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Reaction mechanisms and the thermal structure in the reac-
tion zone during the combustion of TiO,, Al, and C to form
TiC-ALO, composite were studied. The reaction between
each component was studied and the combustion wave
structure and real-time temperature profile were analyzed.
Titanium aluminide species, present in the aluminothermic
reduction of TiO,, did not occur in the presence of C,
because of the high thermodynamic stability of TiC. The
activation energies of the exothermic reaction in the
3Ti0,-4Al1-3C system were determined by DSC analysis.
This suggests that the combustion reaction is mainly con-
trolled by carbon diffusion through solid TiC. The combus-
tion wave was observed to propagate in an unstable mode.
The temperature profiles in the reaction zone were of the
sawtooth type and the products were of layered structure.

I. Introduction

iC-Al,0, composites are used in applications such as cut-

ting tools and tape heads in the electronic industry because
of their high hardness (2022 GPa), good strength (500-600
MPa), moderate fracture toughness (4—4.5 MPa-m'?), and fine
grain size (1-5 pm). At the present time, commercial
TiC-Al,O, ceramics have been primarily manufactured by pres-
sureless sintering or hot-pressing of TiC and AlLO, powders
whose composition is usually 30 wt% TiC-Al,0,."”

The metallothermic-reduction reaction,*” which has been
used in the preparation of various metals and alloys for several
decades, is generally an exothermic process which is self-
sustained by the heat liberated. The method which utilizes
the self-sustained reactions to prepare refractory ceramic and
intermetallic compounds is called self-propagating high-tem-
perature synthesis (SHS), or combustion synthesis.® Recently,
the synthesis of TiC—Al,0, composites by combustion reaction
has drawn much attention as an alternative to conventional
processes because of its simplicity and energy efficiency.” "'
The combustion synthesis of TiC—Al,O; composite can be
described as follows:"

3TiO,(rutile) + 4Al + 3C — 3TiC + 2AL0;(e)
AH®; 0515 = —1076.6 kJ/mol
AG® 5515x = —1038.9 kJ/mol

The combustion reaction of metal oxide (TiO,, SiO,, B,0O;,
Fe,0,, etc.)-metal (Al, Mg, etc.)—carbon systems has been
extensively studied using various methods. Among them alumi-
nothermic reduction, i.e., reaction of metal oxide with alumi-
num, has been studied as a model to clarify a thermite reaction
mechanism. Hida er al."*" investigated the SiO,—Al reaction
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interface to describe the reaction mechanism. Chernenko et
al.” studied the effects of oxide properties on the ignition in
aluminothermic reduction of various oxides, and Oriov et al.'®
performed thermodynamic analyses on the Nb,O,—Al-Ar and
LiNbO,-Al-Ar systems to calculate equilibrium composition
as a function of temperature. The exothermic reaction in
B,0,-Al-C and B,0,-Mg-C systems for Al,0,-B,C and
MgO-B,C composites has been investigated by differential
thermal analysis (DTA).'” Culter et al."*" and Logan et al™
analyzed the effects of reaction parameters and particle—particle
interaction during the synthesis of oxide—carbide and
oxide—boride composites.

So far, little effort has been undertaken to investigate the
reaction kinetics and the real-time temperature profile in the
TiO,~Al-C combustion reaction. In the present work, thermal
analyses and thermal explosion experiments on the TiO,—Al
and TiO,—Al-C systems were performed to investigate the reac-
tion mechanisms. The equilibrium composition of the
TiO,~Al-C—Ar reaction system was calculated as a function of
temperature. The real-time temperature profiles were measured
during the combustion reaction of TiO,~Al-C to form
TiC-Al O, composite. The microstructure and composition of
the reaction products were investigated by optical microscope
(OM), scanning electron microscope (SEM), X-ray diffraction
(XRD), and wavelength dispersive spectroscopy (WDS).

II.

The precursors used in this work were powders of TiO,
(99.9% pure, rutile, average particle size of 1 um; Aldrich
Products, Milwaukee, WI), Al (99.9% pure, average particle
size of 20 pm; Kojundo Kagaku Products, Sakado), and graph-
ite (99.9% pure, average particle size of 5 wm; Kojundo Kagaku
Products). The homogeneous mixture with the desired compo-
sition was prepared by wet-milling the reactants in ethanol for
24 h using alumina milling media.

