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Combustion synthesis (SHS) of the Ti + C/Ti + Al system was investigated by using
titanium, graphite and aluminum powders as reactants. These powders were thoroughly
mixed and pressed into cylindrical compacts, and heated in an argon atmosphere. The
effects of the reactant composition and the heating rate were studied. The phase
identification and morphology observation of the products were carried out by X-ray
diffraction (XRD) and scanning electronic microscopy (SEM), respectively. XRD analysis
showed that the products, in addition to the expected TiC/TiAl phases, also contained an
appreciable amount of the ternary carbide (i.e., TixAlC). The heating rate was found to
strongly affect the extent of the combustion reaction. A possible reaction mechanism based
on the experimental results was proposed to describe the whole process of the SHS
reaction and the characteristic product morphology. It was considered that the ternary
carbides may be formed by the peritectic reaction between TiC and the Ti Al melt during
the cooling stage after combustion. C© 2004 Kluwer Academic Publishers

1. Introduction
Titanium aluminides have considerable development
potential as high temperature materials due to their low
density, high strength and good oxidation resistance at
elevated temperatures [1]. On the other hand, TiC is an
extremely hard material and has a very high melting
point [2]. Composite materials consisting of TiC and
titanium aluminides are expected to find use in various
structural, cutting tool and armor applications.

In this work, we investigated the use of the combus-
tion synthesis (also known as self-propagating high-
temperature synthesis (SHS)) method for the produc-
tion of TiC/TiAl composites. SHS, originally developed
in the former USSR [3], has been applied to synthesis of
various high-temperature materials including ceramics,
intermetallics, and composites [4]. It has many poten-
tial advantages such as low processing cost, energy-
efficiency and high production rate [5].

Many studies [6–8] have reported that the TiC/Al
composite can be produced from a blend of Ti + C pow-
ders (in a molar ratio of 1:1) and Al powder via SHS, and
the as-synthesized product is composed of TiC, Al and
residual C. Recently, the synthesis of TiC/TiAl com-
posite by combustion reactions involving Ti + C and
Ti + Al has also been studied [9–12]. Ohyanagi et al.
[9] claimed that SHS enabled synthesis of TiC/TiAlx
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composite and the product consisted of TiC, TiAl3,
TiAl and Ti3Al. Therefore, at first sight, it seems that
the TiC/Al and TiC/TiAl composites may be produced
by SHS, using Ti + C/Al and Ti + C/Ti + Al as the re-
actants, respectively. However, the work of other re-
searchers [10–12] on the SHS production of TiC/TiAl
composite produced contradicting results. In their stud-
ies, the as-synthesized product was not the simple com-
posite of TiC/TiAl as expected, but rather contained an
appreciable amount of Ti4Al2C2.

Although there have been some attempts to obtain
TiC/TiAl composites through the SHS reaction, little in-
formation is available on the effect of processing condi-
tions. Hence, this work examines the effects of reactant
composition and heating rate on the combustion syn-
thesis reaction of the Ti + C/Ti + Al system. The phase
identification, microstructure observation and compo-
sition analysis were also carried out during and after the
combustion reaction. Based on the experimental results,
a possible reaction mechanism was thus proposed.

2. Experimental procedure
Listed in Table I are the characteristics of the reagents
used in the present study. The titanium, graphite
and aluminum powders were mixed to produce the
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T ABL E I The characteristics of the reagents used in the present study

Reagent Particle size (µm) Purity (%) Source

Titanium <45 99.5 Cerac, Milwaukee, WI
Graphite <45 99.9 Carbon Cement Co.,

Tokyo, Japan
Aluminum <45 99.7 Cerac, Milwaukee, WI

Figure 1 Schematic diagram of the reaction chamber: (a) reactant com-
pact, (b) tungsten coil, (c) graphite rod, (d) observation window, (e)
thermocouple lead, (f) pressure gauge, (g) vacuum gauge, (h) vacuum
gauge tube, (i) gas inlet, (j) vacuum port, and (k) vent.

stoichiometric compositions of TiC and TiAl (i.e., both
in an atomic ratio of 1:1). The powders were mixed
to provide a varying weight ratio of Ti + C/Ti + Al
in a range from 10/90 to 90/10 (the weight ratio of
Ti + C/Ti + Al is hereafter referred to as R). The re-
actant powders were thoroughly mixed in the presence
of an organic solvent. After drying in vacuum, 2.5 g
of the reactant powders were pressed into cylindrical
compacts (referred to as reactant compacts) 10 mm in
diameter and ∼12 mm in length. A stainless steel die
with two plungers was used and a pressure of∼100 MPa
was uniaxially applied to form the reactant compacts.

