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Abstract: Even a slight change in the content of impurity gases during a self-propagating high-
temperature synthesis can lead to a change in the combustion regime and the characteristics of the
target products. In this work, the dependence of the burning rate of Ti + C granular mixtures on
a titanium particle size is determined for the first time, and the effect of impurity gas evolution
when using various allotropic modifications of carbon (graphite/soot) is studied. Experimental
results are analyzed using the convective–conductive combustion model, which explains the strong
influence of impurity gas release on the front velocity. Interaction rate of the components becomes
a key factor for granular mixtures in which the influence of impurity gases is leveled. Experiments
show that the burning rates of granular mixtures of titanium with soot are noticeably higher than
the burning rates of a mixture of titanium with graphite. The curves approximating the dependence
of the burning rate of a granular mixture of titanium and graphite on the size of titanium particles
correspond to the linear law of interaction of the initial components. The interaction in a mixture
of titanium and soot occurs according to the parabolic law.
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INTRODUCTION

The stability of the properties of cermet materials
obtained by high-temperature self-propagating synthe-
sis (SHS) [1] depends on the reproducibility of com-
bustion parameters. At combustion temperatures of
the order of several thousand degrees, impurity gases
from powders of one or more components are often re-
leased [1–3]. Even a slight change in the impurity gas
content can lead to a change in the combustion regime
and the target product characteristics. In order to ex-
plain the strong effect of impurity gas release (IGR) on
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the front velocity, a convective–conductive combustion
model (CCCM) is developed [4]. Such methods for sta-
bilizing SHS processes, namely thermal vacuum treat-
ment of initial samples, are rather long and energy con-
suming [5, 6]. Another approach is to granulate the ini-
tial powder mixture [7]. Granular mixtures are distin-
guished for the structure of the porous medium, which
is different from that in powder mixtures. In accordance
with the CCCM, this makes it possible to explain the
leveling of the effect of the IGR on the burning rate and
phase composition of the synthesis products [4, 7–9].

It is shown by the studies based on Ti–C (Ti +
C + TiC, Ti + xC, Ti–C–Ni, or Ti–C–Cr) with car-
bon in the form of soot [8, 10–12] that the burning rate
of granular mixtures is usually higher than the burn-
ing rate of powder mixtures of the same composition.

0010-5082/22/5803-0355 c© 2022 by Pleiades Publishing, Ltd. 355



356 Seplyarskii et al.

Table 1. Characteristics of initial components

Component Brand

Particle size, μm

up to 50%
(wt.)

up to 90%
(wt.)

Titanium
PTM <34 <54

PTM <105 <169

Carbon
(soot)

P-803 <1 <2

Carbon
(graphite)

Aldrich <5 <14

Polyvinyl butyral (PVB)

95% industrial alcohol

Soot is a good adsorbent due to its high specific sur-
face area. As hydrogen dissolved in titanium and gases
adsorbed on the soot surface contribute in the IGR in
the heating zone of the combustion wave, it is impossi-
ble to separate the effect of IGR from titanium on the
burning rate. It is known from [2] that the evolution of
gases from a Ti + 2B mixture with amorphous boron
does not depend on the size of titanium particles, and
the replacement of amorphous boron with crystalline
boron makes the contribution of boron to the IGR in-
significant. It is assumed in [2] that the most important
question is why do impurity gases increase the burning
rate of SHS mixtures in some cases, but not in others?

The purpose of this work is to determine how the
replacement of amorphous soot with crystalline graphite
affects the change in the burning rate upon transition
from powder to granular mixtures of Ti + C with differ-
ently sized titanium particles. Another goal is to reveal
the nature of such a change from the standpoint of the
CCCM and establish the dependence of the burning rate
of granular mixtures on the titanium particle sizes for
various allotropic modifications of carbon.

MATERIALS AND METHODS
OF EXPERIMENTS

The initial substances used in this work and their
brief characteristics are given in Table 1. Two sizes
of the PTM titanium powders are used in the experi-
ments. A mixture with graphite is prepared by sieving
narrow fractions from coarse grain titanium having par-
ticle sizes d < 40 μm, 40–80, 90–125, and 125–200 μm.
A mixture with soot is prepared by sieving narrow frac-
tions with particle sizes d < 63 μm, 63–90, 90–125, and
125–160 μm. The powder mixture densities ρ with dif-
ferent fractions of titanium are given in Table 2.

