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Abstract TiC reinforced Ti-matrix composites have
been synthesized successfully by reactive sintering of
Ti-1.5%Fe-2.25%Mo (wt%) powder compacts with addi-
tion of Mo,C and VC particles. The reactions for the for-
mation of TiC particles start at 600 °C, but the distribution
of TiC particles and the densification behavior in the two
compacts are significantly influenced by the metal carbides
(Mo,C or VC). The compact with addition of Mo,C has a
relative density of 98% after sintering at 1300 °C for 1.5 h,
but TiC particles are agglomerated in the Ti matrix. The
compact with addition of VC has a relative density of about
91% after sintering at 1300 °C for 1.5 h, but TiC particles
distribute more homogenously in the Ti matrix. Different
TiC particle distribution and densification behaviors are
attributed to the reaction rates between Ti and metal
carbides and the subsequent diffusion process.

Introduction

In situ particulate reinforced titanium matrix composites
(TMCs) offer a combination of good mechanical properties
and high-temperature stability, and are attractive materials
for automotive, aerospace, and military applications [1-4].
One of the most promising reinforcing particles is TiC due
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to its good thermal and chemical compatibility with the Ti
matrix [2—4]. Various methods such as self-propagating
high-temperature synthesis [5, 6], mechanical alloying [7],
powder metallurgy [4, 8-11], and casting [2] have been
utilized to prepare in situ TiC particle reinforced TMCs for
structural applications. Among these methods, the blended
elemental powder metallurgy method is desirable as it has
the potential to produce low-cost TMCs parts. The com-
monly used carbon sources of in situ TiC reinforced TMCs
are graphite powder, B,C powder, or flowing methane
[4, 8—11]. It has been reported that the reactive sintering of
a multi-component powder mixture of titanium powder and
transition metal carbide (Cr,C3) can not only form in situ
TiC particles to enhance the Ti matrix, but also stabilize the
f phase by the chromium element to improve the elonga-
tion-to-failure of the Ti matrix [3, 12, 13]. It is hence
reasonable to expect that the reactive sintering of Ti and
metal carbides with f phase-stabilizing elements can
improve the mechanical properties of in situ TiC reinforced
TMCs. Since various chemical reactions take place during
the reactive sintering process due to different starting
reactants, the compositions and microstructures of TMCs
are quite different from each other [8-11]. However, the
effects of reactant powders and processing parameters on
the microstructural evolutions of the TMCs have not been
well understood. The aim of this article is to investigate the
reactive sintering behavior of Ti-1.5%Fe-2.25%Mo (wt%)
powder compact with addition of two different types of
metal carbide (Mo,C and VC).

Experimental

Ti powder (<104 pm), Fe powder (4 pm), Mo powder
(5 pm), Mo,C powder (<2 pm), and VC powder (<2 pm)
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were blended according to the compositions of Ti-1.5%Fe-
2.25%Mo-12%Mo,C (Ti + Mo,C) and Ti-1.5%Fe-2.25%
Mo-6%VC (wt%) (Ti + VC), respectively. The weight
percentages of the metal carbides added in the mixtures
were designed to obtain a similar volume fraction (~5%)
of TiC particles. The mixtures were first cold pressed into
cylinders of @12 x 100 mm at a pressure of 400 MPa,
then sintered at various temperature of 850, 1000, 1150,
and 1300 °C for 1.5 h under a vacuum of 5 x 107> Pa, and
finally cooled in the furnace. The tensile tests were carried
out on a CSS-4400 test machine using carefully polished
specimens with a gauge size of @5 x 25 mm. Densities
were determined by the Archimedes method. The thermal
behavior of the sintering process for the compacts was
studied by NETZSCH STA 449C differential scanning
calorimetry (DSC). The microstructures of the compacts
after sintering at different temperatures were investi-
gated by optical microscopy (OM) and scanning electron
microscopy (SEM) in the backscattered mode (BSE). X-ray
diffraction (XRD) analysis was conducted to determine the
phase constitutions. The composition of different phases
was determined by energy-dispersive spectrometer (EDS)
attached to the SEM.

