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In situ TiC particle reinforced titanium matrix composites (TMCs) were successfully fabricated by reac-
tive sintering of Ti+Mo,C and Ti +VC compacts. The results of the tensile tests at ambient and elevated
temperatures show that the strength of the composites increases with increasing additive content (Mo, C
and VC), and decreases with increasing temperatures. Comparing the two types of TMCs, the Ti+VC com-
posites have a lower strength than the Ti + Mo, C composites, but can more effectively retain the strength

to elevated temperatures. Microstructural analyses show that the main strengthening mechanisms of the
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TMCs are solid solution, grain refinement and particulate strengthening. Different dominant strengthen-
ing mechanisms in different composites are responsible for the variations of the mechanical properties. At
elevated temperatures, the volume fraction of TiC particles is the main factor for increasing the strength.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The interest in discontinuously reinforced titanium matrix com-
posites (TMCs) has increased in recent years due to the low cost,
easy fabrication and excellent mechanical properties [1-4]. Sev-
eral ceramic particles were proposed as reinforcements [1-7]:
SiC, TiN, TiC and TiB. Of these TiB and TiC are the most fre-
quently used [1-4,7]. The mechanical properties of TMCs have
been found to be mainly dependent upon the composition and
the microstructure of both the matrix and the particles. However,
the most important way to ensure the strength and the stiffness
of the composites is to control the interface. Inadequate bond-
ing between the metallic matrix and the ceramic reinforcement
may lead to poor mechanical properties of metal-matrix com-
posites. The in situ synthesis is an effective method to enhance
the bonding between particle and matrix by formation of a clean
interface. Recently several processing techniques for synthesizing
the in situ ceramic reinforcements have been developed, includ-
ing reactive sintering [2,3,8], mechanical alloying [9], casting [10]
and gas-solid reaction [11]. The reactive sintering process seems
to be a promising way to fabricate TMCs due to its low-cost
and simplicity. In situ ceramics reinforced TMCs fabricated by
reactive sintering are formed through the exothermic reaction
between the additives and the Ti matrix. Many reactive systems
[2,3,6,8-11]: Ti-TiBy, Ti-B, Ti-B4C, Ti-BN, Ti-ReBg, Ti-MB are used
to fabricate in situ ceramic reinforcements. The reactive sinter-
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ing of titanium and metal carbides such as VC, Mo,C, Cr,C3 not
only provides the carbon to form TiC particles but also introduces
solutes of Mo, V and Cr in the Ti matrix [3,12,13]. Hence, the addi-
tion of metal carbides may improve the mechanical properties of
the TMCs very effectively. An understanding of the mechanical
behaviors of the composites is essential to optimize the pro-
cess.

This paper aims to investigate: (1) microstructure evolution
during the fabrication of in situ TiC reinforced TMCs using reac-
tive sintering and post thermomechanical treatment, and (2) the
mechanical behaviors of the composites at ambient temperature
and elevated temperatures.

2. Experimental

The composition of the TMCs is listed in Table 1. The raw powders were blended
in a high-efficiency blender for 1 h under an Ar atmosphere. Ti powder (<104 jwm)
and Mo, C (<2 wm) or VC (<2 wm) powder were blended. The mixed powders were
cold isostatically pressed to round bars with a diameter of 45 mm at a pressure of
400 MPa. Then the powder compacts were sintered at 1300°C for 1.5h in a vac-
uum of 5 x 10~3 Pa, followed by furnace cooling. In order to achieve fully densified
materials, the as-sintered TMCs were hot rolled to 10 mm rods after heating to a tem-
perature of 1000 °C with a rolling ratio of about 20. The strength and the ductility
of the hot rolled TMCs after annealing at 650 °C for 2 h were tested. The tensile tests
were carried out on a CSS-4400 test machine using smooth specimens with a gauge
size of d5 mm x 25 mm at a constant cross head speed of 2 mm/min. Each value is an
average of three measurements. Specimens for microstructural investigation after
hot rolling were sectioned parallel to the rolling axis. The microstructures of the
composites were investigated using an optical microscope (OM) and a scanning
electron microscope (SEM) in the backscattered mode (BSE). The phase trans-
formation was studied by X-ray diffraction analysis (XRD). The average particle
size in the each TMC was determined from a sample of at least 15 SEM micro-
graphs.
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Fig. 1. XRD patterns of the as-sintered titanium matrix composites.
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3. Results
3.1. Microstructures