Fig. 1 shows the schematic diagram of the reaction
chamber used in the present study. The reactant com-
pact was placed on a height-adjustable stage in the re-
actor. The stage was adjusted so that the top surface
of the reactant compact was approximately 4 mm be-
low the tungsten filament. The reactor was evacuated to
65 Pa and flushed with argon between evacuations and
back-filled with argon at 0.1 MPa. The combustion re-
action was carried out by heating the top surface of the
reactant compact by passing an electric current (20–80
V, 15–30 A) through the tungsten filament. The electri-
cal power was turned off right after ignition. The tem-
peratures were measured by using 0.127 mm diameter
W-3%Re/W-25%Re thermocouples insulated with 1.2
mm diameter alumina tubes. Fig. 2 shows the config-
urations and the locations of the thermocouples. Ther-
mocouple A was placed in a narrow groove (0.5 mm
wide and 0.2 mm deep) cut into the top surface of the
reactant compact to obtain the temperature profile dur-
ing heating and ignition. Thermocouple B was inserted

Figure 2 Configurations and locations of thermocouples for ignition and
combustion temperatures measurements.

to the center of the reactant compact by first drilling
to obtain temperature profile during combustion. The
signals from the thermocouples were stored and pro-
cessed by a data acquisition system. Combustion wave
velocity was measured using a video camera at a speed
of 30 frames/s.

The product identification was determined by X-ray
diffraction (XRD) analysis (SIEMENS D5000,
Germany) and the product morphology was examined
with a scanning electron microscope (SEM, Topcon
ABT-60, Japan). Elemental composition analyses were
carried out by a wavelength dispersive X-ray spectrom-
etry (WDS, Jeol JSM-35, Japan) and energy dispersive
X-ray spectrometry (EDS, Jeol JED-2001, Japan).

3. Results and discussion
3.1. Effects of reactant composition
3.1.1. Measurement of temperature

during SHS reactions
Typical temperature-time histories obtained by thermo-
couple A for reactant compacts with various composi-
tions are shown in Fig. 3. The slope of each profile
at the initial increase of temperature is defined as the
heating rate. Taking the case of R = 50/50 as an ex-
ample, the increase in temperature begins to slow down
when the temperature reaches ∼760◦C, and at 920◦C,
the temperature increases rapidly up to ∼1230◦C and
then its increase slows down again until the tempera-
ture reaches 1420◦C, where the temperature increases
abruptly. Since the abrupt increase in temperature is ac-
companied by luminous light emission due to onset of
the combustion reaction, the temperature at the point

Figure 3 Typical temperature-time histories during heating and reaction
for reactant compact with various composition.
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of abrupt increase is defined as the ignition tempera-
ture (Tig). The temperature-time histories for the two
cases of R = 30/70 and 70/30 are similar to that of
R = 50/50. Two exothermic peaks are also observed,
and the ignition temperatures are found to be 1410◦C
and 1540◦C. With a decreasing value of R, the lower
exothermic peak becomes easier to detect, while the
opposite happens for the second one. In the two cases
of R = 90/10 and R = 10/90, only one exothermic
peak was recorded. The combustion reaction for the
compact of R = 90/10 ignited at 1620◦C, while that
for R = 10/90 ignited at 900◦C. It is found that the ig-
nition temperature decreases with decreasing R value.
From the relations between the reactant compositions
and the temperature-time histories, it seems that the first
peak is caused by the reaction of Ti + Al whereas the
second peak is caused by the formation of TiC (will be
explained later).

As also shown in Fig. 3, the combustion temperature
(i.e., the maximum temperature measured by thermo-
couple B) increases with increasing R value and ranges
between 1480◦C and 2512◦C. Since the heat of forma-
tion of TiC is more negative than that for the Ti Al in-
termetallics [9], the combustion temperature increases
with increasing the content of Ti + C.

3.1.2. XRD analysis
Fig. 4 shows the XRD patterns of the products syn-
thesized from reactant compacts with various compo-
sitions. The products of R = 10/90 and 30/70 both
contain two kinds of titanium aluminides, i.e., TiAl
and Ti3Al and one ternary carbide, i.e., Ti4Al2C2. In

Figure 4 XRD patterns of the products synthesized from reactant com-
pacts with various compositions.

