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Preparation of TiC powders by carbothermal reduction method in vacuum
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Abstract: The preparation of fine TiC powders by carbothermal reduction of TiO, in vacuum was investigated by XRD, SEM, XRF
and laser particle sizer. Thermodynamic analysis indicates that it is easy to prepare TiC in vacuum and the formation sequence of
products are Ti;O; (Magneli phase), Ti3O0s, Ti,0s, TiC,0,-, and TiC with the increase of reaction temperature. Experimental results
demonstrate that TiC powders with single phase are obtained with molar ratio of TiO, to C ranging from 1:3.2 to 1:6 at 1 550 °C for 4
h when the system pressure is 50 Pa, and TiC,  is gained when the molar ratio of TiO, to C is 1:4 and 1:5. In addition, fine TiC
powders (Dsq equals 3.04 um) with single phase and low impurities are obtained when the molar ratio of TiO, to C is 1:4. SEM
observation shows that uniform shape, low agglomeration, and loose structure are observed on the surface of block product.

Key wards: titanium dioxide; titanium carbide; vacuum; carbothermal reduction method

1 Introduction

Titanium carbide, with cubic crystal structure of
NaCl type, has been widely used in many fields, such as
aerospace materials, cutting tools, composite ceramic
materials and wear resistance tools[1], because of its
outstanding  properties, including high melting
temperature (3 067 °C), high elastic modulus (410—450
GPa), high Vickers hardness (29—34 GPa), high electrical
conductivity (30x10°S/cm) and high solvency with other
carbides[2—3].

The main methods to synthesize TiC powders are as
follows: 1) carbothermal reduction of TiO, powders
using carbon[4—5] or carbonaceous organic material
[6—7]; 2) carbothermal reduction of polymeric precursors
obtained from titanium alkoxides and other organic
compounds in inert atmosphere[8]; 3) direct reaction
between metallic titanium and carbon by self propagation
high-temperature synthesis(SHS) or mechanical ball
milling [9—-11]; (4) gas phase reaction of TiCl,; and
gaseous hydrocarbons[12]. Among them the method of

carbothermal reduction of TiO, powders is one of the
appropriate routes to produce TiC powders for its
inexpensive raw materials and simple process. According
to the result of WEIMER[13], the synthesis of TiC by
this method requires high temperature (1 700—-2 100 °C)
and long reaction time (10—24 h) in argon atmosphere.
So it presents the problems of particle agglomeration,
grain growth, non-uniform particle shape and
considerable quantities of unreacted titanium dioxide and
carbon in the product[3]. Therefore, for resolving these
problems the formation of TiC powders by carbothermal
reduction in vacuum was researched. AFIR et al[14]
investigated the Ti-O-C system in a continuous vacuum.
In their study the reduction of TiO, by graphite or
metallic titanium was monitored in an oven for X-rays
observation with a graphite resistance under continuous
vacuum. They determined the crystalline characteristics
at high temperature for all observed solid phases as well
as their composition: TiO,-, Ti,0,,-1 with 9>1>4, Ti,0;,
TiO, Ti,0, TiC,-,0, and TiC.

In previous study, the possibility of preparing TiC
by using carbothermal reduction of TiO, in vacuum was
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investigated, and the trace amounts of TiC in product
were observed[15]. The main purpose of this work is to
produce homogeneous and fine TiC powders through
carbothermal reduction in vacuum. For optimizing the
process parameters, the effects of different reaction
temperature and molar ratio of TiO, to C on reaction
products are also studied based on thermodynamic
analysis.

2 Experimental

Titania (Ti0,>98.6%, mass fraction) was used as
raw material and charcoal (C>89%, mass fraction) as
reductant in experiments. The average particle size of
TiO, is 0.1-0.15 um.

For preparing TiC powders, the mixtures of titania
and charcoal with certain molar ratio were milled 6—10 h
in planetary-type ball milling at the rotating speed of
100—400 r/min. The mixed powders were compressed
into blocks by uni-axial pressing in a hardened steel die
under 4—6 MPa. Then the blocks were removed into
crucibles and put into vacuum furnace. The feed was
heated to different reaction temperatures at a heating rate
of 10 °C/min and the temperature was held for 4 h when
the system pressure was 50 Pa. Then the vacuum furnace
power was switched off when products were cooled
down to 200 °C. The reduced products were obtained,
and fine TiC powders were gained via crushing and
milling.

