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This paper deals with the formation of titanium carbide from carbon coated titanium
dioxide precursors. This study makes use of differential scanning calorimetry (DSC),
thermogravimetric analysis (TGA), X-ray diffraction (XRD), and both scanning and
transmission electron microscopy (SEM and TEM). DSC curves of both coated and mixed
33.2 wt % carbon containing titania demonstrates the superiority of the coated precursor by
exhibiting both more reactions and reactions at lower temperatures than the mixed
powder. Weight loss as powders were reacted in argon at varying temperatures was
measured using TGA, while heat flow vs. temperature was measured by DSC. The weight
loss allowed for calculation of the activation energy of TiC via the formation of various
lower oxides of titanium. The activation energy was calculated as 731.6± 24.2 kJ/mol. XRD
was used to characterize the products resulting from the reaction of the carbon coated
precursor at isotherms at each 100 ◦C interval from 1100 to 1500 ◦C, inclusive. These
diffraction patterns support the hypothesis that the TiC formation proceeds through the
formation of lower oxidation states of titanium. C© 1999 Kluwer Academic Publishers

1. Introduction
Most non-oxide ceramic materials have the advantages
of high melting point, high strength even at high tem-
perature, high wear resistance, low thermal expansion
coefficient, and light weight. Metal carbides such as
titanium carbide (TiC) are finding increased use as a
result of excellent values for these properties.

The most common production method of ceramic
parts is sintering. The starting materials for sintering
are powders. The powders are raised to a temperature
sufficient to cause mass transfer and densification. The
starting powders must be of high quality with respect to
five specific characteristics. The powders must be pure
and single phase, have a narrow size distribution, be
spherical in shape, be submicron in size, and be free of
agglomerations. Failure in any of these criteria lessens
the quality of the final sintered piece [1].

The most widely used process for TiC production
is carbothermal reduction of titanium dioxide, TiO2, in
the presence of carbon, C. Carbothermal reduction pro-
duces large amounts of powder, and makes use of inex-
pensive precursor materials, however there is currently
no commercial powder production process to produce
TiC powder of submicron size [2].

The carbon coating process developed and patented
by Koc and Glatzmaier has been applied to TiC powder
production, and has produced TiC powder which meets
all of the above criteria [2–4]. The same process has
also been applied to TiN powder production. In order
to demonstrate to industry the desirability of the coating
process over conventional mixing processes, this study
has been undertaken with the goal of determining the

superiority of coated precursors to conventional mixed
powders. Another consideration is the fact that TiC is
a less expensive substitute for tungsten carbide, as WC
requires cobalt as a binder for sintering, while TiC can
use less expensive nickel as a binder [5].

The primary advantage provided by use of coated
precursors is the intimate contact between reactants.
Thermodynamic data makes no allowance for breaches
in the contact between reactants, while in fact it will
inhibit a reaction away from the ideal thermodynamic
conditions. The intimate contact achieved with coated
precursors allows the best possible chance for a re-
action to proceed as per thermodynamic calculations.
This advantage should also be evident as a result of this
research.

The overall carbothermal reduction reaction to be
studied is:

TiO2+ 3C→ TiC+ 2CO(g) (1)

Reaction (1) proceeds thermodynamically at 1289◦C.
The actual reaction series, however, most likely pro-
ceeds as the successive formation of lower oxides of
titanium. The following possible reaction series, based
upon Gibbs Free Energies (see Fig. 1), is proposed:

4TiO2+ C→ Ti4O7+ CO(g) (2)

3Ti4O7+ C→ 4Ti3O5+ CO(g) (3)

Ti3O5+ 8C→ 3TiC+ 5CO(g) (4)
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Figure 1 Gibbs free energy as a function of temperature for reactions (1–4).

Reactions (2), (3), and (4) occur thermodynamically at
1087, 1182, and 1334◦C, respectively. It is very likely
that after reactions (2) and (3) occur, any as-yet un-
reacted TiO2 will proceed at 1289◦C as per reaction
(1) with Ti3O5 following reaction (4) once 1334◦C is
reached.