Figure 5 (a) Typical SEM photograph of the polished surface of the
product synthesized with the reactant composition of R = 10/90. (b)
Results of the WDS line analysis of the same sample shown in Fig. 5a.

the cases of R = 90/10 and 70/30, both products
are composed of TiC and two kinds of ternary car-
bides, i.e., Ti4Al2C2 and Ti3AlC. For the composition
of R = 50/50, the product is composed of TiAl, Ti3Al
and three kinds of ternary carbides, i.e., TiC, Ti4Al2C2
and Ti3AlC.

3.1.3. Product morphology
Shown in Fig. 5a is a typical SEM photograph of the pol-
ished surface of the product synthesized with the com-
position of R = 10/90. As can be seen, the product con-
sists of rod-shape grains (approximately 0.2 µm wide
and 0.5 µm long), a matrix phase and residual reactant
particles. Fig. 5b presents the results of WDS line anal-
ysis. The Ti analysis line reveals that the Ti content is
slightlt higher in the matrix phase than in the rod-shape
grains. However, the Ti analysis line shows minor fluc-
tuations of the Ti concentration when compared with
C and Al analysis lines, which are conceivably uncor-
related with the product materials being scanned. The
C analysis line indicates that the C content increases
as it enters the rod-shape grains, while the Al analy-
sis line indicates that the Al content is higher in the
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Figure 6 (a) Typical SEM photograph of the polished surface of the
product synthesized with the reactant composition of R = 90/10. (b)
Results of the WDS line analysis of the same sample shown in Fig. 6a.

matrix phase than in the rod-shape grains. This result,
coupled with the XRD analysis (Fig. 4a), suggests that
the rod-shape grains are Ti4Al2C2 and the matrix phase
consists of TiAl and Ti3Al. The residual reactant parti-
cle was identified as graphite by WDS point analysis.
Similar morphology and WDS analysis results were
also obtained from the product synthesized with the
composition of R = 30/70.

Shown in Fig. 6a is a typical SEM photograph of
the polished surface of the product synthesized with
the composition of R = 90/10. The product consists
of discrete grains (2–8 µm in diameter) surrounded by
a dark-colored phase and residual reactant particles.
Fig. 6b shows the results of WDS line analysis of the
same sample. The Ti analysis line exhibits an essentially
unchanged concentration of Ti when scanning across
the grain and the dark-colored phase. The Al analysis
line indicates that the Al content is lower in the discrete
grains than in the dark-colored phase, whereas the op-
posite is revealed by the C analysis line. Since only TiC
and two ternary carbides (Ti4Al2C2 and Ti3AlC) were
detected in the XRD analysis (Fig. 4e), it is suggested
that the discrete grains are TiC and the dark-colored
phase is composed of the two ternary carbides. The

TABLE I I Results of elemental composition analyses of the product
synthesized with the reactant composition of R = 50/50 and a heating
rate of 550◦C/s

WDSa (count) EDS (at.%)

Morphology Ti Al C Ti Al

Fine particle 2145 87 822 95.1 4.9
Rod-shape grain 2071 2862 626 68.3 31.7
Granular crystal 2370 2287 514 73.6 26.4
Continuous phase 2217 2740 44 70.8 29.2
Unreacted particle 68 92 3473 – –

aAn accelerating voltage of 12 kV, a regulated beam current of about
6 nA and a counting time of 20 s were selected as standard operating
conditions.

residual reactant particles were identified as graphite
by WDS point analysis. Similar morphology and results
of WDS analysis were also obtained from the product
synthesized with the composition of R = 70/30.

Fig. 7a is a typical SEM photograph of the polished
surface of the product synthesized with the composi-
tion of R = 50/50. The product is seen to consists of
discrete particles, a continuous phase and residual re-
actant particles. The discrete particles can be classified
into three types according to their morphologies, i.e.,
fine particles (∼1 µm in diameter, Fig. 7b), rod-shape
grains (∼0.5–1.5µm wide and ∼ 6–10 µm long, Fig.
7c) and granular crystals (3–7µm, Fig. 7d). Table II
shows the results of elemental composition analysis of
the same sample. These results associated with the XRD
analysis (Fig. 4c) indicates that the fine particles are
TiC, the rod-shape grains are Ti4Al2C2, the granular
crystals are Ti3AlC, the continuous phase is composed
of TiAl and Ti3Al intermetallic compounds and that the
residual reactant particles are graphite.