Fig. 1 shows X-ray diffraction patterns of the as-sintered TMCs.
It indicates that only three phases can be found in the present com-
posites, which are o-Ti, 3-Ti and TiC. The results of the XRD analyses
confirm the formation of TiC by reactive sintering of Ti+Mo,C
and Ti + VC compacts. The microstructures of as-sintered TMCs are
shown in Fig. 2. The TMCs with 3 wt.% and 6 wt.% additives show a
typical o+ 3 colony structure with aligned « platelets separated by
thin 3 laths, and o phases at the grain boundaries. The TMCs with
12 wt.% additives show a dominant (3-phase microstructure. Fig. 2
also shows the formation of TiC clusters in the Ti+Mo,C compos-
ites. However, the TiC particles are homogeneously distributed in
the matrix of the Ti + VC composites. The Ti + 3% Mo, C composite has
the smallest TiC particles size in all the composites, ranging from 3
to 5 wm. While the TiC particles sizes in the other composites are
ranging from 5 to 15 pm.

The distribution of TiC particles in the TMCs after hot rolling
is shown in Fig. 3. In the Ti+Mo,C composites, the clusters of TiC
particles tend to align along the rolling direction. However, TiC par-
ticles in the Ti+VC composites distribute relatively uniform. Little

Fig. 2. Microstructures of the as-sintered titanium matrix composites: (a) Ti+3%Mo,C; (b) Ti+6%MoC; (c) Ti+ 12%Mo,C; (d)Ti+3%VC; (e) Ti+6%VC; (f) Ti+12%VC.
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Table 1

Weight percentage of raw materials and designed volume ratio of TiC in composites.
Composite Ti+Mo,C Ti+VC

Ti+3%Mo,C Ti+6%Mo,C Ti+12%Mo,C Ti+3%VC Ti+6%VC Ti+12%VC

Metal carbide (wt.%) 3 6 12 3 6 12
Metal carbide (vol.%) 1.4 3 6.3 23 4.7 9.6
Metal elemental (wt.%) 2.82 5.64 11.28 2.48 4.96 9.92
Carbon elemental (wt.%) 0.18 0.36 0.72 0.52 1.04 2.08
Designed TiC (vol.%) 0.7 1.4 2.8 2.1 4.2 8.4
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Fig. 3. The distributions of TiC particles of the hot rolled titanium matrix composites: (a) Ti+3%Mo,C; (b) Ti+6%Mo,C; (c) Ti+12%Mo,C; (d)Ti+3%VC; (e) Ti+6%VC; (f)
Ti+12%VC.

Table 2
Average TiC particle size (um) of the composites.
Composite Ti+Mo,C Ti+VC
Ti+3%Mo,C Ti+6%Mo,C Ti+12%Mo,C Ti+3%VC Ti+6%VC Ti+12%VC
Sintering condition 4.6 10.9 12.7 115 11.7 13.4

Hot rolling condition 5.1 11.8 13.2 10.2 12.2 139
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Fig.4. Optical microstructures of the thermal-mechanically treated titanium matrix composites: (a)Ti +3%Mo,C; (b) Ti+ 6%Mo, C; (¢) Ti + 12%Mo, C; (d)Ti + 3%VC; (e) Ti + 6%VC;
(f) Ti+12%VC.
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Fig. 5. The tensile properties of the composites after hot rolling and annealing at 650 °C/2 h tested at: (a) ambient temperature; (b) 400°C; (c) 500°C; (d) 600°C.
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Fig. 5. (Continued ).

change in the TiC particle size can be found in the TMCs after the
hot rolling (see the average TiC particle size in Table 2). By etching,
the microstructures of the titanium matrices after hot rolling and
annealing can be clearly seen, as shown in Fig. 4. Significant grain
refinement occurs during the thermal mechanical treatment and a
grain size as small as 1 wm can be obtained.

3.2. Mechanical properties at ambient and elevated temperatures

The mechanical properties of the TMCs after hot rolling and
annealing at 650°C for 2 h at ambient and elevated temperatures
are shown in Fig. 5. The ultimate tensile and yield strength of the
Ti+ Mo, C and Ti +VC composites at ambient temperature increase

Fig. 6. Scanning electron micrographs of tensile fracture surface of the titanium matrix composites tested at ambient temperature: (a) Ti+3%Mo,C; (b) Ti+6%Mo,C; (c)
Ti+12%Mo,C; (d) Ti+3%VC; (e) Ti+6%VC; (f) Ti+ 12%VC; the cracked TiC particles are marked by arrows.
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Fig. 7. SEM micrographs of cross-sections of titanium matrix composites near the fracture surfaces: (a) Ti+3%Mo,C; (b) Ti+6%Mo,C; (c) Ti+12%Mo,C; (d) Ti+3%VC; (e)
Ti+6%VC; (f) Ti+12%VC; the micro-voids are marked by arrows.