Lattice parameter and phase composition of the
prepared TiC were investigated by X-ray diffraction
instrument (D/max-3B) using Cu K, radiation in the
range of 10°-95° (20) with a step of 5(°)/min. The
morphology, element content and grain size distribution
were studied by scanning electron microscopy (SEM,
EPMA—8705), X-ray fluorescence spectrophotometer
(XRF, ZSX100¢) and laser particle sizer (LPS, LS800),
respectively.

3 Results and discussion

3.1 Thermodynamic analysis

According to the data and formula in Ref.[16], the
Gibbs free energy and reaction enthalpy for the
carbothermal reduction of TiO, can be calculated. So the
initial reaction temperature at different pressures could
be obtained. Some potential reactions between TiO, and
C are listed in Table 1, and the following reactions are
included in its reaction (b)—(d):

3Ti,0,+C=4Ti;05+CO (1)
2Ti;05+C=3Ti,0;+CO )
(1/2)Ti;05+C=(3/2) TiO+CO 3)

Table 1 Reactions for TiO,-C system

No. Reaction
a TiO,(s)+(1/4)C(s)=(1/4)Ti404(s)+(1/4)CO(g)
b TiO,(s)+(1/3)C(s)=(1/3)Ti305(s)+(1/3)CO(g)
c TiO,(s)+(1/2)C(s)=(1/2)Ti,05(s)+(1/2)CO(g)
d TiO,(s)+C(s)=TiO(s)+CO(g)
e TiO,(s)+3C(s)=TiC(s)+2CO(g)
f TiOy(s)*+2C(s)=Ti(s)+2CO(g)

The relationship between reaction enthalpy and
temperature is shown in Fig.1, which illustrates that the
order of reaction heat from reaction (a) to reaction (f)
increase gradually. It indicates that reactions can conduct
only when heat is enough. Therefore, higher temperature
and longer holding time are necessary for preparing large
amounts of TiC.

The Gibbs free energy of reaction (e) at different
pressures is shown in Fig.2, which is based on the initial
reaction temperatures of 1 271, 848, 787, 711, 645 and
588 °C when the system pressures are 10°, 50, 10, 1, 0.1
and 0.01 Pa Pa, respectively. It is apparent that the initial
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reaction temperature of reaction (e) decreases obviously
when the system pressure declines. Therefore, the
preparation of TiC in vacuum is easier than that at
atmospheric pressure. What’s more, large amounts of
TiC form easily for the gas CO escapes fast from raw
material (TiO, and C) in vacuum.

3.2 Effects of reaction temperature on reaction

products

The formation of phase in carbothermal process was
studied in temperature range of 1 100 °C—1 550 °C.
Figure 3 shows XRD patterns of products prepared at
1 100, 1 200, 1 300, 1 400, 1 500 and 1 550 °C for 4 h
when the molar ratio of TiO, to C is 1:4. It can be seen
that Ti;Os phase and Magneli phase (Ti4O;) appear at
1 100 °C. At 1 200 °C, a large amount of Ti,O; phases
form while the peak intensity of Ti;Os diminishes and
Ti4O; disappears. At the same time, trace amount of solid
solution TiC,O,, is formed easily from TiC and TiO
because their lattice parameters are approximately the
same[1,14]. At 1 300 °C, TiC phase appears and the peak
intensities of solid solution TiC,O,_, increase when the
peaks of Ti,O; diminish and Ti;Os disappears, which
indicates that TiC phase may form from TiC,O;-, with
further reduction. At 1 400 °C and 1 500 °C, Ti,O; peak
intensities diminish gradually and TiC,O,-, disappear
while TiC peak intensities increase. At 1 550 °C, only
TiC phase is formed. The results illustrate that the
formation sequence of the products in vacuum should be
Magneli phase (Ti;O7), Ti30s, Ti,03, TiC,O;-, and TiC.
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Fig.3 XRD patterns of products prepared at different
temperatures: (a) 1 100 °C; (b) 1 200 °C; (c) 1 300 °C; (d)
1 400 °C; (e) 1 500 °C; (f) 1 550 °C