Results
Thermodynamics calculation

The reactions between titanium and Mo,C, VC are
designed as follows:

Ti 4+ Mo,C = TiC + 2Ti(Mo) (1)
Ti + VC = TiC + Ti(V) (2)

The thermodynamic feasibility of in situ reactions involved
in this study has been calculated using the thermodynamic
data from [14]. The changes of Gibbs free energy, AG,
increase slightly with the reaction temperature increase
from 400 to 1400 °C. All AGs are negative, indicating that
the reactions (1) and (2) for the synthesis of TiC are
thermodynamically feasible. It is also found that the reac-
tion between Ti and Mo,C has a higher driving force than
that between Ti and VC.

Thermal behavior

Figure 1 shows the DSC curves for Ti 4+ Mo,C and
Ti + VC compacts. It can be seen that the DSC curves of
both compacts change from endothermic to exothermic at
about 600 °C, implying the start of the reactions between
Ti and metal carbides. The endothermic peaks appearing at
about 900 °C can be attributed to the phase transformation
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Fig. 1 DSC curves for Ti + Mo,C and Ti + VC compacts

of o — f. Furthermore, no other apparent endothermic
peaks can be found in the DSC curves.

Phase constitution

Figures 2 and 3 show the XRD patterns for the Ti + Mo,C
and Ti + VC compacts after sintering at 850, 1000, 1150,
and 1300 °C for 1.5 h, respectively. For comparison, the
patterns for the cold pressed compacts are also shown. The
peaks corresponding to raw powders of Ti, Mo,C, and VC
can be clearly observed in the compacts, but the peaks cor-
responding to elemental Fe and Mo powders are not detected
due to their small amount. The XRD patterns in Fig. 2 for
Ti + Mo,C compact after sintering at 850 °C for 1.5 h show
new peaks of Mo, TiC, and f-Ti, as well as the disappear-
ance of the peaks of Mo,C. With increasing sintering
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Fig. 2 X-ray diffraction patterns corresponding to the Ti + Mo,C
compacts after sintering at different temperatures
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Fig. 3 X-ray diffraction patterns corresponding to the Ti 4+ VC
compacts after sintering at different temperatures

temperature from 850 to 1300 °C, the peak intensities cor-
responding to -Ti and TiC increase, while the peak inten-
sities of o-Ti and Mo gradually decrease and at last disappear
after sintering at 1300 °C for 1.5 h. The XRD patterns in
Fig. 3 show the co-existence of VC and newly formed TiC
for Ti + VC compact after sintering at 850 °C for 1.5 h.
The formation of 5-Ti phase in the compact is also observed.
Increasing the sintering temperature to 1000 °C leads to
complete consumption of VC and increased amount of -Ti
and TiC. With the temperature continuously increasing to
1300 °C, the peak intensities corresponding to f5-Ti and TiC
in the XRD patterns increase, while the peak intensities of
o-Ti gradually decrease.

Microstructural evolution

The microstructure of the Ti + Mo,C compact after sin-
tering at 850 °C for 1.5 h is shown in Fig. 4. Three areas
marked as A, B, and C with distinct contrast can be clearly
seen from Fig. 4a, b. EDS analysis shows that area A is the
core of an un-reacted Ti particle (Fig. 4c), and the outer
layer of the Ti particle, marked as B, is rich in carbon, Mo,
and Fe (Fig. 4d). Tiny TiC particles are also seen in the
reacted layer of the Ti particle. The white area, marked as
C, in the edge of Ti particles is rich in Mo, which also
contains a small amount of carbon and Ti (Fig. 4e). After
sintering at 1000 °C for 1.5 h, only a small amount of
Mo-rich areas remains in the edges of primary Ti particles,
as shown in Fig. 5a. A Widmanstitten (o + f) structure is
formed in the centers of Ti particles, and the TiC particles
become inhomogeneous in the Ti-matrix (Fig. 5a). As the
sintering temperature increases to 1150 and 1300 °C, the
distribution of TiC particles becomes obviously more
inhomogeneous, as shown in Fig. 5b, c. The alloying ele-
ments Fe and Mo are completely dissolved into the Ti
particles at the above temperatures.