Fig. 8. Scanning electron micrographs of tensile fracture surface of the composites tested at temperatures of 400 °C: (a) Ti +3%Mo,C; (b) Ti+6%Mo,C; (c) Ti+12%Mo,C; (d)
Ti+3%VC; (e) Ti+6%VC; (f) Ti+ 12%VC; the cracked TiC particles are marked by arrows.
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Fig. 8. (Continued ).

linearly with the increase of additives (Mo, C and VC). Comparing
the two types of TMCs, the tensile strength and the ductility of the
Ti+ Mo, C composites appear to be higher than the Ti + VC compos-
ites at the same contents of additives. The Ti+Mo,C composites
show a slower strength increment than the Ti+VC composites,
and the difference in strength between the two types of the TMCs
decrease with increasing additive. The increment of strength by
the addition of Mo, C in titanium is about 17.8 MPa per weight per-
cent, and is much lower than 50 MPa per weight percent of pure
Mo in titanium as reported in Ref. [14]. However, the increment of
strength by the addition of VC in titanium is about 29.3 MPa per
weight percent, and is very close to 35 MPa per weight percent of
pure V addition as reported in Ref. [14]. The ductility of the TMCs

decreases with increasing additive. The ultimate tensile and yield
strength of the Ti+Mo,C and Ti+VC composites at temperatures
of 400, 500 and 600 °C also linearly increase with increasing addi-
tive. The tensile strength of the Ti + Mo, C composites is also higher
than that of the Ti +VC composites as already observed at ambient
temperature. The difference in strength between the two types of
composites is reduced with the increase of the test temperatures
and the additive content.

3.3. Fractography

The fracture surfaces of the TMCs at ambient temperature are
showninFig. 6.1t shows a brittle fracture manner in the TiC particles

Fig. 9. Scanning electron micrographs of tensile fracture surface of the composites tested at temperature of 500°C: (a) Ti+3%Mo,C; (b) Ti+6%Mo,C; (c) Ti+ 12%Mo,C; (d)

Ti+3%VC; (e) Ti+6%VC; (f) Ti+ 12%VC; the cracked TiC particles are marked by arrows.
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Fig. 10. Scanning electron micrographs of tensile fracture surface of the composites tested at temperature of 600 °C: (a) Ti+3%Mo,C; (b) Ti+6%Mo,C; (c) Ti+ 12%MoC; (d)

Ti+3%VC; (e) Ti+6%VC; (f) Ti+ 12%VC; the cracked TiC particles are marked by arrows.

and ductile manner in the matrix. The coalescence of micro-voids
in the matrix as well as cleavages in the particles can be observed.
As the content of the additives increases, the amount of fractured
particles increases. Comparing the two types of TMCs, the fractured
particles distribute more homogeneously in the Ti +VC composites
than in the Ti+ Mo, C composites. In order to understand the frac-
ture process of the TMCs, the longitudinal sections of the fractured
tensile specimens were examined, as shown in Fig. 7. The number
of the micro-voids beneath the surface in the Ti + Mo, C composites
increases with the increase of Mo, C content. However there are less
micro-voids found in the Ti + VC composites. The fractographs of the
TMCs at elevated temperatures (400, 500 and 600 °C) are shown in
Figs. 8-10. The fracture characteristics of the TMCs at 400°C are
similar to that at ambient temperature, except for some large dim-
ples due to the particle debonding. At 500 °C, more large dimples
due to debonding can be detected, and this is more pronounced
in the Ti+Mo;,C composites than in the Ti+VC composites. There
are no fractured TiC particles in the TMCs tested at a temperature
of 600°C, except for in the Ti+6%VC and Ti+ 12%VC composites.
This indicates that the dominant fracture mechanism of the TMCs
at high temperatures is particle debonding.