The methods to be employed in this determination
were Thermogravimetric Analysis (TGA), Differential
Scanning Calorimetry (DSC), Transmission and Scan-
ning Electron Microscopy (TEM and SEM), and X-ray
Diffraction (XRD). The TGA data were used to deter-
mine the activation energy of the carbon coated TiO2 in
the formation of TiC. DSC data from both coated TiO2
precursor and mixed powders showed the occurrence
of reactions, with the sample exhibiting reaction(s) at
lower temperature being superior. The products result-
ing from the reactions were characterized using TEM,
SEM and XRD. Thermodynamic data and calculations

were carried out using HSC Chemistry for Windows
3.0 (Outokumpu Research, Finland).

2. Experimental
2.1. Precursor preparation
First, the precursors were prepared. Both the mixed
powder and coated precursor used submicron TiO2
powder (P-25, Degussa Corp., Ridgefield Park, NJ),
shown in Fig. 2, with surface area of 49.5 m2/g. Note
the relative state of agglomeration of the powders.
Propylene gas (C3H6) was the source of carbon for the
coated precursor, while carbon black (Monarch 880,
Cabot, Waltham, MA) was used for the mixed powder.

The coated precursor was prepared by cracking
C3H6 gas at 600◦C, with pyrolytic carbon coating the
TiO2. This process has been proven to be surface area
activated, thus each TiO2 particle is coated spherically
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Figure 2 TEM micrograph of DeGussa P-25 TiO2.

by a similar amount as every other (see Fig. 3). Coating
was continued until the TiO2 had been coated to
33.2 wt % C. The carbon coat is a porous, amorphous
layer of carbon. The mixed powder was prepared in
a plastic container, into which appropriate amounts of
TiO2 and carbon black were added to yield 33.2 wt % C.
Two polymer balls were added to this mixture, and
the container was placed in a Spex Mixer/Mill (Model
8000, Spex, Metuchen, NJ) for three mixing times of
20 min each.

2.2. DSC
After preparation of the precursor and mixed powder,
a 15 mg sample of each was heated in a Pt crucible
at 20◦C/min to 1500◦C in flowing argon in a Setaram
Labsys TG-DTA/DSC (Setaram Corp., France). The
heat flow as a function of temperature was recorded
as DSC data, and is shown in Fig. 4. The curve for the
mixed powder shows much less reaction than the coated
precursor. In fact, the coated shows reactions at lower
temperatures. The coated sample exhibits three clear
endothermic reactions, each beginning at 1192, 1310,
and 1389◦C. Each reaction proceeds at the completion
of the previous reaction. The mixed sample shows re-
actions at 1354 and 1379◦C. This DSC data indicates
that the coated sample experiences three complete re-
actions under 1400◦C, with initial reaction progression
occurring at lower temperature than for the mixed.

2.3. TGA
In an effort to qualitatively determine the reaction prod-
ucts at the various stages of formation for the coated
precursor, TGA was performed in the Labsys at 2 hour
isotherms of 1100, 1200, 1300, 1400, and 1500◦C in
a Pt crucible, with a heating rate of 20◦C/min in flow-

ing argon. Each isotherm was performed three times.
Each sample was weighed both before and after each
experiment to measure the weight loss; these measured
weight loss values were compared with the weight loss
indicated by the Labsys. It was decided to attain less
than 10% discrepancy between the measured weight
loss of each sample and the weight loss as recorded by
the software. The only exception to this was the data
obtained from the 1400 and 1500◦C isotherms. The
corrections applied to these data is explained later.

The TGA data was used to calculate the fraction con-
verted, as shown in Fig. 5. (Note: fraction converted
= wt % lost/theoretical wt % loss. From stoichiometry,
the theoretical wt % loss was calculated as 48.33 wt %
from Equation 1.) The fraction converted data was then
used to calculate the activation energy according to the
Arrhenius relation. Two methods were used to calcu-
late the activation energy, in an attempt to guarantee
accuracy.

