JOURNAL OF MATERIALS SCIENCE 38 (2003) 2073-2077

Combustion synthesis and subsequent sintering
of titanium-matrix composites
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Titanium-matrix composites containing up to 50 wt% TiC particles were prepared by
combustion synthesis using elemental powders. The products were subsequently sintered
at 1160°C for various periods of time. SEM and X-ray diffraction were used to assess the
changes that took place during the two stages of processing. Products of combustion
synthesis containing in excess of 256%TiC contained large cracks as well as agglomerates of
carbide particles that were undesirable from the point of view of reinforcing the metal. The
carbide obtained by combustion synthesis had a higher carbon content than that expected
according to the Ti-C equilibrium phase diagram, due to the non-equilibrium nature of the
reaction. During the sintering stage, the carbide of non-equilibrium composition reacted
with titanium to yield the carbide of equilibrium composition. The composition changes
were investigated and their significance on the sintering process is discussed.
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1. Introduction

Titanium is a lightweight material with a strength to
weight ratio superior to that of both steel and alu-
minium. For this reason, titanium has found a wide
range of applications in the aerospace industry. De-
mands for improvements in mechanical properties and
service temperatures have in recent years led to re-
search in the development of titanium-matrix compos-
ites. Prospective uses of these materials include aircraft
engine components [1, 2], automotive valves, wear-
resistant parts like gears and tubing, sports equipment
as well as military applications.

A number of problems have been identified that may
restrict the development of titanium matrix composites.
These problems include (i) the high reactivity of Ti with
most ceramics, leading to instability of the reinforce-
ment phase during processing and service and (ii) ma-
terials and processing costs. A number of studies have
focused on using SiC as the reinforcement material in
a titanium alloy matrix [3, 4]. However, titanium and
SiC are chemically non-compatible and react together
to form titanium silicides and TiC as can be verified by
inspection of their Gibbs Free energy data. Similarly,
B4C will react with titanium to form titanium boride
and TiC, while a titanium/TiB; combination will yield
TiB. The choice of reinforcement in this study was TiC,
which according to the Ti-TiC equilibrium phase dia-
gram, coexists with Ti over a range of compositions [5].

Using vacuum plasma spraying, Dearnley and
Roberts [4, 6] prepared titanium matrix composites re-
inforced with SiC, B4C and TiB,, all of which are ther-
modynamically unstable with the matrix. Although this
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technique may be useful in avoiding interfacial reac-
tions during processing, the problem still exists that
these reinforcements will react with Ti at high tem-
peratures during service. SiC has also been used as a
reinforcement of titanium-based composites that were
prepared by shock wave consolidation [3]. A cold and
hot isostatic pressing (CHIP) technique has been de-
veloped by Dynamet Technology Inc. [7]. This pro-
cess can successfully reinforce Ti-6A1-4V alloys with
up to 10 vol%TiC. An investigation has shown that
this route is unable to successfully produce composites
with 20 vol%TiC because of clustering of particles and
porosity problems [8]. The capital investment costs are
quite high and the process will be at a disadvantage
when competing with more conventional techniques.
Chen et al. [9] produced Ti-TiC composites by intro-
ducing graphite powder into molten titanium followed
by casting. This led to the in-situ formation of TiC in
the metal. This route has the advantage of being simple
to operate and is capable of producing complex shaped
components.

The objective of the work which is reported here
was to produce Ti-TiC composites by means of com-
bustion synthesis and to subsequently sinter these to
near-net-shape products. The process involves ignition
of an exothermic reaction where the evolution of heat
raises the temperature of the reactants and is sufficient
to self-propagate the reaction. Its advantages include
a low energy requirement and short reaction times. It
has also been reported that the products of combustion
synthesis are more easily sintered than those obtained
by conventional methods [10].
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2. Experimental