4. Discussion

A number of strengthening mechanisms are operative in TMCs
[14-18]. According to the results presented above, the mechani-
cal strength of the TMCs prepared by addition of metal carbides in
titanium mainly results from two aspects: solid solution and TiC
particle formation. The strengthening effect due to the formation
of solid solution is well described by Kolachev’'s empirical relation
which can be applied to estimate the matrix strength of the TMCs
[14,19]. Hence the strength increment due to the formation of TiC
particles can be calculated by the following Eq. (1):

Aoric = Ocomposite — Omatrix (1)

where Aoric is the strength increment due to the formation of TiC;
O composite 1S the strength of the composite; and o yagix is the calcu-
lated strength of the matrix by Kolachev’s empirical relation. The
relationship between the increase of strength by TiC formation,
composite strength and the matrix strength vs. the weight per-
cent of metal carbides for different volume fractions of TiC particles
are shown in Fig. 11. It is indicated that the strength increment by
TiC hardening is not monotonously increased with its volume frac-
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Fig. 11. The relationship between increased strength of TiC, composite strength and matrix strength vs. the weight percent of metal carbides: (a) Ti+Mo,C composites,
(b)Ti+VC composites and (C) the increased strength changes with volume fraction of TiC particle.

tion, which on the contrary decreases in Ti + Mo, C composites and
only slightly increases in Ti+VC composites. The formation of TiC
particles contributes to the strengthening of the composite for two
reasons. The first one is due to the grain refinement [3] enhanced by
the TiC particles during the thermal mechanical processing (Fig. 4).
But Fig. 4 also shows that the grain refinement effect of TiC is not
linearly with its volume fraction. This may be attributed to the fact
that the grain size has a certain equilibrium value for the fabrication
process. Hence, the strengthening effect by grain refinement is sim-
ilar for all of these materials. The second factor is the strengthening
effect of TiC particles [15,16]. A number of studies have shown that
the distribution of reinforcements greatly influences the deforma-
tion behaviors and mechanical properties of TMCs [20-23]. Wang et
al. have speculated that triaxial stresses in the matrix are generally
higher in clustered regions of four or more particles, thus shielding
the centre of the cluster from plastic flow due to the higher local lev-
els of constraint imposed on the matrix [23]. However, as shown in
Fig. 7, damage forms preferentially in regions of TiC particle cluster-
ing during tensile deformation, and greatly decreases the strength
of the Ti+Mo,C composites. Therefore, the strength increment
caused by TiC-formation decreases in the Ti+Mo,C composites
with the increase of its volume fraction. In the Ti+VC composites,
the TiC particles are homogeneously distributed in the TMCs and
a uniform deformation occurs (Fig. 7). According to the Nardone
and Prewo model, the strengthening effect is proportional to the

volume fraction of TiC [24,25]. Hence, from the little change of the
volume fraction of TiC results a slight increase in strength. For the
Ti+Mo,C composites, the high strength is more due to the strong
solid solution strengthening effect of Mo in titanium [14].
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Fig. 12. The reduced strength percentages vs. the test temperatures.
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The reduced strength at test temperatures are calculated as the
following Eq. (2):

Oambient temperature — Otest temperature

x 100% (2)

Oteduced % = P
ambient temperature

where O equced 1S the reduced strength at a test temperature;
O ambient temperature 1S the tensile strength at ambient temperature;
and Otesttemperature iS the tensile strength at a test temperature.
The reduced strength changes with test temperatures are plot-
ted in Fig. 12. It can be clearly seen that the reduced strength
decreases with the increase of content of the additives. And
increases with increase of the test temperatures. The strengthening
mechanisms at ambient temperature also work at elevated tem-
peratures. However, the TiC particulate strengthening mechanism
is less temperature dependent than the solid solution and grain
refining strengthening mechanisms. It is suggested that the frac-
tured other than pulled out reinforced particle in fracture surfaces
of TMCs is the indication that the particulate strengthening takes
place during deformation [26]. There are more cracked TiC parti-
cles in the fracture surfaces of the Ti+VC composites compared to
the Ti+Mo,C composites (Figs. 8-10), also suggests the stronger
strengthening effect caused by higher volume fraction of TiC parti-
cles. Therefore, the reduced strength of the Ti + Mo, C composites is
higher than that of the Ti + VC composites at 500 and 600 °C due to a
lower volume fraction of TiC particles. So, a high volume fraction of
TiC particles contributes more in retaining the strength at elevated
temperatures.

5. Conclusions

(1) InsituTiC particles reinforced Ti(Mo) and Ti(V) titanium matrix
composites are successfully fabricated by reactive sintering.
The thermo mechanical treatment after sintering helps to refine
the matrix microstructure and to homogenize the distribution
of particles.

(2) The strengthening increment due to formation of TiC particles
is decreased with increase in the volume fraction of the Mo, C
addition, while it is increased in Ti+VC composites. The inho-
mogenous distribution of TiC particles is the main reason for
this decrease in the strength in Ti+ Mo, C composites.

(3) At elevated temperatures, the volume percent of TiC particles
is the major factor for the strengthening of TMCs.
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