Cylindrical compacts, 20 mm in diameter and approximately
25 mm in height, were formed at pressures from 68 to 82 MPa
in a stainless steel die with double-acting rams. The green
densities of the compacts were maintained at 61 = 3% of
theoretical. Pellets were vacuum-dried for 24 h at 773 K and
107* torr. The dried pellets were placed in a stainless steel
chamber with two quartz windows (100 mm in diameter). The
chamber was 270 mm high with a diameter of 160 mm. Tung-
sten filaments were positioned approximately 2 mm above the
top surface of the pellets for ignition. The chamber was purged
and filled with argon gas to atmospheric pressure before the
ignition. The top surface of the sample was ignited by applying
a current of about 80 A to the filaments under about 50 V from
a 7-kW transformer.

Two samples were placed end to end with a tungsten 5%
Re—tungsten 26% Re thermocouple (0.254 mm) sandwiched
between them to ensure that good contact was maintained
between the thermocouple and the specimens during combus-
tion. Boron nitride aerosol spray (Hermann C. Starck, Berlin,
Germany) was used to protect the thermocouple bead. For each
experiment, a new set of thermocouples was used to obtain
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confident temperature-profile data. The real-time voltage out-
puts from the W-Re thermocouple were measured using a data
acquisition system and a personal computer. The reactions were
also videotaped so that the combustion wave velocity could be
measured. The videotape unit was capable of replaying the
reaction by 1/30s.

DTA for TiO,~C, 4Al-3C, 3TiO,—~4 Al, and 3TiO,—4Al-3C
systems was performed by heating at a rate of 40°C-min™"
under an argon atmosphere. Differential scanning calorimetry
(DSC) for the 3TiO,—4 Al-3C system was also performed by
changing the heating rate from 5° to 40°C-min”" under an argon
atmosphere. The samples of 3TiO,—4Al and 3TiO,4Al-3C
were placed in a tubular furnace and heated over the tempera-
ture range 25° to 1200°C, at a heating rate of 8°C-min~' under
argon atmosphere.

The reaction couple of a TiO, disk and an Al disk was
prepared to study the deoxidation process of TiO, during the
reaction between TiO, and Al. For preparation of the TiO, disk,
titanium oxide powder was uniaxially compacted under 90 MPa
and sintered up to 1250°C under oxygen atmosphere, with a
heating rate of 10°C/min, holding for 2 h, and a cooling rate of
20°C/min. The reaction couple experiment was performed
under an argon atmosphere. The reaction couple was heated to
872°C at a heating rate of 15°C/min and, without holding,
cooled down to room temperature at a cooling rate of 30°C/min.

The microstructure and chemical composition of reaction
products were investigated using SEM, OM, XRD, and WDS.

III. Results and Discussion

(1) Reaction Mechanism

Figure 1 shows the DTA results for (A) TiO~C, (B) 4Al-3C,
(C) 3TiO,—4Al, and (D) 3TiO,~4Al-3C at a heating rate of
40°C-min~" under an argon atmosphere. The stoichiometric
coefficient represents the molar ratio of each component. While
no significant endothermic or exothermic peaks were observed
in Fig. 1(A), one endothermic peak corresponding to Al melting
was observed near 673°C in Fig. 1(B). Figures 1(C) and (D),
however, show not only the endotherm of Al melting, but a
strong exothermic peak with a maximum at 927°, 925°, and
997°C. The exotherm in Fig. 1(C) corresponds to aluminother-
mic reduction of TiO, and the exotherms in Fig. 1(D) corre-
spond to a sequential reaction of the aluminothermic reduction
and TiC synthesis.

(A) TiO, +C

(B) 4A1+3C

662 827

(C) 3TiO, + 4Al

<+— —» Exo

Endo

(D) 3TiO, +4Al +3C

L 1 1
100 300 600 900 1200

Temperature (°C)

Fig. 1. DTA curves of compacted samples with a heating rate of
40°C/min under an argon atmosphere.
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The aluminothermic reduction of TiO, occurred at a tempera-
ture approximately 210°C higher than the Al melting point
(660.4°C). This may have been due to the wettability of Al melt
on TiO,. The wetting angle*' of liquid Al-solid C and liquid
Si—solid TiO, systems is reported to be approximately 157° and
107°, respectively. The surface energy™ of liquid Si is similar to
that of liquid Al at approximately 825 dyn-cm™' under an
argon atmosphere, and thus it is possible that the wetting angle
between liquid Al and solid TiO, is near 107°. It is believed that
the poor wettability of Al melt on TiO, should be one of
the reasons why the aluminothermic reduction is initiated at
temperatures higher than the Al melting point. In fact, large
spherical Al was observed in the 3TiO,—4Al-3C sample heated
above the Al melting point under the same conditions as the
DTA experiment.