Furthermore, Gibbs free energy of reactions (a)—(f)
at 50 Pa was calculated and shown in Fig.4, which is
based on the initial reaction temperatures of reactions
(a)—(f) at 666, 709, 761, 926, 848 and 1 209 °C,
respectively. The results indicate that the formation
sequence of products should be Ti4O7, Ti30s, Ti,05, TiC,

TiO and Ti with increasing reaction temperature. But Ti
phase is not detected in experiments owing to the fact
that reaction (f) needs more reaction heat (Fig.1) and its
Gibbs free energy is higher than that of reaction (e). On
the contrary, TiC can be prepared easily because the
Gibbs free energy of reaction (e) is the lowest at higher
temperature.
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Fig.4 Gibbs free energy of reaction (a)—(f) as function of
temperature at 50 Pa

The analysis from Fig.3 also implies that Ti,O; is
the lowest oxide phase before forming TiC,O;-, and TiC
when carbon content in raw materials is enough. This is
inconsistent with other work concerning Ti;Os [17—18]
and TiO[19] as lowest oxide of the system, while
consistent with the observation of KOC[3] and
BERGER[4].

In fact, carbothermal reduction reaction of TiO; is a
continuous process. Based on XRD results in Fig.3 and
reaction thermodynamics between TiO, and C, the main
reactions are:

nTiO+C=Ti,0,,1+CO (n>4) (4)
4Ti,05, 1 Hn—4)C=nTi;O7+n—4)CO (n>4) ®)
3Ti,07+C=4Ti;05+CO (6)
2Tis05+C=3Ti,05+CO )
Ti,05+(1+4x)C=2TiC,0,_,+(1+2x)CO (8)
TiC, 0, +H(2—2x)C=TiC+(1-x)CO 9)

3.3 Effects of different molar ratio of TiO, to C on

reaction products

Figure 5 shows XRD patterns of the reaction
products prepared at 1 550 °C for 4 h when the molar
ratio of TiO, to C ranges from 1:1 to 1:6. As seen in
patter (a), Ti;O; and TiO phase appear when the molar
ratio of TiO, to C is 1:1. In pattern (b), the solid solution
TiC,0,-, is formed when Ti,O; peak intensities diminish
and TiO disappears. In pattern (c), TiC phase is formed
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when Ti,O; peak intensities decrease and TiC,O;_,
disappears. The results indicate that TiC phase may be
formed at the expense of titanium oxides and
oxycarbides when the molar ratio of TiO, to C decreases.
Therefore, only TiC phase is observed when the molar
ratio of TiO, to C decreases continually (pattern (d)—(g)).
But excessive carbon is observed in TiC powders with
the molar ratio of 1:4, 1:5 and 1:6 when dipped in acid.
The excessive carbon is not detected in patterns (e)—(g)
since the charcoal powders are amorphous carbon and
small amounts of them cannot be detected by XRD
instrument. However, the excessive carbon may be
separated from TiC powders by combustion method.
Therefore, pure TiC powders will be gained in molar
ratio range of 1:3.2 to 1:6.
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Fig.5 XRD patterns of reaction products prepared at 1 550 °C
with different molar ratio of TiO, to C: (a) 1:1; (b) 1:2; (c) 1:3;
(d) 1:3.2; (e) 1:4; () 1:5; (g) 1:6

The finer the stoichiometric TiC powder particles,
the higher the mechanical strength of the consolidated
materials obtained. So it is necessary to calculate the
lattice parameter for defining the stoichiometry of TiC
powders by means of extrapolation technique[20—23]
with the following equation:

2 2
a=a0+a0K'l(M+cos HJ:aO+K"F(t9) (10)
2| sin@
a=d[h* +k*+1°1"? (11)

where 6 is the diffraction angle, a is the lattice parameter
which could be determined by Eq.(11). g, is the true
lattice parameter of TiC which could be determined by
Eq.(10). In accordance with XRD patterns, we can draw
the figure of lattice parameter versus Nelson-Riley
function F(6) and extrapolate to agas 6=90°.

