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Abstract

Kinetics and phase evolution of the TiC formation
process by carbothermal reduction of carbon-coated
titania (TiO,) powder were investigated using
TGA, XRD, and chemical analysis. The TiC syn-
thesis in the present work proceeded via forming
titanium oxycarbide (TiC,0,) followed by its
purification toward titanium carbide (TiC). The
formation of TiC,O, was achieved via two routes.
The uniformly coated pyrolytic carbon on fine
titania particles formed the first TiC,O, phase at
temperature of 1000°C. The additional TiC,0,
formed from Ti;O; as temperature increased. The
activation energy of the additional TiC,0O, for-
mation process was calculated to be 278-1 kJ/mole.
The resultant TiC powders prepared at 1550°C for
4 h in flowing argon showed fine particle size
(0-1-0-3 wm), oxygen content of 0-57 wt%, lattice
parameter of 4331 A, uniform particle shape,
and loose agglomeration between particles. © 1997
Elsevier Science Limited.

1 Introduction

Hard metals based on titanium carbide are finding
increasing application as materials comparable in
quality to the conventional hard-metal grades con-
taining the strategic metal tungsten.! For advan-
ced applications, titanium carbide powders with a
homogeneous chemical composition, fine particle
size, a narrow particle size distribution, and a
loose agglomeration are required. Methods that
have been developed to synthesize TiC powders
include the direct carbonization of titanium metal
(combustion synthesis)? or titanium hydride,® the
gaseous pyrolysis of titanium halide such as TiCl,
in a carbon-containing atmosphere,’ and the
carbothermal reduction of TiO, with carbon in
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controlled atmospheres at high temperatures.>’
Metallic titanium as a starting material is rela-
tively expensive and, furthermore, the oxygen
contained in the metal can hardly be reduced, so
that the product is generally characterized by a
high oxygen content.’ Titanium chloride as a pre-
cursor is of importance in the field of chemical
vapor deposition, but it is very expensive.

An inexpensive method of producing titanium
carbide that has been applied commercially®
involves the carbothermal reaction between titania
(TiO,) and carbon particles:

TiOy(s) + 3 C(s) = TiC(s) + 2 CO(g) (1)

The actual TiC production by the carbothermal
process is achieved at much higher temperatures
than the thermodynamic onset temperature of
reaction (1) (1289°C when partial pressure of CO
gas is 1 atm.®) because of kinetic barriers such as
limited contact area between reactants and uneven
distribution of carbon in the reactants. These limi-
tations and higher temperature processing result
in grain growth, particle coalescence, non-uniform
particle shape, considerable quantities of unre-
acted TiO, and carbon in the final product. For
example, in the commercial production of TiC,°
reactants are fired at 1900-2300°C in an inert
atmosphere when sintered Ilumps of titanium
carbide form. These then require crushing using
jaw crushers, and fine-milling thereafter.

The process presented in this work avoids the
expense of the first two methods while surmount-
ing the inability of the third (carbothermal reduc-
tion of TiO,) to make a suitable product. It
minimizes kinetic barriers by improving the way
that carbon is introduced to the reactants. The
process consists of two steps.” The first step is the
coating of TiO, powders with carbon by decom-
posing a hydrocarbon gas (C;Hg) at temperatures
of 400-600°C. The second stage involves the
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formation of TiC powders by promoting the
carbothermal reduction of the carbon-coated TiO,
particles in an inert atmosphere at temperatures of
1200-1550°C. This way of increasing contact area
between reactants (reduction of kinetic barrier)
should result in a more complete reaction and a
purer product at a temperature closer to the
thermodynamic onset point. The complete separa-
tion of the TiO, particles by coated carbon and
the low-temperature processing should result in
products with less particle agglomeration and uni-
form shape. In the present paper, the effectiveness
of the carbon coating by the pyrolysis of prop-
ylene (C;Hy), kinetics and phase evolution of the
carbon-coated TiO, precursor in the subsequent
firing conditions, and the characteristics of the
resultant TiC powders are reported.

2 Experimental Procedure

As a preliminary step, the formation of the con-
densed phase of carbon by the pyrolysis of C;H,
was studied by obtaining equilibrium composition
with one mole of C;H¢ gas using a computer
software (HSC Chemistry, Outokumpu Oy, Pori,
Finland) based on a Gibbs free energy minimiz-
ation routine. Figure 1 shows the equilibrium
composition of major products from 1 mole of
C;H, gas at 2-72 atm (40 psi) pressure. This pres-
sure ensured an efficient carbon deposition on
TiO, surfaces (instead of forming individual car-
bon particles) so that the specific surface area of
the precursor decreased from 60 m?%g (as-received
TiO, powders) to 44 m?g (after coating). As
shown in Fig. 1, the reaction:

2 C3Hg(g) = 3 C(s) + 3 CHy(g) (0)

is dominant at low temperatures while the forma-
tion of a high-purity condensed phase of carbon is
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Fig. 1. Equilibrium composition of one mole of C;Hy gas
with one mole of argon at various temperatures and 2:72 atm
pressure.

accelerated at high temperatures according to the
reaction:

C;Hq(g) = 3 C(s) + 3 Hy(g) A3)

Based on Fig. 1, the pyrolysis temperature of
hydrocarbon (C,H¢) gas was determined to be
550°C for the carbon-coating step.