3. Results and discussion
3.1. TGA
From the TGA data acquired, the fraction converted
was calculated. For the isotherms of 1400 and 1500◦C
corrections were made to the data before the curves
shown were arrived at. The 1400◦C curves all exhib-
ited a weight gain after the maximum weight loss was
reached. The curve shown simply shows the extension
of the maximum weight loss to the completion time.
Since the weight loss occurred before this, the calcu-
lation of the reaction constantk is unaffected, as the
weight loss slope is used for said calculation. For the
1500◦C curve, the software indicated a weight loss
greater than the theoretical. Since the data was known
to be erroneous by 8.25% from the measured value, the
software weight loss was divided by the measured wt %
loss. This yielded a value which was used as the initial
powder weight, thus matching the software wt % loss to
the measured wt % loss. All other data were multiplied
by the same factor to present the curve shown.

For solid state material reactions, the weight loss
is equal to the fraction of reaction completed,α, as
assumed for these calculations. As noted above, two
methods were used in computation of the activation
energy. These methods are described below.

3.1.1. Method 1
It has been shown empirically that

dα

dt
= kntn− 1(1− α) (5)

applies to the isothermal kinetics of a variety of reac-
tions, wheret is time andk is the reaction rate con-
stant [6]. Ifk andt are assumed independent ofα, then

ln
1

1− α = (kt)n (6)

α = 1− e−(kt)n

(7)
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Figure 3 TEM micrograph of carbon coated DeGussa P-25 TiO2 (Courtesy of Folmer).

[7, 8]. In order to calculatek, Equation 7 was trans-
formed to:

ln (1− α) = −(kt)n (8)

and

ln [− ln (1− α)] = n ln k+ n ln t (9)

When ln [− ln (1−α)] vs. ln t is plotted, the slope isn
and they-intercept isn ln k. The slope andy-intercept
apply to straight line fits of the fraction converted data.
The results from these calculations are summarized in
Table I.

3.1.2. Method 2
For solid state reaction kinetics:

dα

dt
= kαn (10)

TABLE I Ln k as a function of temperature using Method 1

Temperature (◦C) ln k

1100 −9.388
1200 −6.580
1300 −4.911
1400 1.320
1500 5.120

It is generally assumed that the fraction of reaction com-
pleted is a function of time. The same was assumed for
this method. The relation is of the form:

α = f (t) (11)

In the case when theα vs. t curve is linear, i.e.α=
st+ b, the slopes is equal to the rate constantk. In this
case, however, the curves were non-linear. Thus it was
necessary to find the value ofx for which the following
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Figure 4 DSC curves for mixed and coated TiO2-C. Samples were heated in a Pt crucible at 20◦C/min in flowing argon.

relation was linear:

α = stx + b (12)

The solution to this required an iterative process at-
tempting variousx values for each isotherm’s fraction
converted data, until the most linear plot was achieved.
After a good linear plot was achieved, further manip-
ulation of Equation 12 was required to determine the
value ofk. The various transformations follow:

(α − b)
1
x = s

1
x t (12a)

1

x
(α − b)

x− 1
x

dα

dt
= s

1
x (12b)

dα

dt
= (xs

1
x
)
(α − b)

x
x−1 (13)

Equation 13 is of the form of Equation 10. Thus from
Equation 13,k= xs1/x. The results of these calculations
are presented in Table II.

3.1.3. Activation energy
Using the data obtained for lnk from both Method 1 and
Method 2, the activation energy was calculated. Plots
of ln k vs. t were prepared, and a straight line fit was
applied to both data sets. According to the Arrhenius
relation:

k = Ae−
E

RT (14)

Transformation of Equation 14 yields:

ln k = ln A− E

RT
(15)
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Equation 15 is of the form,y=mx+ b, with slope
m=− E

R, x= 1
T , andb= ln A. Thus by plotting lnk

(from both Method 1 and Method 2) vs.1
T , the slope

is equal to the activation energy,E, divided by the
Universal Gas Constant,R. Fig. 6 shows lnk plotted
vs. 1000/T . Using R= 8.314 J/mol K, with slope val-
ues for Method 1 and Method 2 equal to−88,000 and
−99,106 K, respectively, the activation energies were

TABLE I I Ln k as a function of temperature using Method 2

Temperature (◦C) ln k

1100 −10.959
1200 −6.029
1300 −5.869
1400 1.425
1500 5.931

Figure 5 Fraction converted as a function of time for carbon coated TiO2, at varying reaction temperatures.

calculated. Method 1 hadE= 731.6± 24.2 kJ/mol,
while Method 2 hadE= 824.0± 32.4 kJ/mol. These
results are not especially different, so it can be assumed
that the values are sufficiently accurate since two sepa-
rate methods were kJ/mol used to arrive at each result.