Table 2. Initial data and the parameter calculation
results L, t, and th for the Ti + C powder
mixture (soot/graphite)

d,
μm (Ti)

ρ,
g/cm3

u,
mm/s

th,
μs (Ti)

L,
μm

t,
ms

Ti + C (soot)

31.5 1.10 12 31 83 7

76.5 1.11 8 183 125 6

107.5 1.08 7 361 143 20

120 1.15 11 450 91 8

142.5 1.10 5 635 200 40

Ti + C (graphite)

20 1.25 25 13 40 1.6

35 1.22 20 38 50 2.5

60 1.20 10 113 100 10

107.5 1.3 7.5 361 133 18

120 1.20 10 450 100 10

162 1.3 6 820 167 28

Fig. 1. Distribution of initial fractions by the tita-
nium particle size.

The characteristic sizes d of Ti particles of the ini-
tial powders in the calculations are the values of the
maximum size distribution: d = 35 μm for fine grain ti-
tanium and d = 120 μm for coarse grain titanium. Fig-
ure 1 shows the size distribution of titanium particles of
the initial fractions. The characteristic particle sizes of
narrow fractions are determined as the arithmetic mean
of the upper and lower bounds of the fraction.

The experimental device and the method for gran-
ulating mixtures are described in [11]. In this work,
granules with a fraction of 0.6–1.6 mm are used,
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Fig. 2. Appearance of the initial mixtures and the
images of the combustion of the powder (a) and gran-
ular (b) Ti + C (graphite) charge.

and the density of granular mixtures with graphite is
0.7–0.73 g/cm3 and that with soot is 0.7–0.8 g/cm3.

The particle size distribution of the components is
determined on a Microsizer-201C laser analyzer. The
combustion is recorded on video using a SONY FDR
AX-700 video camera (a shooting speed of 100–250 fps).
The phase composition of the final product is studied
using a DRON-3M diffractometer using monochromatic
CuKα radiation. X-ray diffraction patterns are ob-
tained via step scanning in an angle range 2θ = 20–80◦

with a shooting step of 0.2◦. The resulting data are
analyzed using the PDF-2 database.

RESULTS AND DISCUSSION

The video recording shows that the combustion of
both Ti + C (soot/graphite) powder and granular mix-
tures is stationary. The combustion front is flat, which
makes it possible to reliably determine the burning rate.
Figure 2 shows the images of the combustion of the
Ti + C (graphite) powder and granular charge. The
combustion wave front of the Ti + C mixture (soot)
looks similarly. The video camera settings are changed
in the course of experiments with different batches to
obtain the clearest image, so the difference in the bright-
ness of samples in the photographs in this case does not
indicate a different combustion temperature.

Figures 3 and 4 show the experimental values of the
burning rate of the Ti + C (soot) and Ti + C (graphite)
powder and granular mixtures as a function of the av-
erage size of titanium particles and the approximating
curves based on data for narrow fractions. The devia-
tion of the experimental data from the average values
does not exceed 10%.

When analyzing the data presented in Figs. 3 and 4,
one first draws attention to the fact that the burning
rates of granular compositions exceed the burning rates
of powder mixtures in the entire range of titanium par-
ticle sizes. The observed results are explained using the

Fig. 3. Burning rate of the powder (1 and 3) and
granular (2 and 4) Ti + C (soot) mixtures versus the
particle size of titanium: the approximating curves 1
and 2 are plotted for the burning rate of narrow frac-
tions of titanium, and points 3 and 4 refer to the ve-
locity values for an initial wide fraction d = 120 µm.

Fig. 4. Burning rate of the powder (1, 3, and 5) and
granular (2, 4, and 6) Ti + C (graphite) mixtures
versus the particle size of titanium: the approximat-
ing curves 1 and 2 are plotted for the burning rate of
narrow fractions of titanium, points 3 and 4 refer to
the velocity values for an initial fraction d = 120 µm,
and points 5 and 6 refer to the velocity values for a
fraction d = 35 µm.

CCCM [4]. In accordance with this model, the com-
bustion wave front propagation in a powder mixture is
the movement of a melt of a fusible component under
the action of capillary forces and a pressure difference
of impurity gases ahead of and behind the melt layer.
An increase in the pressure of impurity gases ahead of
and behind the reaction front leads to a decrease and
increase in the burning rate, respectively. Therefore, it
is important to determine whether the particles of the
initial components have time to warm up and release
impurity gases ahead of the combustion front.

It is assumed that the particles of the initial com-
ponents in the powder mixture have enough time to
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warm up ahead of the combustion front when two con-
ditions are simultaneously fulfilled. First, the character-
istic particle size d should be smaller than the heating
zone width L = ac/u (u is the experimental burning
rate and ac is the thermal diffusivity of the heteroge-
neous powder mixture):

d < L. (1)

Second, the thermal relaxation time of the particle
th = d2/4a (a is the thermal diffusivity of the par-
ticle substance) should be shorter than the charac-
teristic residence time of the particle in the heating
zone t = L/u = ac/u

2 [1]:

th < t. (2)

The following values of the thermophysical char-
acteristics of the components are used in the calcula-
tions: ac = 10−6 m2/s [13], a (Ti) = 8 · 10−6 m2/s
[14], a (graphite) = 10−4 m2/s [15], and a (soot) =
2 · 10−7 m2/s [16].