3.2. Reaction mechanism
In the present study, the product is not a simple com-
posite mixture of TiC/TiAl, but the ternary carbide ex-
ists in the final products. In order to develop an un-
derstanding of the chemical reactions occurring during
the process of SHS, four reactant compacts with the
same composition of R = 50/50 were heated using a
heating rate of 550◦C/s and the temperature at the top
of the compacts recorded (using the thermocouple A).
These reactant compacts were rapidly quenched when
the temperatures reached the values at a, b, c, and d
marked in Fig. 3, respectively. The top surface of each
sample was then analyzed by XRD and the results are
shown in Fig. 8. As shown in the XRD pattern (a), there
was no evidence of compound formation before the
first exothermic peak (point a in Fig. 3). After the first
exothermic peak (point b in Fig. 3), three Ti Al com-
pounds formed, while all the Al had been consumed,
but some unreacted Ti remained (the XRD pattern (b)).
TiC was formed (XRD pattern (c)) after ignition of the
compact (point c in Fig. 3). The ternary carbides, i.e.,
Ti4Al2C2 and Ti3AlC were formed (XRD pattern (d))
during the cooling stage (point d in Fig. 3).

Figs 8a–c represent the different stages of the phase
formation during the early period of the whole SHS
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Figure 7 (a) Typical SEM photograph of the polished surface of the product synthesized with the reactant composition of R = 50/50. (b) Notion “A”
in Fig. 7a, showing fine particles. (c) Notion “B” in Fig. 7b, showing rod-like structures. (d) Notion “C” in Fig. 7c, showing granular grains.

Figure 8 Results of XRD analysis of the top surfaces of the reactant
compacts. (Four samples with the same composition of R = 50/50
were heated to different temperatures, marked a, b, c, and d, and then
quenched.)

reaction with the composition of R = 50/50. The re-
sult is in agreement with the previous study by Lee
and Chung [6], in which TiC/Al composite was synthe-
sized by combustion reaction. Upon heating, Al melts
and preferentially reacts with Ti to form TiAlx com-
pounds as the temperature reaches the melting point of
Al. The exothermic reaction between Ti and molten Al
gives rise to the first exothermic peak (e.g., �fH0

TiAl3
=

−142.26 KJ/mol, �fH0
TiAl = −72.80 KJ/mol). As the

temperature is further increased, the TiAlx compounds
melt and a liquid phase containing Ti can be produced.
Many studies [7, 13–16] have revealed that TiC can be
formed spontaneously by the reaction of graphite with
the Ti contained in the Ti Al melt. TiC is thus formed
by the highly exothermic reaction between graphite par-
ticles and the Ti Al melt (�fH0

TiC = −186 KJ/mol).
Consequently, the ignition occurs and results in the sec-
ond exothermic peak. However, comparing Fig. 8c and
d, an appreciable amount of TiC was formed prior to
the formation of the ternary carbide. This was followed
by a reduction of the quantity of TiC and the titanium
aluminides , while the ternary carbide became predom-
inant. This result implies that the ternary carbides may
be formed by reaction between TiC and TiAlx .

In order to confirm this suggestion, four compacts
with the compositions of 30 wt%TiC + 70 wt%Al,
30 wt%TiC + 70 wt% (Ti + 3Al), 30 wt%TiC+70 wt%
(Ti + Al) and 30 wt%TiC+ 70 wt% (3Ti + Al) were
prepared. These compacts were heated and kept at
∼1500◦C for 30 s in an argon atmosphere to produce the
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Figure 9 XRD patterns of the top surfaces of various TiC-Ti-Al reactant
compacts heated at 1500◦C for 30 s.