Linear regression was used to fit the straight lines to
these data, therefore it was possible to calculate the ac-
curacy of the fit to the data. The closer to 1 for the value
of R2, the better the fit. Method 1 hadR2= 0.9338,
while method 2 hadR2= 0.9213. From this, Method 1
has the better accuracy to the data, and should be con-
sidered better data than Method 2.

3.2. XRD
XRD was performed on products resulting from each
isotherm (Model DMAX-B, Rigaku, Tokyo, Japan).
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Figure 6 ln k vs. 1000/T for methods 1 and 2.

The diffraction patterns resulting are shown in Fig. 7.
Each peak has a label serving as identification for the
compound most likely to cause a peak at that 2-theta
measure. The identification of compounds used JCPDF
card files to match peak positions of possible oxides
of titanium, titanium oxycarbide (TiCxOy), and tita-
nium carbide. The cards used for each compound were:
TiO2= 21-1272, Ti4O7= 18-1402, Ti3O5= 09-0309,
TiO= 23-1078, and TiC= 32-1382. Other phases pres-
ent are unknown; thus there may be some of the Mag-
neli Phases.

At 1100◦C, the XRD pattern indicates very little in
the way of TiC formation. There are only two TiCxOy

peaks in evidence. There are two peaks for Ti4O7, which
supports the earlier proposed reaction sequence. There
are also several peaks which correspond to both TiO

and Ti3O5. Previous research has indicated that TiO is
present in solid solution as the TiC reaction progresses
[9, 10]. Thermodynamically, however, the reaction

TiO2+ C→ TiO+ CO(g) (16)

does not proceed until 1393.4◦C. Thus it is more likely
that the phase which generated the peaks is Ti3O5 or
some unknown TixOy phase. Whichever is the case, the
possibility that the phase is TiO seems very unlikely,
when the thermodynamic reaction temperature is less
than that of the titanium oxides suggested in the reaction
sequence. Also are present several clearly Ti3O5 peaks;
this would seem a good correlation to the previous state-
ment. It is also important to note that very few TiO2
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Figure 7 XRD patterns for carbon coated TiO2, at varying reaction temperatures.

peaks are present. Since few peaks are evident, it is clear
that the reduction process is already well under way.

The 1200◦C pattern shows appears much the same as
the 1100◦C pattern. The differences are the increased
amplitude of the TiCxOy peaks, as the powder is re-
duced further due to the higher temperature. Also, the
Ti4O7 peaks have decreased in amplitude. In fact, one
peak seems to be changing from Ti4O7 into TiCxOy.
The peak has moved slightly left from the 1100◦C peak,
but not so far as to coincide with the obviously TiC peak
in the higher temperature patterns. Also are present the
peaks of Ti3O5 or TixOy which coincide with the posi-
tion of peaks from TiO patterns.

At 1300 and 1400◦C, TiC is the most prevalent com-
pound, as indicated by the decreased broadness and in-
creased amplitude of the peaks. There are, however, the

remnants of two titanium oxide peaks which each occur
at 2-theta measures consistent with both TiO and Ti3O5.
It is not certain whether these peaks belong to one of
these two compounds or to an unknown TixOy phase.
As explained earlier, however, the peaks are most likely
those of Ti3O5. At 1500◦C, TiC is the only remaining
product of sufficient quantity to cause diffraction peaks.
All TiC xOy and TixOy peaks have been eliminated.