@ Springer

Figure 6 presents the microstructure of the Ti 4+ VC
compact after sintering at 850 °C for 1.5 h. It is shown that
the outer layers of the primary Ti particles have reacted
with VC, and are rich in carbon, Mo, V, and Fe elements.
The reacted layers are much thinner than those in the
Ti + Mo,C compact sintered at the same temperature, and
less amount of TiC particles is observed in these layers.
The un-reacted VC together with some Mo and Ti remain
on edges of the Ti particles. At 1000 °C, the Ti particles
are almost fully consumed by the reacted layers, and
exhibit a o + f lamellar structure. Equiaxed TiC particles
with a size varying from 5 to 8 um are formed and
homogeneously distributed in the matrix, as seen from
Fig. 7a. With the temperature increasing to 1150 and
1300 °C, there is no significant change of the microstruc-
tures for the Ti 4+ VC compact, except for the slight
growth of TiC particles (Fig. 7b, c).

Density and mechanical properties

The optical micrographs of the Ti + Mo,C and Ti + VC
compacts after sintering at 850 °C for 1.5 h are shown in
Fig. 8. It is clearly seen that sintering necks can form more
easily in the Ti + Mo,C compact than in the Ti 4 VC
compact, and large pores remain in the Ti + VC compact.
The relative densities of the two types of compact after
sintering at different temperatures are shown in Fig. 9.
It may be noted that the densities of the Ti + Mo,C com-
pacts are higher than those of the Ti + VC compacts under
all sintering temperatures. The mechanical properties of the
compacts after sintering at 1300 °C for 1.5 h measured by
tensile tests are listed in Table 1. As can be seen, the
Ti + Mo,C compact has a higher tensile strength and yield
strength than the Ti + VC compact, but the ductilities of
both compacts are at a relative low level.

Fractography

The fracture surfaces of the compacts after sintering at
1300 °C for 1.5 h are shown in Fig. 10. The important
features include the coalescence of microvoid in the
matrix, as well as flat facets of fractured particles. Also,
there are residual pores in the fracture surfaces, and the
amount is larger in Ti + VC compact than in Ti + Mo,C
compact.

Discussion

Reactive sintering mechanism

As seen from Fig. 1, no apparent exothermic peak can be
found in the DSC curves, which may be attributed to
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Fig. 4 a, b SEM pictures of
Ti + Mo,C compact sintering
at 850 °C for 1.5 h;

c—e corresponding energy
spectra from EDS
measurements in (b) marked as
A, B, and C, respectively

N ‘

.

100 200 3.00 400 500 600 T.00 800 95.00 10.00 11.00 12.00

Energy - keV

(e)

376

.

125 4

L

“1(d) ’
365
ma + Mea
) |
182 - |
|
91 -| ¢| | |_I | ?'
# .|
1 .CL..-"* WMWM
|.IW ::oo !.IW 4.Ion S.IW s.loo T.IW S.IW 9.‘00 |I;.W ||I.W 1;.”
Energy - keV

o T T T T T T

1.00 200 3.00 400 500 600 7.00 500

Energy - keV

instantaneous reactions between Ti and metal carbides
(Mo,C or VC). There is also no apparent endothermic event
related to Fe-Ti or more complex C-Fe-M(Mo or V)-Ti
liquid formation. This is in agreement with the results of [3]
and the phase diagrams of Ti-Mo—C and Ti—V-C systems
[15, 16]. However, both the curves change from endother-
mic to exothermic at about 600 °C, indicating both reactions
can carry out in a wide range of temperatures. Hence, the
reactions of Ti and metal carbide (Mo,C or VC) compacts
start at a very low temperature, and may proceed via a solid
state reactive diffusion mechanism. According to the phase
diagrams [17], continuous solid solutions will form in
Ti-Mo and Ti-V systems, and carbon has a fixed solution
concentration of about 0.5 wt% in Ti at elevated tempera-
tures. Additionally, the diffusion coefficients of carbon, Mo,
and V in Ti at 1300 °C were reported to be approximately in