Predetermined amounts of titanium and graphite pow-
ders were weighed out and pressed into pellets using a
steel die. Samples of five different compositions were
prepared containing 1.25%C, 2.5%C, 3.75%C, 5%C
and 10%C by weight, in each case the balance be-
ing titanium. The expected amount of TiC reinforce-
ment was 6.25%, 12.5%, 18.75%, 25% and 50% re-
spectively. Thus, in all samples there was sufficient
titanium present to not only react with the graphite,
but to also form the matrix of the composite product.
The total weight of each pellet was 1 g. The titanium
powder that was used in the study was of 99.5% pu-
rity and had a particle size less than 20 pum, while the
carbon had a particle size less than 44 um. The com-
pacted powder samples were placed in an alumina boat
and inserted in the hot zone of a horizontal furnace
at room temperature. The furnace was then evacuated
by means of a vacuum pump and reactions were car-
ried out in vacuum by heating each sample to ignition
at a rate of 25°C per minute. A temperature-time re-
sponse curve was obtained for each run by using a
two-colour pyrometer together with a computerised ac-
quisition system which could register as many as 500
readings per second. Following combustion, samples
were subsequently sintered in the same furnace under
vacuum conditions by heating at 1160°C for various
periods of time. The products of combustion synthe-
sis and of the sintering operation were analysed by X-
ray diffraction (XRD), scanning electron microscopy
(SEM) and light microscopy. Porosity measurements
were performed using the GENIAS 25 programme in
order to monitor the densification of the samples.

3. Results and discussion
The reaction between titanium and graphite was ob-
served to be self-propagating for all samples except for
the Ti-1.25%C mixture. The reason for this particular
composition not reacting in a self-propagating manner
was the presence of a high amount of titanium that acted
as a heat sink and absorbed some of the exothermic heat.
Fig. 1 shows the ignition temperatures for all the react-
ing mixtures after preheating at a rate of 25°C - min~".
Fig. 2 displays the temperature-time profile of the Ti-
50%TiC sample and shows that the reaction reached a
maximum temperature of 2352°C, 0.5 s after ignition.
Microscopic examination of the samples imme-
diately after combustion synthesis indicated the
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Figure 1 Plot of ignition temperature against composition.
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Figure 2 Temperature-time response curve for the combustion of a
sample giving a Ti-50%TiC product.

formation and dispersion of fine TiC precipitates in a
titanium metal matrix. The size of the TiC particles pro-
duced by the Ti-12.5%TiC sample ranged from roughly
2 pm to about 15 um as presented in Fig. 3. Such a fine
and uniform dispersion of carbide particles will prob-
ably act as an effective reinforcement for the matrix.
The particle size range for the Ti-18.75%TiC sample
was 3 um to 22 pum, while the reaction of the Ti-
25%TiC and Ti-50%TiC samples produced larger TiC
particles as well as many TiC agglomerates that are
undesirable from the point of view of reinforcing the
metal.

The adiabatic temperature of the reaction can be
calculated using the equation,

T
—AH;ig = [ CpdT
Ty
where, AHr, = the enthalpy of the reaction at the
ignition temperature, Ti; = the ignition temperature,
T,q = the adiabatic temperature, and C,, = the specific
heat capacity of the products.

Thermodynamic calculations using the ignition tem-
perature data recorded during the study indicate that
at least some partial melting of the titanium will take
place during combustion. This was confirmed by mi-
croscopic examination in Fig. 3 which showed that the
titanium particles partially melted and joined together
to create a continuous metallic matrix. From the Ti-C
equilibrium phase diagram [5], titanium is expected to
melt at a eutectic temperature of 1645°C, as the addi-
tion of carbon lowers the melting point of the metal.
All products showed some degree of porosity that in-
creased with increasing carbon in the starting material.
The presence of porosity in the products of combustion
synthesis is normally associated with the explosive na-
ture of the reaction, the evolution of adsorbed gases or
volatile impurities and with the volume change in going
from reactants to products. During the present study, al-
most all the pores were surrounded by TiC particles that
dispersed in the matrix. This observation indicated that
the porous areas were occupied by the graphite prior
to reaction with titanium. Judging from the nature of
the temperature-time plot in Fig. 2, there was not suf-
ficient time during the reaction for the molten titanium
to enter and fill up the pores that were formed during
the formation of TiC.