Note the decreasing intensity of the peaks at 1400 and
1500◦C from the intensity at 1300◦C. It is known that
a decrease in peak intensity can be caused by increased
grain size of the analyzed powder [11]. Thus it was
postulated that this decrease was due to the sintering
of the powder at the higher reaction temperatures, as
sintering would cause grain coarsening and growth in
the powder sample.
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Figure 8 SEM micrograph of carbon coated TiO2 reacted in a Pt crucible
at 1500◦C for 2 h in flowing argon.

Figure 9 SEM micrograph of carbon coated TiO2 reacted in a Pt crucible
at 1300◦C for 2 h in flowing argon.

3.3. Electron microscopy
The powder resulting from the 1500◦C runs with the
coated precursor were examined using SEM (Hitachi
S570, Hitachi, Japan), as seen in Fig. 8. From the
micrograph, it is clearly seen that the powders have been

agglomerated (probably neck growth). An examination
of the powders from 1300◦C, Fig. 9, shows none of this.
The 1300◦C product also has much smaller particles.

The mechanism of this agglomeration can be the re-
sult of two conditions, or a combination of both. First,
the high heating rate may not allow complete conver-
sion of one or more lower oxides of titanium. If a
phase with a melting temperature lower than the re-
action temperature was not completely eliminated, its
melting could cause sintering of particles. Or the reac-
tion system could be the cause. The disk type TG-DSC
of the Labsys does not allow the argon to flow directly
over the powder as it might in a tube furnace, thus re-
moval of all product gases might not be possible. This
could allow lower oxides to re-form prior to final TiC
formation with a result similar to the previous case.

Previous work has shown that this process pro-
duces superior TiC powders [3]. Fig. 10 (courtesy of
Kodambaka) shows powder produced in a tube furnace
with a lower heating rate and longer reaction time than
used for the TGA of this paper. This powder resulted
from an initial precursor carbon content of 32.6 wt % C.
It is necessary to note that the analytical method of
TGA is used primarily as a kinetic analysis, not for
product characterization. The use of high heating rates,
unattainable for large-scale industrial batch production,
affects the resulting products, but is crucial for deter-
mining reaction characteristics.

4. Conclusion
This research has proven, through the use of various
analytical methods including TGA, DSC, and XRD,
that the formation of TiC by carbothermal reduction
of carbon coated TiO2 proceeds through the formation
of lower oxides of titanium. The process first forms
Ti4O7, then Ti3O5, with unknown TiCxOy and TixOy

phases forming simultaneously. The reaction is essen-
tially completed at 1300◦C, with higher temperatures
providing the final purification into TiC. The activation
energy for the formation of TiC using the carbon coated
precursor is 731.6 kJ/mol.

The sintering of TiC produced by this process with
Ni has been investigated in detail by Meng, with results
presented as a poster at the 1997 ACerS conference in
Cincinnati, OH, and soon to be published. Nickel pow-
der and the as-produced TiC were wet-milled in ethyl
alcohol in a WC container for 2 hours. The same was
done for H.C. Starck TiC. Compaction resulted in a
green density of∼60% of theoretical density. Figs 11
and 12 (courtesy of Meng) show the SEM images of
the TiC-Ni sintered in a tube furnace at 1500◦C for
2 hours in flowing 10%H2-Ar atmosphere. The images
shown are from sintered pellets with 10 wt % Ni; note
that TiC powder produced via the coating method has
been sintered with 3 wt % Ni, while industry gener-
ally uses 20 wt %. Fig. 11 shows much less porosity
than Fig. 12. As porosity in the final sintered piece
is detrimental to properties such as strength and con-
ductivity, the commercially available Starck powder
is clearly inferior to that produced using the coating
method.
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Figure 10 TEM micrograph of TiC powder produced in a tube furnace from carbon coated TiO2 reacted 4 h at1550◦C in a graphite boat, with a
7◦C/min heating rate, milled 2 h in a WCcontainer (Courtesy of Kodambaka).

Figure 11 SEM micrograph of polished surface of sintered TiC-10 wt %
Ni, produced from TiC from the coating method, sintered at 1500◦C for
2 h in flowing 10%H2-Ar (Courtesy of Meng).
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