T Y Y ¥

9.00 10.00 11.00 1200

the magnitudes of 10_6'5, 10_13, and 1077 m? s_l,
respectively [18-20], and the diffusion coefficients of Ti in
Mo or V at the same temperature was approximately in the
magnitude of 107" m?s7! [19, 20]. Therefore, at the first
stage of both reactions, the components M (Mo or V) and
carbon of the metal carbides are dissolved in Ti, leading to
the formation of a Ti—-M(C) solute in the Ti particle surface.
When there is a sufficiently high content of carbon and M in
Ti particles, TiC phase precipitates from the Ti-M(C) solid
solute. A two-phase reaction zone consisting of the Ti—-M(C)
matrix and the TiC particles is thus formed between Ti and
metal carbides, as shown in Figs. 4 and 6. It is suggested that
the competitive demand for carbon atoms occurs between
the growth of the two-phase reaction zone and the precipi-
tation of TiC during the reactions, and has a great influence
on the nucleation and growth of TiC particles.
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Fig. 5 SEM pictures of

Ti + Mo,C compacts sintering
for 1.5 h at: a 1000 °C,

b 1150 °C, and ¢ 1300 °C

Based on the model proposed by Paransky [21], the
mass balance requirement for the carbon component in the
Ti—-M(C) matrix and in the TiC particles can be described
as follows:

w=KrC(1 —f) (3)
w = —KrC(1 —f) +6%[Deffaa—ﬂ (4)

where w is the amount of carbon atoms transferred from the
matrix to the TiC phase per unit volume, c is the concen-
tration of carbon in Ti(C, M); Ky is the reaction rate
constant, a phenomenological coefficient to describe the
overall precipitation process of TiC, including nucleation
and growth of new TiC particles, fis the volume fraction of
the TiC precipitate, and D.g is the effective diffusion
coefficient in the two-phase layers. The driving forces for
reaction between Ti and metal carbide may be different in
the case of Mo,C and VC, and induce a higher reaction rate
in the Ti + Mo,C compact than in the Ti + VC compact.
It can be demonstrated by the co-existence of VC and TiC
in the Ti + VC compact (Figs. 3, 6) after sintering at
850 °C for 1.5 h. According to Eq. 3, the volume fraction
(f) of TiC particles increases with the increase of the
reactive rate Kg, while keeping w and c¢ as constants.
It implies that the nucleation or growth of TiC precipitates
can be enhanced by increasing the reaction rate. It was
shown in [21] that increasing the reaction rate results in
decreasing the maximum thickness of the two-phase layer
according to Eq. 4. Therefore, it can be concluded that a

@ Springer

high amount of TiC particles form in a thin thickness of a
two-phase layer due to the fast reaction rate. Hence, clus-
ters of TiC are present in the Ti + Mo,C compact, as
shown in Fig. 5. Decreasing the reaction rate would be in
favor of the homogeneous diffusion of carbon and the
nucleation of TiC in a wide range. Thus, a homogeneous
distribution of TiC particles appears in the Ti + VC
compact, as shown in Fig. 7.

Densification mechanism

As mentioned above, the reactions of Ti and metal carbide
(Mo,C or VC) compacts occur by a solid-state diffusion
mechanism, and the densification process is also through a
solid-state mass transformation. Factors that enhance the
mass transfer in solid-state diffusion are helpful for
accelerating the sintering of powder metallurgical Ti
alloys. During the initial stage of sintering, a large volume
of fresh surfaces of Mo and Ti is created due to intensive
reaction between Ti and Mo,C, promoting the onset of
diffusion and the formation of sintering necks in the
Ti + Mo,C compact. During the following stage, the dif-
fusion creep is suggested to be the controlling mechanism
of the densification process [22]. It was reported [20] that
the frequency factor (Dg) in Arrhenius equation (Djyer =
Dy exp (—Q/RT) increases with the increase of the Mo
concentration in Ti (when Mo < 35 wt%). Additionally,
more /5 phase is stabilized by the addition of Mo. f§ phase is
known to be of much lower elevated temperature strength
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Fig. 6 a, b SEM pictures