Figure 3 Microstructure of a Ti-12.5%TiC sample immediately after combustion synthesis (light microscopy).
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Figure 4 Plot of % porosity with sintering time for samples Ti-
12.5%TiC, Ti-18.75%TiC and Ti-25%TiC.

The effect of sintering time at 1160°C on the densi-
fication of the composite products of combustion syn-
thesis is presented in Fig. 4. It is evident that the higher
the porosity following combustion, the longer the time
required for full densification. It is also interesting to
note that almost full densification can be achieved after
about 7 hrs at a relatively low temperature of 1160°C.
The samples containing in excess of 25%TiC devel-
oped large cracks immediately after combustion. Even
after sintering for 24 hrs it was not possible fill up and
eliminate these cracks. The large amount of porosity
displayed in Fig. 4 for the Ti-25%TiC sample after 7 hrs
corresponds mainly to the remaining void regions cre-
ated by the cracks.

The XRD data indicated the formation of TiC as a
result of the combustion reactions. By reference to the
Ti-C equilibrium phase diagram [5], TiC in equilib-
rium with titanium at 1160°C has a C:Ti atomic ratio
of about 1:2, that is, it forms non-stoichiometric TiC
which is deficient in carbon. The carbide still retains
its face-centred cubic crystal structure and contains va-
cant carbon sites in the lattice. The TiC composition

obtained from the combustion reactions was deduced
by lattice parameter measurements that showed that the
carbide that was formed was richer in carbon compared
to the composition expected under equilibrium condi-
tions. For example, for the Ti-25%TiC sample imme-
diately after combustion the carbide composition was
TiC, where x = 0.65. This difference in the TiC com-
position with the equilibrium value occurred because
of the nature of the combustion reaction which was
extremely fast and did not allow sufficient time for
the products to equilibrate. Observation of the XRD
data showed a progressive increase in the value of the
TiC scattering angles as sintering progressed. In addi-
tion, new and distinct XRD peaks emerged at slightly
higher scattering angles near the TiC peaks, effectively
converting the original TiC peaks into doublets. The
scattering angles for these new peaks were approxi-
mately the same for all the samples and remained con-
stant with sintering time. The lattice parameter of the
face-centred cubic crystal structure based on these new
peaks was approximately 4.2975 A. Using the lattice
parameter data as a function of TiC composition that
have been compiled by Storms [11], it was observed
that the new peaks at higher scattering angles repre-
sented the non-stoichiometric TiC with a C:Ti ratio of
approximately 1:2, that is, the TiC composition which
is expected in equilibrium with titanium metal. For
the sake of simplicity this will be referred to as the
carbide of composition TiCy 5. Fig. 5a, b and ¢ show
how the (311) diffraction peak of TiC;_, changes with
sintering time at 1160°C for the Ti-25%TiC sample.
Fig. 5a presents the (311) diffraction peak for TiC,
(x = 0.65) which was formed by combustion synthe-
sis. Sintering for about 2 hrs has led to the appearance
of a new diffraction peak which represents the TiC 5
composition, while the scattering angle for the original
peak has increased slightly as presented in Fig. 5b. It is
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Figure 5 XRD pattern showing the evolution of the (311) TiC diffrac-
tion peak with sintering time for a Ti-25%TiC sample: (a) just after
combustion synthesis, (b) sintering time of 2 hrs, and (c) sintering time
of 7 hrs.

evident that titanium and the TiC, (x = 0.65) compo-
sition have reacted to yield TiC of two different com-
positions, TiC, (x = 0.58) and TiCys. After about
7 hrs of sintering the only (311) diffraction peak that
is observed in Fig. 5c represents the equilibrium com-
position TiCys. Microscopic examination using SEM
revealed a composition contrast within TiC particles as
shown in Fig. 6 which is representative of a sample
containing 25%TiC after 2 hrs of sintering. Chemical
composition analysis for carbon was carried out using
energy dispersive X-ray spectroscopy. For the compos-
ite sample which is presented in the SEM micrograph
in Fig. 6, the chemical analysis revealed two distinct
regions of different carbide compositions. This obser-
vation is in agreement with the XRD results. The lighter
areas in the micrograph had a lower carbon content than
the darker areas. The lighter regions had a composition
of 65.5 at%Ti and 34.49 at%C which s close to the com-
position of non-stoichiometric TiC that is expected in
equilibrium with titanium. The darker TiC areas con-
tained a higher amount of carbon and on the basis of
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energy dispersive X-ray spectroscopy represented the
carbide of composition TiC, (x is approximately 0.58
which is in good agreement with the XRD data). The
compositional changes that took place during the sin-
tering process were dictated by the Ti/TiC equilibrium.
The non-equilibrium nature of the products of the com-
bustion reactions and their subsequent need to equili-
brate acted as a driving force for the sintering process
at 1160°C. The overall reaction that took place during
sintering can be described by the equation,