melts containing various Ti content and to simulate the
circumstances during the combustion reaction. (Note
that the combustion temperature increases with increas-
ing R value and ranges between 1480 and 2512◦C (see
Fig. 3). From the phase diagram of the Ti Al sys-
tem [17], the Ti—Al melt will be present in the tem-
perature range.) Fig. 9 shows no evidence of ternary
carbide formation in the products from the 30 wt%
TiC+70 wt%Al and 30 wt%TiC+70 wt% (Ti+3Al)
compacts, while the 30 wt%TiC+70 wt% (Ti + Al) and
30 wt%TiC+70 wt% (3Ti + Al) compacts produced
appreciable amounts of Ti4Al2C2 and Ti3AlC, respec-
tively. Kennedy et al. [18] investigated the reactions in
Al-10 wt% TiC metal matrix composites prepared us-
ing a casting technique. They found that the reaction
between TiC and Al is possible to occur below about
900◦C, and thus to form TiAl3 and Al4C3. However, our
experimental result indicates that at ∼1500◦C liquid Al
and the aluminium-rich Ti Al melt do not react with
TiC. This result may also explain why no ternary car-
bide phase exists in the TiC/Al composite synthesized
via SHS, since TiC seems stable in molten Al. When
the Ti content increased to a certain extent, TiC reacted
with the Ti Al melt to form the Ti4Al2C2 phase. How-
ever, the Ti3AlC phase was produced when the Ti Al
melt contained an even higher Ti content. Evidence can
be found from the morphology of the products to sup-
port this suggestion. In the case of lower R values (i.e.,
a higher Ti + Al content), Ti4Al2C2 particles are dis-
persed in the matrix of titanium aluminides (see Fig.
4a), since TiC can react with a greater amount of Ti Al
melt and convert to the Ti4Al2C2 phase. In the case of
a higher Ti + C content (i.e., a higher R value), the rel-
atively smaller amount of Ti Al melt spreads over the

TiC grain after the combustion, and the reaction oc-
curs. Consequently the ternary carbide layer is formed
on the surface of TiC (see Fig. 6a). Since TiC can be
formed spontaneously by the reaction of graphite with
the Ti contained in the Ti Al melt, Ti is specifically
consumed in the vicinity of graphite particle. The Ti
content of the Ti Al melt should increase with increas-
ing the distance to the graphite particle. In the product
synthesized from R = 50/50 sample (see Fig. 7a), the
TiC particles are found in the vicinity of the graphite
particle where the Ti concentration is low. Since the
activity of Ti Al melt becomes too low, the reaction
between TiC and Ti Al melt does not proceed. At the
locations where the Ti concentration is high (i.e., far
from the graphite particle), Ti3AlC is formed by reac-
tion of TiC with the melt containing a high Ti content.
At other locations where the Ti concentration is moder-
ate, the reaction between TiC and the Ti Al melt leads
to the formation of Ti4Al2C2. Since this suggestion is
consistent and matches with the experimental obser-
vations, it is confirmed that the ternary carbides may
be formed by a peritetic reaction between TiC and the
Ti Al melt during the cooling stage after combustion.

3.3. Effects of heating rate
Fig. 10 shows the effects of the heating rate on the igni-
tion temperature, the combustion temperature and the
combustion wave velocity with a reactant composition
of R = 50/50. At low heating rates (<300◦C/s, zone I
in Fig. 10), the reactant compact could not be ignited. A
typical temperature-time history measured by thermo-
couple A is shown in Fig. 11. Only one exothermic peak
was recorded, which is followed by a plateau showing
a thermal steady-state. Obviously, the temperature of
the top surface of the reactant compact cannot increase
continuously to a sufficiently high value to ignite the
whole combustion reaction.

In the heating rate range of 300–450◦C/s (zone II in
Fig. 10), the reactant compact could be ignited, how-
ever, the combustion wave ceased before it reached the
end of the compact. Shown in Fig. 12 is a typical SEM

Figure 10 Effect of heating rate on igniting temperature, combustion
temperature, and combustion wave velocity.
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Figure 11 A typical time-temperature history measured by thermocou-
ple A with the application of low heating rate.

Figure 12 A Typical SEM photograph taken on the polished cross-
section where the combustion wave ceased.

photograph taken on the polished cross-section where
the combustion wave ceased. A layer of dense sub-
stance (2–7µm in thickness) is observed to surround
the graphite particle. This dense substance was iden-
tified as a mixture of TiC and Ti4Al4C4 by elemental
composition analysis. Two reactant compacts with the
composition of R = 50/50 were heated at a lower heat-
ing rate (i.e., 300◦C/s) and then quenched after heating,
one for 15 s (just after the first exothermic peak) and
the other for 60 s (before the ignition). The top sur-
faces of the reactant compacts were analyzed by XRD.
These results are shown in Fig. 13. TiAl3 was the pri-
mary product after the first exothermic peak. As the
heating time increased to 60 s, Ti3Al became predom-
inant and a ternary carbide, i.e., Ti4Al2C2 was also ob-
served to form. Fig. 14 is a SEM micrograph of the top
surface of the reactant compact that has been heated
for 60 s. From the elemental composition analysis, as
shown, a carbide layer was found to form at the in-
terface between the graphite particle and the Ti Al
compound. Therefore, under a lower heating rate, the

Figure 13 XRD patterns of the top surfaces of the reactant compacts
after heating for (a) 15 and (b) 60 s, respectively.