A rotating coating apparatus, consisting of a
10 cm ID X 35 cm long stainless steel vessel was
used for preparing the carbon-coated titania
precursor. About 20 g of titania powder (P-25,
Degussa Corp., Ridgefield, NJ) was placed in the
vessel followed by evacuation to a moderate
vacuum level using a rotary vacuum pump. Then
the propylene (C;H,) gas was filled into the vessel
until pressure reached 2:72 atm. The vessel
was then heated to 550°C while it was rotating.
Thermal cracking of propylene increased the inter-
nal vessel pressure upon initiation of the carbon
coating. The coating step was continued until
about 326 wt% carbon was deposited, which
required about 18 cycles (each cycle was 20 min).
The weight percentage of the carbon in the pre-
cursor was based upon weight loss after firing at
650°C for 4 h in air.

For isothermal thermogravimetric analysis (TGA)
(Model TG-17 1, Cahn Instruments, Inc., Cerritos,
CA), 0-2 g of the carbon-coated titania precursor
was taken in a cylindrical graphite holder (ID of
1-25 cm and height of 19 cm). The graphite
holder was then placed in a cylindrical alumina
holder (ID of 19 cm and height of 2:5 cm) with a
platinum hanger. The sample (sample, graphite
holder, and alumina holder) was hung on a high
precision balance. The B-type thermocouple, pro-
tected by an alumina protecting tube, was placed
at approximately | cm below the alumina sample
holder. The system was enclosed by a perpendicu-
larly positioned alumina tube furnace (ID of 3-2
cm). Argon gas was passed from bottom to top
for 6 h before increasing temperature and contin-
ued throughout the run. In order to minimize the
degree of reaction before reaching the final tem-
perature, the maximum allowable heating rate of
the instrument was applied for operation:
70°C/min up to 1000°C and then 20°C/min above
1000°C. After reaching the desired temperature
(900-1400°C), the sample was fired for 2 h followed
by furnace cooling down to 1000°C (at 10°C/min
rate) where the furnace power was off. Data acqui-
sition was performed every S s to a computer disk.

The samples fired in the TGA instrument at
various temperatures were cooled down to room
temperature and then were subjected to X-ray
diffraction (XRD) (Model DMAX-B, Rigaku
Corp., Tokyo, Japan) analyses for the study of
phase evolution using Cu-K,, radiation and a zero-
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background sample cell. Scanning angle was from
27 to 80° at 2°/min scanning speed.

For the production of TiC powders, 20 g of the
carbon/titania mixture (~33 wt% carbon) was
placed in a graphite boat and then the boat with
sample was positioned in the center of a horizon-
tally positioned alumina tube furnace (ID of
7 cm). Argon gas was passed for 2 h before
increasing temperature and continued throughout
the run (1 litre/min). Temperature was increased
(to 1200-1550°C) at 4°C/min heating rate followed
by 2 h soaking period. The sample was cooled at
4°C/min cooling rate down to 700-800°C where
the furnace power was off. The temperature read-
ing was based on a B-type thermocouple located
between the alumina tube and molybdenum disil-
icide heating element.

The lattice parameter, oxygen content, and
morphology of the TiC product were studied
using XRD, chemical analysis, and transmission
electron microscopy (TEM) (Model H7 I OOFA,
Hitachi Inc., Tokyo, Japan). Oxygen was analysed
by infrared detection in an induction furnace
using LECO RO0416DR oxygen determinator
(LECO, St. Joseph, MI). The lattice parameter
of the TiC reaction product was determined by
X-ray powder diffractometry with Cu-K,, radiation
based upon the extrapolation method."
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Fig. 2. TEM micrograph of carbon-coated titania precursor.

3 Results and Discussion

3.1 Characterization of carbon-coated

titania precursor

Figure 2 shows a bright field TEM micrograph of
the carbon-coated titania precursor. As shown in
the figure, a very uniform circumferential carbon
coating (bright area due to low atomic weight of
carbon) on titania particle surfaces is apparent.
This shows the effectiveness of the carbon-coating
process (on titania surfaces) by the pyrolysis of
C,;H, gas. The XRD pattern of the carbon-coated
titania precursor is shown in Fig. 3 (bottom
trace). In the figure, the absence of crystalline
carbon phases implies that the deposited carbon in
Fig. 1 has amorphous (pyrolytic) structure.