To analyze the consecutive reaction steps in the 3TiO,-
4A1-3C system as well as the exothermic peaks in Figs. 1(C)
and (D), we performed component analysis of the 3TiO,~4Al
and the 3TiO,~4Al-3C samples which were quenched to atmo-
sphere as soon as they were heated to a desired temperature.
Table I shows the results of XRD analysis of the 3TiO, + 4Al
samples quenched after being heated to various temperatures at
a heating rate of 8°C-min~' under an argon atmosphere. It
proves that the exotherm in Fig. 1(C) corresponds to alumino-
thermic reduction. It also indicates that the deoxidation reaction
of TiO, by Al proceeds via Ti;Os, Ti,O,, and TiO to form Ti
and ALO,. Also part of the liquid Al reacts with reduced Ti to
form titanium aluminides such as TiAl,, Ti,Al, and TiAl. It was
reported by Logan ez al.*° that titanium aluminides were formed
during the reaction between TiO, and Al. At 1200°C, the tita-
nium aluminide phases such as TiAl, and Ti,Al were trans-
formed to form Ti and TiAl as secondary phases. At high
temperatures, the amount of titanium aluminide phases
becomes smaller because the reaction rate is faster and the
reaction moves more toward thermodynamic equilibrium to
give Ti and Al,O;.

The deoxidation process of TiO, by Al was confirmed by the
reaction couple experiment of TiO, and Al Figure 2 shows a
polished cross section of the reaction couple prepared at 872°C.
It is observed that while the concentration of Ti slightly
increases as it approaches the interface, O slightly decreases.
This confirms the deoxidation process of TiO, by Al

Table II shows the XRD analysis of the 3TiO,~4Al-3C sam-
ples heated to various temperatures. The heating rate and atmo-
sphere were the same as in the case of Table 1. Comparison of
the results of Table II and Fig. 1(C) suggests that the exothermic
peaks in Fig. 1(D) correspond to a consecutive reaction of
aluminothermic reduction of TiO, to form Al,O, and TiC for-
mation. Titanium aluminide phase was not observed at any
temperature in this experiment. Also, when carbon black (99%
pure, average particle size of 0.03 wm) was used as a carbon
source, the titanium aluminides were not present. This suggests
that if titanium aluminide phases are formed, they are only
intermediate species during the TiC—Al,O, combustion synthe-
sis reaction because of the high thermodynamic stability of TiC.
The chemical composition of the samples thermally exploded
was almost the same as that of the samples combustion-synthe-
sized from the 3TiO,—4Al1-3C system.

Figure 3 shows the DSC curves for the 3TiO,~4AI-3C sys-
tem which was heated at rates of (A) 40, (B) 30, (C) 20, (d)
10, and (E) 5°C'min~' under an Ar atmosphere from room
temperature to 1200°C. It also shows two successive exother-
mic peaks which correspond to aluminothermic reduction of
TiO, and then TiC formation reaction, respectively. It indicates
that in the exothermic reaction of 3TiO,~4Al-3C, the second
exotherm caused mainly by TiC formation is conspicuous.
When the heating rate was increased in the DSC experiment,
each exothermic peak shifted to a higher temperature. This shift
can be related to the apparent activation energy of the reaction
using an analysis developed by Kissinger.** The shift is related
to the heating rate as follows:
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Table . Results of X-ray Diffraction Pattern for the 3TiO,—4Al Samples Quenched after Being Heated to Various Temperatures

Reaction products’

Temperature (°C) TiO, Al Ti,O5 Ti,O, TiO Ti TiAl, Ti,Al TiAl ALO,

646 M M S - - - - - - -
700 M M S - - - - - - -
786 M M S m - - - - - m
866 M M S S m - - - - m
933 S S S S S m - - - M

1022 m - - m S - M - - M

1095 - - - m S - - S m M

1200 - - m m - - S M

M: major phase; S: secondary phase; m: minor phase.