of Ti + VC compact sintering
at 850 °C for 1.5 h;

c—e corresponding energy
spectra from EDS
measurements in (b) marked as
A, B, and C, respectively
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than that of o phase. At constant sintering stress, the dif-
fusion creep rate during the intermediate stage would be
accelerated due to the good flow ability of S phase. Hence,
a high relative density is achieved in the Ti 4+ Mo,C
compact. The slow decomposition rate of VC powder
particles might contribute to the slow densification process
and low relative density of the Ti + VC compact.

Mechanical behavior

TiC particles and Ti(Mo or V) solid solution are formed
in the Ti + Mo,C and Ti + VC compacts after reactive
sintering. It is indicated that TiC/Ti interfaces in the
reactive sintered TiC/Ti composites have a good cohe-
sion, because the cleavage is the main fracture mechanism

for TiC particles, and the stress concentration loaded at
the interfaces can be transferred from the Ti matrix to the
TiC particles [23]. On the other hand, the Mo and V have
a solid solution strengthening effect in the matrix.
Therefore, reactive sintering of Ti and metal carbide
compacts is a desirable way to fabricate in situ TiC/Ti
composite. It is obvious that the molybdenum equivalency
value of Ti + Mo,C composite with 12 wt% Mo,C
addition is higher than that of Ti 4+ VC composite with
6 wt% VC addition. The high strength of Ti + Mo,C
composite is mainly attributed to its high molybdenum
equivalency value and less residual pores. Due to the
deterioration effect of residual pores and the brittle frac-
ture of TiC particles on the plastic deformation, both
composites have a relatively low ductility.

@ Springer
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Fig. 7 SEM pictures of

Ti + VC compacts sintering for
1.5 h at: a 1000 °C, b 1150 °C,
and ¢ 1300 °C

XZ@e 18B8mm

Fig. 8 Optical micrographs
for a Ti + Mo,C compact and
b Ti + VC compact after
sintering at 850 °C for 1.5 h

100 Table 1 Mechanical properties of the composites after sintering at
1300 °C for 1.5 h
95 4 +:+\"IA°QC compact Titanium Tensile strength Yield strength Elongation
2 —® Ti+VC compact composites (MPa) (MPa) (%)
>
2 %07 Ti + Mo,C composite 834.5 827.8 46
3 Ti 4+ VC composite  596.7 590.9 53
o 85
=
©
& 804 Conclusions
75 _ (1) The reactions of Ti and metal carbide (Mo,C or VC)
compacts occur via a solid-state reactive diffusion
. , . , . , . , . mechanism. The formation of a two-phase reaction
900 1000 1100 1200 1300 zone, which consists of the Ti(M, C) matrix and the
Sintering temperature (°C ) TiC precipitates, leads to the competitive demand for
Fig. 9 Densities of Ti + Mo,C and Ti 4+ VC compacts after sinter- carbf)n. be.tween tljle growth of the interlayer and the
ing at different temperatures for 1.5 h precipitation of TiC.
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Fig. 10 Scanning electron
micrographs of tensile fracture
surface of the composites after
sintering at 1300 °C for 1.5 h:
a Ti + Mo,C composite and
b Ti + VC composite

(@)

3

Due to the different rates of the carbon diffusion and
the TiC formation, the TiC particles formed in the
Ti + Mo,C composite are denser and more inhomo-
geneously distributed than those in the Ti + VC
composite.

The TiC/Ti interfaces in the TiC/Ti composites show a
good cohesion, and can transfer the stress from Ti
matrix to TiC particles. The high strength of
Ti + Mo,C composite is attributed to its high molyb-
denum equivalency value and less residual porosity.
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