface 
morphology of the coating presented significantly 
different characteristics. The entire worn surface was 
covered with bay worn scraps except for an occasional 
portion of the zone and a few grooves of small depth. 
In order to further investigate the wearing mechanism 
of the coating, phase continents of worn scraps as the 
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wear product between the coating and 45# steel were 
identified by XRD. As shown in Fig.8, worn scraps 
are composed of a great amount of Fe2O3 and little 
Fe, which confi rms that many of the bay worn scraps 
adhering to the coating surface should be Fe2O3.

At the initial sliding stage, the softer matrix would 
wear out faster compared to the hard reinforcements 
and the reinforcements will then protrude over the 
worn surface, protecting the coating from being further 
worn away and producing the micro-cutting effect on 
the surface of 45# steel. Many 45# steel scraps were 
peeled off of the surface of 45# steel and adhered to the 
surface of the coating. The protuberant reinforcements 
may be fractured due to the dual effects of the reduction 
in support by the matrix and the effective load exerted 
on each individual reinforcement. At the subsequent 

sliding process, wear mainly takes place between 45 # 
steel and 45# steel scraps. Heat resulting from friction 
would make the major element Fe of scraps react with 
O2 by the following possible reactions:

2Fe+O2=2FeO                           (4)  
  4Fe+3O2=2Fe2O3                         (5)
   3Fe+2O2=Fe3O4                           (6)

The changes in Gibbs free energy as a function 
of temperature of the above reactions were calculated. 
As shown in Fig.9, the Go of the three reactions is 
negative across the entire temperature range from 298 
K to 1 700 K, which means that three reactions can 
spontaneously occur; namely, FeO, Fe2O3 and Fe3O4 can 
be formed. However, reaction (5) can take place prior 
to reactions (4) and (6) at the same temperature. That is 
to say, Fe2O3 can be formed in preference to FeO and 
Fe3O4, which is in accordance with the analysis result 
of XRD. Many scraps mainly consisting of Fe2O3 will 
further aggravate the wear of 45# steel. Although Fe2O3 
scraps can have a micro-cutting effect on the coating 
surface, the damage to the coating is negligible due to 
the high microhardness of the coating in comparison 
with that of scraps, which is verifi ed by XRD analysis 
results. As shown in Fig.9, no titanium, TiB or TiC are 
found, indicating that the amount of phases peeled off 
the coating is so small that they cannot be identified 
by XRD. In order to observe the ture worn surface 
morphology of Ti6Al4V and the coating, 10 vol% HCl 
was used as the etchant to remove the layer consisting 
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of Fe2O3 and Fe. SEM examination results are shown in 
Fig.10. It reveals clearly that a great amount of grooves 
and abrasion are distributed on the whole worn surface 
of Ti6Al4V. Comparatively, it is surprising that the 
worn surface of the coating presents a very smooth and 
clean morphology on a macroscale. 

These analyses reveal that wear resistance of the 
coating is strongly enhanced due to the combination of 
unique physical, mechanical and chemical properties 
of TiB and TiC reinforcements uniformly distributed 
in the matrix. TiB and TiC with B27 and B1 crystal 
structures, respectively, possess very high melting 
points and strong atomic bonds, which offer the 
coating excellent abrasive wear resistance due to their 
outstanding resistance to micro-cutting and plowing 
during dry sliding wear processes. On the other hand, 
a titanium matrix with some ductility and toughness 
can release the stress exerted on the coating by plastic 
deformation, which also contributes to the improved 
wear resistance of the coating by preventing the coating 
from micro-cracking and micro-fracturing to a certain 
extent. The rapidly solidifi ed fi ne microstructure having 
improved combination of strength and toughness also 
makes some positive contribution to the outstanding 
wear resistance of the coating.

4 Conclusions

In situ synthesized TiB+TiC reinforced titanium 
matrix composite coating is mainly composed of 
-Ti cellular dendrites and a eutectic in which a large 
number of coarse rod/needle-shaped and fine needle-
shaped TiB particles and a few equiaxial TiC particles 
are homogeneously embedded. The microstructural 
e v o l u t i o n  c a n  b e  d i v i d e d  i n t o  f o u r  s t a g e s :

;  ; 
;  a n d   

The microhardness of the coating presents a gradient 
variation from the surface (about HV 0.2 876) to the 
bottom (about HV 0.2 660), prominently improved 
in comparison with that of the substrate. The fracture 
toughness of the coating also exhibits a gradient 
variation from the surface (6.3 MPa•m1/2) to the bottom 
(11.9 MPa•m1/2). The coating exhibits excellent wear 
resistance. Scraps are mainly composed of a great 
amount of Fe2O3 and little Fe, which will shield the 
coating from being worn away. No titanium, TiB or 
TiC are present in the scraps due to the improved wear 
resistance of the coating.
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