Fig. 2. Concentration profiles of Ti, O, and Al on the polished cross section of the reaction couple (titanium oxide disk—aluminum disk) formed

at 872°C.

Table II. Results of X-ray Diffraction Pattern for 3TiQ,~4Al-3C Samples Quenched after Being Heated to Various Temperatures

Reaction products’

Temperature (°C) TiO, Al C Ti;O5 Ti, 05 TiO Ti TiAl; Ti,Al TiAl Al,O, TiC

645 M M M S - - - - - - - -

678 M M M S - - - - - - - -

807 M M M S m - - - - - - -

893 M M M m S m - - - - S -
1009 m - m - - - - - - - M M
1074 - - - - - - - - - - M M
1120 - - - - - - - - - - M M
1200 - - - - - - - - - M M

“M: major phase; S: secondary phase; m: minor phase.

In (H/T,?) = C — E,/RT,

where H is the heating rate, T, is the peak temperature, C is a
constant, R is the gas constant, and E, is the apparent activation
energy.

Figure 4 shows the activation energy determined by Kis-
singer analysis from the peak temperature and heating rate data
in Fig. 3. The activation energy calculated from the shift of the
second exotherm was approximately 294 * 31 kJ-mol™".

It is reported that the activation energy for titanium diffusion
in solid TiC is approximately 738 kJ-mol~" (Ref. 25) and those
for carbon diffusion in solid TiC and liquid Ti are approxi-
mately in the range of 234410 kJ-mol™" (Refs. 26-29) and
78-117 kJ-mol ™" (Refs. 30 and 31), respectively, depending on

the method of measurement. This indicates that the TiC-Al,O,
formation reaction from the 3TiO,~4A1-3C system is governed
by TiC formation from reduced Ti and C, which is controlled
by the diffusion of carbon through solid TiC. In the DSC
analysis with carbon black (0.03 wm) as a carbon source, the
activation energy calculated from the second exothermic peaks
was 236 *= 22 kJ-mol~!, which is about the same as with
graphite as a carbon source. In the TiC combustion synthesis
from Ti and C, carbon diffusion through solid TiC was sug-
gested to be the rate-controlling step by Dunmead et al.*!
Figure 5 shows the equilibrium composition of the product
from the reaction of the 3TiO,—4Al-3C—Ar system as a function
of temperature at a total pressure of 1 atm. Calculation was
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Fig. 3. DSC curves of compacted 3TiO, + 4Al + 38 sample using
graphite carbon source under an argon atmosphere.

done with the SOLGASMIX-PV code,* which gave the equi-
librium composition of a multicomponent chemical system by
direct minimization of the total free energy of the system.
Equilibrium phase analysis can be well applied to a combustion
reaction which has a very fast reaction rate and approaches
equilibrium in a short time. The analysis shows that in the
temperature range of 1500 to 3000 K, while the condensed
phase mainly consists of TiC(s), a-ALO,(s,0), the reaction prod-
ucts of the vapor phase consist of CO, ALO, and Al, and small
amounts of TiO, Ti, Al,, AlO, etc. This shows that vapor species
such as CO, ALO, and Al participate in the reaction. However,
it is clear that the combustion reaction of the 3TiO,~4Al-3C
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Fig. 4. Kissinger plot for the 3TiO,~4AI-3C system.
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system is not dominated by the gaseous reaction because the
amount of vapor species was approximately 2 orders of magni-
tude lower than that of solid phases, as shown in Fig. 5. The
result of Fig. 5 also suggests that CO gas evolution during the
reaction can bring about carbon loss.

(2) Thermal Structure and Morphology

Figure 6 shows the real-time heating profiles during combus-
tion reaction of the samples with the addition of (A) 0, B), 12,
(C) 18, and (d) 24 wi% AlO; in the 3TiO,~4Al-3C system.
The temperature goes up very rapidly and several split peaks
appear near the peak temperature. Heating rates and peak tem-
peratures were over the range of approximately 1.3 X 10°t0 2.7
X 10" K/s and approximately 2253 to 1892 K, respectively. On
the other hand, the adiabatic temperature in the combustion
reaction of 3TiO, + 4Al + 3C, which is thermodynamically
calculated from the heat of formation and the heat capacity,
is about 2357 K. It is higher than the measured combustion
temperature. This is mainly due to the convective and radiative
heat losses during the reaction in a real system and gas evolu-
tion also should help the heat losses. The average wave veloci-
ties in the combustion synthesis with the addition of O, 12, 18,
and 24 wt% Al,0O, in the 3Ti0,—4Al-3C sample were measured
to be 0.39, 0.22, 0.13, and 0.07 cm/s, respectively.