Figure 14 A high magnification SEM photograph of the top surface of
the reactant compact after heating for 60 s with the application of a
heating rate of 300◦C/s, showing formation of the ternary carbide layer
at the graphite/TiAlx interface.

Ti-rich titanium aluminide and the carbide, i.e.,
Ti4Al2C2 may be formed before the onset of ignition by
solid-state diffusion. This result is similar to that found
in the investigation by Viala et al. [17] who studied the
high-temperature chemical interaction between carbon
and titanium aluminides at 1000◦C and observed that
ternary carbide compounds can be formed at the inter-
face between graphite and titanium aluminides. Under
such circumstances, the Ti4Al2C2 layer may act as both
a kinetic barrier and a diluent, resulting in a higher igni-
tion temperature and a lower combustion temperature.
Consequently, the carbide layer grows to a thickness
that significantly retards the reaction and causes the
combustion reaction to extinguish (see Fig. 12).

In the case of a high heating rate (>450◦C/s, zone III
in Fig. 10), the combustion reaction of the entire reac-
tant compact could be completed. As shown in Fig. 10,
the ignition temperature (Tig) decrease with increasing
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heating rate to a minimum of 1420◦C at a heating rate
of 550◦C/s and then begins to increase with further in-
crease in the heating rate. This effect on the Tig is simi-
lar to observations from a previous study [6]. Since the
maximum extent of capillary spreading of the Ti Al
melt on the graphite particles and the rearrangement
of the particles may not be reached when ignition oc-
curs, a higher ignition temperature is required when
applying a high heating rate in the high- heating-rate
range (>600◦C/s ). In zone III the combustion tem-
perature (Tc) and combustion wave velocity (vc) both
increase with increasing heating rate. Under such cir-
cumstances, since there is no reaction barrier arising
from the carbide layer before the onset of ignition (see
Fig. 8b), the higher ignition temperature may result in
a higher combustion temperature which speeds up the
combustion wave velocity as well. (theoretically, the
combustion wave velocity increases exponentially with
increasing combustion temperature [4]). On the other
hand, a faster reaction rate (corresponding to a faster
combustion wave velocity) may lower the amount of
heat dissipated into the surroundings and thus raise the
combustion temperature.

4. Conclusion
In this study, titanium, aluminum, and graphite pow-
ders are reacted by the combustion synthesis method
in an attempt to obtain TiC/TiAl composites. However,
the product is not the expectd composite of TiC/TiAl,
but ternary carbides form in addition to titanium alu-
minides.

The ignition temperature and combustion tem-
perature both increase with increasing R value
(=Ti + C/Ti + Al). The product phases vary, depend-
ing on the reactant composition. The composites of
R = 10/90 and 30/70, yield two kinds of titanium alu-
minides, i.e., TiAl and Ti3Al and one ternary carbide,
i.e., Ti4Al2C2. In the cases of R = 90/10 and 70/30,
the products are composed of three kinds of ternary car-
bides, i.e., TiC, Ti4Al2C2 and Ti3AlC. For the composi-
tion of R = 50/50, the product contains two kinds of ti-
tanium aluminides, i.e., TiAl and Ti3Al and three kinds
of carbides, i.e., TiC, Ti4Al2C2 and Ti3AlC. Based on
the experimental observations, there was evidence that
the ternary carbide may be formed by a peritectic reac-
tion between TiC and the Ti Al melt during the cooling
stage after combustion.

Depending on the value of the heating rate, three
characteristic zones can be identified in the case of
R = 50/50, in which different reaction regimes are
observed. The reactant compact can not be ignited be-
low a heating rate of 300◦C/s. In the heating range be-
tween 300–450◦C/s, the combustion wave ceases be-
fore it reaches the end of the reactant compact. Under
such circumstances, the ternary carbide may be formed

by solid-state diffusion before ignition. Extinguishing
of the combustion reactions may be accounted for by
the formation of the carbide layer that acts both as a
diluent and a reaction barrier. When the heating rate is
higher than 450◦C/s, the combustion reaction of the re-
actant compact could be completed. In this regime, the
combustion temperature and combustion wave velocity
both increase with increasing heating rate. The ignition
temperature decreases with increasing heating rate to
a minimum of 1420◦C at 550◦C/s and then increases
with further increase in the heating rate.
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