Figure 4 shows the TGA trace (heated at
4°C/min in argon) for the carbon-coated titania
precursor (32:6 wt% carbon). For comparison, the
result for a carbon black (Monarch 880, Cabot,
Waltham, MA)/titania powder mixture with the
same carbon content is also shown. In the light of
reaction (1), the weight loss of the system indi-
cates the degree of reaction progressed. In Fig. 4,
the significant weight loss of the carbon/titania
mixture started at about 1100°C while the carbon-
coated titania precursor showed similar weight
loss at about 900°C. The difference in weight loss
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Fig. 3. XRD results of reaction products from carbon-coated

titania samples passed through TGA analysis (heat treatment

for 2 h at various temperatures). (0): anatase, (x): rutile,
(/): Tiz0s, and (+): TiC,0O,.
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behavior demonstrates the higher reactivity of the
carbon-coated titania precursor as compared to
the conventional carbon/titania mixture.

3.2 Phase evolution

XRD patterns from samples passed through the
isothermal TGA analysis at various temperatures
are shown in Fig. 3. At 1000°C, the system con-
sists of rutile, anatase, and TiC,O, phases (as will
be shown later using oxygen content and lattice
parameter in Fig. 7, initial formation is not pure
TiC; it is in fact a solid solution of TiC and TiO
with the virtual formula of TiC,0,)). At 1100°C, a
Ti,O5 phase appears with increased TiC,O, peak
intensities. At 1150°C, a trace amount of Ti;Os is
identified with further grown TiC,0,. Above
1200°C, only TiC,O, phase is formed with no
other phases.

At 1100°C, the remaining TiO, lowers its oxida-
tion states to Ti;05 (monoclinic, JCPDS card
number 40-0806). The trace amount of Ti,Os with
increased TiC,O, at 1150°C indicates the growth
of TiC,0, at the expense of Ti;Os;. The TiC,0,
formation by the latter mechanism is named as
the second-stage formation of TiC,O, in this
work.

The growth of TiC,O, from Ti;Os implies that
Ti,O;5 is the lowest oxide phase before forming
TiC,0, in the second stage. This is inconsistent
with other work reporting Ti,O;>® or TiO'! as the
lowest oxide of the system while consistent with
the observation of QOuensanga'? who observed
Ti;05 from the carbon-titania mixture compressed
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Fig. 4. TGA traces of carbon-coated titania precursor and
carbon/titania mixture, heated at 4°C/min.

under a pressure of about 8 ton/cm?. The presence
of TiO was not detected by XRD while its pres-
ence was concluded by chemical calculation."
Comparing the result of this work with that of
Berger’ and Koc® who observed Ti,O; as the
lowest oxide before forming TiC,O,, the titania
source with higher reactivity (such as the pre-
cursor used in this work) would be capable of
forming TiC,O, before it fully lowers its oxidation
state to Ti,0;.

3.3 Isothermal TGA results

Figure 5 shows the isothermal TGA traces at vari-
ous temperatures. The fraction of conversion, a, is
based on the relation,

a = wt% loss/theoretical wi% loss

where the theoretical loss limit is 48-33 wt% based
on reaction (1). In the figure, the higher the soak-
ing temperature, the more fraction of reaction
occurs before reaching the firing temperature,
resulting in the higher initial « values.

In Fig. 5, a roughly linear a—time relationship is
observed in a range between ~0-58 and ~0-75
(marked as stage II). Based upon this observation,
three stages are categorized in the figure (stages I
through III). Combining with XRD results,
the 1000°C-TGA trace shows that the formation
of TiC,O, from the intermediate phases is
accompanied by considerable weight loss. In the
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Fig. 5. Isothermal TGA traces at various temperatures.
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1100°C-TGA trace, the first stage TiC,O, forma-
tion would continue until the point where appar-
ent change in trend is observed, implying the start
of a different reaction mechanism (stage II).

Considering the observation of Ti;Os after the
1100°C-TGA trace, the linear a-time relationship
appearing after an a value of ~0-58 in the TGA
trace would be associated with TiO, reduction
process. After the 1100°C-TGA trace, no appre-
ciable TiO, phases are observed, implying that the
conversion to Ti;Os is completed. Further weight
loss of stage II via the 1150°C-TGA trace showed
trace amount of Ti;O5 with enhanced TiC,O, peak
intensities. This indicates that stage 1I is also asso-
ciated with the conversion of Ti,O; to TiC,O,
while no significant change in reaction rate is
noticed. The weight loss during stage III would
mainly be associated with the purification of the
TiC,O, phase since no other phases are observed
from 1200°C and above.