Figure 7 shows the structure of the advancing wave in the
combustion synthesis with the addition of (A) 0, (B) 12, (C) 18,
and (D) 24 wt% in the 3TiO,~4Al-3C system, which is
obtained by the videotaped images. The wave front in all of the
cases proceeded in unstable combustion mode. With increased
addition of the diluent, the advancing wave front became more
unstable and was changed to local propagation with an
oscillation.

Figure 8 shows scanning electron micrographs of polished
cross-sectional surfaces of products combustion-synthesized
with the same composition as in Fig. 6. In this case, the compo-
sition of the product is varied from 47 wt% TiC-ALO; to
35 wt% TiC—ALO,. When 6 wt% of Al,O, was added, the
morphology was indistinguishably similar to the sample with-
out ALO, addition. The morphology was periodically changed
with cracks formed in a direction perpendicular to the wave
front propagation. It is observed that the oscillation interval,
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Fig. 5. Equilibrium product yield of 3TiO,~4AI-3C-Ar system as
a function of temperature at a total pressure of 1 atm: (a) TiC(s),
(b) a-ALOs(s), (¢) a-ALOs(D), (d) Ar(g), (¢) CO(g), (H) ALO(g),
(2) Al(g), (h) TiO(g), (i) Ti(g), () Aly(g), (k) AlO(g), (1) TiO(g),
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Fig. 7. Structure of the advancing combustion wave in the combustion synthesis with the addition of (A) 0, (B) 12, (C) 18, and (D) 24 wt% in the

3TiO, + 4Al + 3C sample.

which consisted of porous and dense regions, increases with
increased AL,O, addition. From the oscillatory peak intervals
shown in Fig. 6 and the measured wave velocities, the oscilla-
tion intervals are calculated to be approximately 250, 370,
810, and 1750 pm, respectively, which are consistent with
observations in Fig. 8. Therefore, the results of Figs. 7 and 8

support the idea that the thermal structures shown in Fig. 6 are
affected predominantly by the combustion mode.

Combustion reaction of samples with excess Al addition to a
stoichiometric mixture of 3TiO,~4Al-3C was performed to
clarify the role of Al, which has a high affinity for oxygen.
Figure 9 shows real-time temperature profiles during the com-
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Direction of wave propagation

Fig. 8. Scanning electron micrographs of polished surface of products combustion-synthesized with the addition of (A) 0, (b) 12, (C) 18, (D)

24 wt% ALO, in 3TiO, + 4Al + 3C sample.

bustion reaction with the addition of (A) 3, (B) 4, and (C) 5 mol
of Al to the 3TiO,~4Al-3C mixture. Compared to temperature
profiles with ALO, dilution in Fig. 6, the heating rate is higher
(approximately 1.7 X 10* to 2.5 X 10* K/s) and split peaks
have higher amplitudes near peak temperature. This is because
molten Al in the sample assists the reduction of TiO, and
thus accelerates the initiation of the combustion reaction. The
average combustion wave velocities in the samples were mea-
sured to be (A) 0.37, (B) 0.36, and (C) 0.34 cm/s, respectively.
In spite of the addition of excess Al, the decrease in the wave
velocity was not significant. Liquid Al not only plays a role as a
reducing agent but also fills the pores in the sample and causes
an increase of the sample thermal conductivity. The increase of
thermal conductivity by pore-filling of liquid Al has already
been reported by Grebe ef al.>

IV. Summary

The interaction of TiO,, Al, and C in the combustion synthe-
sis of TiC—ALQO, composites was investigated. Intermediate Ti
or titanium aluminide species, present in the aluminothermic
reduction of TiO, to form AlQ,, were not observed in the
presence of C, because of the high thermodynamic stability of
TiC. Based on a Kissinger plot, it is suggested that the compos-
ite formation reaction is controlled by carbon diffusion through
solid TiC. The analysis of combustion wave structures con-
firmed that the wave front propagated in an unstable mode. The
heating rates in the reaction zone were on the order of 10° to
10* K/s and the thermal structure was affected mainly by the
combustion mode. It was also observed that the combustion
products consisted of layered structures with a periodicity.
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