The calculated Nelson-Riley extrapolation plots for
TiC powders prepared at 1 550 °C for 4 h when the
molar ratio of TiO, to C is 1:3, 1:3.2, 1:4, 1:5,

respectively are shown in Fig.6. The corresponding
lattice parameters extrapolated using this method are
0.431 45, 0.431 60, 0.432 40 and 0.432 40 nm,
respectively. According to the International Centre for
Diffraction Data (JCPDS-ICDD 2000) Powder
Diffraction File (PDF) card 65—0242, the relevant lattice
parameters of TiC is 0.432 7 nm. So the calculated
results indicate that the extrapolated values deviate from
the standard value and become close to it when the molar
ratio of TiO, to C decrease, which can be attributed to
the reasons as follows. First, the strain and lattice defect
are induced by changing reaction temperature. Second,
sub-stoichiometric composition exists in the prepared
TiC powders for TiC exists over a very wide
compositional range according to Ti-C phase
diagram[24]. The atom ratio of C to Ti varies from 0.49
to 0.95. Therefore, sub-stoichiometric TiC, (x<1) may
exists in TiC powders. However, we may accept TiC
powders as TiC;, when the extrapolated values with
molar ratio of 1:4 and 1:5 are slightly inferior to standard
value.
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Fig.6 Nelson-Riley extrapolation plots for TiC powders

prepared at 1 550 °C for 4 h with different molar ratio

3.4 Characterization of fine TiC powders prepared at
1550 °C for4h

From the above results, TiC powders that are near
stoichiometry were prepared at 1 550 °C for 4 h when
the molar ratio of TiO, to C is 1:4. Figure 7 shows SEM
micrographs of the surface of TiC block. From
Figs.7(a)—(c), we can see that the morphology of the
surface of TiC block is homogeneous and loose
agglomeration. It can be seen from Figs.7(a) and (d) that
among TiC crystal grains lots of gas porosities distribute,
which are caused by discharged gas CO in carbothermal
reduction process. The results illustrate that the
increasing contact area between reactants by ball milling
should result in a more complete reaction and uniform
shape. In addition, loose structure can be formed owing
to the gas CO escaping easily in vacuum. Consequently,
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Fig.7 SEM micrographs of surface of TiC block prepared at 1 550 °C

fine TiC powders were gained via crushing and milling.
Laser particle analysis shows that the grain size ranges
from 1.13 pm to 5.69 pum (Dj;—Dgy) while Dsy and
specific surface area are 3.04 pm, 2.96 m’cm’,
respectively.

Fig.8 shows XRD pattern of ultrafine TiC powders
prepared at 1 550 °C with molar ratio of 1:4. The XRD
analysis for the product shows the clean peak of the fine
TiC powders. Furthermore, XRF (X-ray fluoroscopy)
analysis in Table 2 reveals that the content of impurities
is very low in the fine TiC powders.
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Fig.8 XRD pattern of ultrafine TiC powders prepared at 1 550
°C for 4 h (molar ratio 1:4)

Table 2 Content of impurities by XRF analysis (mass fraction,
%0)
Ca Al Si Fe Na P S
0.1549 0.1269 0.1097 0.0739 0.0419 0.0066 0.0051

4 Conclusions

1) Based on XRD and thermodynamic analyses, the
formation sequence of TiC powders prepared in vacuum
is Magneli phase (Ti,O5), Ti30s, Ti,Os, TiC,0,-, and TiC
with temperature increasing. Moreover, the preparation
of TiC in vacuum is easier than at atmosphere pressure,
and large amounts of TiC form easily in vacuum.

2) TiC powders with single phase were obtained on
conditions that the molar ratio of TiO, to C ranges from
1:3.2 to 1:6 at 1 550 °C for 4 h when the system pressure
is 50 Pa. Lattice parameter calculation indicates that
TiC,, should exist in TiC powders when the molar ratio
of TiO, to C is 1:4 and 1:5.

3) Fine TiC (Ds equals 3.04 pm) powders with low
impurities can be prepared by ball milling and heating
the mixture of titania and charcoal (1:4) at 1 550 °C for 4
h under the system pressure of 50 Pa. SEM micrograph
shows homogeneous morphology, low agglomeration
and loose structure on the surface of block.
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