3.4 Reaction mechanism and activation energy
The first-stage formation of the TiC,O, phase
(stage I) results in an a value of ~0-55 while the
second stage TiC,0O, formation (stage II) results in
an «a value of ~0-18. This indicates that the first-
stage formation is the major formation process.
The best description of stage II using a linear
a—time relation implies that this process may be a
reaction-rate-controlled process. Such a linear
relation was also observed during the carbother-
mal reduction of silica'®> where a gas phase (SiO)
assisted reaction was recognized. While stage II is
basically a reduction process, the solid state diffu-
sion of reducing agent carbon would not result
in such a linear relation. The reducing ability of
carbon monoxide via equilibrium of CO, gas
would be a plausible mechanism for such a linear
relation:

3 TiO,(s) + CO(g) = Ti;O4(s) + COxg) (4)
and
Ti;04(s) + 8 CO(g) = 3 TiC,0,(s) + 5 COx(g) (5)

where the equilibrium CO,/CO ratio is also main-
tained via reaction

COy(g) + C(s) = 2 CO(g) ©®

In reaction (5), reaction coefficients are balanced
for the case where x = l and y = 0. If the CO,/CO
ratio is governed by reaction (6), TiO, and Ti;0;
reduction by CO gas is thermodynamically favor-
able (the Gibbs free energy change of reactions
(4)—(6) is the same as their overall reaction, reac-
tion (1)).

The decay of the reaction rate from stage III
as compared to stage II may imply the change of

reaction mechanism from a reaction-controlled
process (stage II) to a diffusion-controlled one
(stage III), or reflect decreasing total surface area
of Ti,05 as the content of Ti;Os is depleted. The
latter reason appeals in this work since a trace
amount of Ti;O; is still observed after passing
through the 1150°C-TGA trace. A similar change
of reaction rate was also observed in the synthesis
of SiC" where no significant purification of SiC is
noticed. Hence it is hard to correlate the trend
(shape) of weight loss occurring at the final stage
of total reaction (stage III) with the mechanism of
TiC,0, purification (the purification starts from
stage II). Further work is required to uncover the
detailed purification mechanism of TiC,0,

While the unavailability of initial stage isother-
mal data of stage I hindered calculation of the
reaction rate constant of the diffusion-controlled
process, the linear slope of stage 1I allowed to
obtain reaction rate constant k and the result is
plotted in terms of In k versus I/T in Fig. 6. The
slope in the figure corresponds to in Arrhenius
relation,

k = A exp(-AE/RT)

where .AFE is activation energy, A is pre-exponen-
tial constant, and RT has its usual meaning. The
activation energy of stage II is calculated to be
278-1 kJ/mole.
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Fig. 6. Arrhenius plot for stage Il in Fig. 5.
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3.5 Properties of TiC product powder

Figure 7 shows the change in oxygen content and
lattice parameter of the TiC product (prepared
using a horizontally positioned alumina tube) as a
function of production temperature. As can be
seen in the figure, the lattice parameter increases
with reaction temperature while oxygen content
decreases. Since oxygen and nitrogen are common
impurities in TiC and are known to lower the lat-
tice parameter of TiC,'* the observed low lattice
parameters of the reaction products with high
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Fig. 7. Change in oxygen content and lattice parameter of

TiC powder product as a function of production temperature.

Two hours of reaction period at each temperature except for
data at 1500°C where 4 h soaking time was allowed.

0.25 um

Fig. 8. TEM micrograph of TiC powder product synthesized
at 1500°C for 4 h in flowing argon atmosphere.

oxygen content (at 1300-1400°C) could be due to
the fact that TiC (a, = 4331 A® or 4328 A'%)
formed a solid solution with TiO (a, = 4-180 A').
Figure 7 implies that TiC O, (instead of pure TiC)
forms at lower temperature and then it is purified
toward TiC at higher temperature.

The morphology of the TiC product fired at
1550°C for 2 h is shown in Fig. 8 (bright field
image of TEM). As shown in the figure, the TiC
powders produced have fine particle size (BET
surface area with free carbon 21 m%g), narrow
particle size distribution (0-1-0-3 uwm from TEM),
and are loosely agglomerated.

4 Conclusion

The carbothermal synthesis of titanium carbide in
the present work proceeded via forming titanium
oxycarbide followed by the purification of tita-
nium oxycarbide toward pure titanium carbide.
The formation of titanium oxycarbide proceeded
by two routes. The uniformly coated pyrolytic
carbon on fine titania particles formed a TiC,O,
phase. Then an additional titanium oxycarbide
started to form from the Ti;Os phase. Ti;Os was
the oxide phase with lowest oxidation state before
forming the oxycarbide phase in the additional
formation of titanium oxycarbide and the activa-
tion energy of the process was 278-1 kJ/mole. The
resultant titanium carbide powders prepared at
1550°C for 4 h in flowing argon showed fine parti-
cle size (0-1-0-3 wm), oxygen content of 0-57 wt%,
lattice parameter of 4-331 A, uniform particle
shape, and loose agglomeration between particles.
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