Ti + 0.5/x TiC, — 0.5/xTi + TiCy 5

Equilibration of the carbide composition took place ei-
ther by the solid diffusion of carbon into the titanium
followed by reaction between the two or by the dif-
fusion of titanium into the carbide. The former is the
most likely reaction mechanism since the diffusion of
carbon into titanium is faster than the diffusion of ti-
tanium into TiC. The reaction is expected to lead to a
small increase in the particle size of the carbide. Based
on a theoretical calculation, carbide particles of diam-
eter of 15 um will increase in diameter by only about
2 pm which is an insignificant increase. At the same
time, a slight increase in the titanium lattice parameter
was observed. The amount of carbon that dissolved into
the titanium matrix during the combustion reaction was
probably lower than the equilibrium value. As a result,
further carbon dissolution into the titanium matrix took
place, indicating that during sintering the matrix was
also equilibrating simultaneously with the carbide.
Equilibrium studies of the Ti-C system have reported
the existence of only one carbide, TiC with a B1(or
NaCl) crystal structure [5]. Fig. 5a and b show discrete
and separate reflections for TiC, and TiCy 5. This seems
to suggest the existence of a separate Ti,C phase that
is distinct from non-stoichiometric TiC because a con-
tinuous range of homogeneity would produce broad-
ened reflections instead. Two recent studies involving
combustion synthesis or sintering of TiC-reinforced
titanium-matrix composites, have claimed the existence
of a distinct Ti,C phase [12, 13]. Wanjara ef al. [12]
who sintered Ti-6%A1-4%V and TiC powder mixtures
between 1000°C and 1500°C reported an interfacial
reaction product of Ti,C. Using lattice parameter mea-
surements from neutron diffraction analysis as well as
quantitative analysis from low voltage field emission
gun scanning electron microscopy they concluded that
the reaction product was stoichiometric Ti,C with a B1
crystal structure. Ranganath and Subrahmanyam [13]
who produced TiC-reinforced titanium-matrix compos-
ites also claimed the formation of a similar Ti, C phase.
The XRD observations of the present study are very
similar to those reported by Wanjara et al. [12]. From
the previous as well as the present study, it is not clear
whether the Ti,C phase, if it exists at all, is the result of
ordering. However, there is one other factor that must
not be neglected and that is the established fact that
during heating, TiC can pick up oxygen to form tita-
nium oxycarbides [11]. Therefore, before any conclu-
sive evidence for the existence or otherwise, of Ti,C is
accepted, an accurate oxygen analysis is also necessary.



Figure 6 SEM micrograph of a Ti-25%TiC sample after 2 hrs of sintering showing the variation in composition of TiC (light grey represents carbide

of composition TiCy s; dark grey represents carbide of composition TiC sg).

The evidence presented by the study is inconclusive and
perhaps a reassessment of the relationships in the Ti-C
system is necessary.

4. Conclusions

The study has shown that the combustion synthesis of
Ti-TiC composites by reaction of elemental powders
is possible for product samples containing in excess of
12.5%TiC. The products are highly porous and need to
be sintered after combustion to produce near-net-shape
components. Sintering at 1160°C resulted into dense
products after about 7 hrs. The sintering route involved
reaction of the carbide of non-equilibrium composition
with the titanium matrix to produce the carbide com-
position that is expected under equilibrium conditions.
The non-equilibrium nature of the carbide after com-
bustion acted as a driving force for the sintering process.
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