Computational results for L, t, and th for the case
of a powder mixture of titanium of different fractions
with soot and graphite are given in Table 2. Data for
the mixture with the initial titanium powder (wide frac-
tion) is given in bold in the table. It can be seen that
condition (1) is not fulfilled only for mixtures with ti-
tanium of the initial wide fraction d = 120 μm. This
may indicate that using the characteristic size d, de-
termined from the maximum of the size distribution of
particles of a wide fraction, is incorrect, and it is con-
firmed by the experimental data and calculations be-
low. Therefore, only data for narrow fractions are used
for correctly comparing the dependences of the burning
rates of granular and powder mixtures when construct-
ing approximating curves (Figs. 3 and 4). Condition (2)
is fulfilled for all mixtures (Table 2): the heating time
of titanium particles of all fractions (th) is much shorter
than their residence time in the heating zone of a com-
bustion wave (t).

For carbon (soot and graphite), the heating condi-
tion (1) is fulfilled in all the mixtures studied. Indeed,
in these mixtures, the particle sizes of soot (1–2 μm)
and graphite (5 μm) are much smaller than the heating
zone width L (Table 2). The thermal relaxation time
of soot particles does not exceed 5 · 10−6 s and that of
graphite particles is 3.1 · 10−5 s. It is shown by compar-
ing these values of th with the computational results for
time t, given in Table 2, that condition (2) for carbon is
also always fulfilled. Thus, the necessary and sufficient
conditions for the release of impurity gases from these
components ahead of the reaction front are satisfied for
all the powder mixtures. According to the CCCM, this
reduces the combustion front propagation velocity.

It is known that the granulation of the SHS pow-
der compositions contributes to eliminating the effect of
impurity gases on the combustion process [7]. In such
mixtures, the structure of the porous medium is artifi-
cially changed and the melt flow is limited by the size
of individual granules. The combustion time of gran-
ular mixtures is determined both by the burnout time
of individual granules and the heat transfer time from
one granule to another, which depends on the contact
area and the efficiency of conductive heat transfer be-
tween granules. As the granule size is much larger than
the sizes of the initial components used in the experi-
ment, the combustion of an individual granule can be
considered similar to the combustion of a powder mix-
ture. However, the characteristic size of granules is only
1 mm, so the conditions created in the granule for gas
removal from the combustion zone are better than those
in the powder filling. This reduces the IGR effect on the
combustion of the granules themselves [7]. If there is no
IGR in the heating zone of powder mixtures, granula-
tion reduces the burning rate of the sample, which is
associated with the presence of the stage of combustion
transfer from one granule to another. For the studied
compositions in which the IGR is present in the heating
zone, granulation, on the contrary, should increase the
burning rate, which is confirmed experimentally.

An increase in the burning rate upon transition
from the Ti + C (soot) powder mixture to a granu-
lar one with initial titanium of a size d = 120 μm [the
titanium heating condition (1) in the powder mixture
is not satisfied] indicates noticeable IGR from the soot
in the heating zone.

Aside from the IGR, the titanium–carbon interac-
tion kinetics has a strong influence on the burning rate.
The interaction rate of the components becomes the de-
termining factor in granular mixtures because the effect
of IGR in them is leveled. Therefore, an increase in the
burning rate of the granular mixtures with a decrease in
the Ti particle size results from the increasing interac-
tion rate between the components. It follows from com-
paring the data for granular mixtures in Figs. 3 and 4
that the burning rates in the Ti + C (soot) mixture are
noticeably higher than in the Ti + C (graphite) mix-
ture. This indicates a higher interaction rate between
titanium and soot.

The burning rate of the granular mixture is ap-
proximated by the dependence on the titanium particle
sizes: u ∼ d−0.5 for Ti + C (graphite) and u ∼ d−0.9

for Ti + C (soot) (Figs. 3 and 4).
The resulting analytical dependences make it pos-

sible to use a different method for determining the char-
acteristic particle size d of the initial titanium powders,
which is used in calculating time th and in studying
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dependences u(d). It is assumed that the experimen-
tal value of the burning rate of granular mixtures with
titanium of wide fractions u should correspond to the
approximation curve obtained using narrow fractions.
The titanium particle sizes determined from the ana-
lytical dependence is denoted as d∗. It is revealed that,
for the Ti + C (soot) granular mixture, u = 21 mm/s at
d = 120 μm [d∗ = 102 μm for a point of 21 mm/s on the
approximation curve (Fig. 3)]. It is obtained that, for
the Ti + C (graphite) granular mixture, u = 25 mm/s
at d = 35 μm [d∗ = 32 μm for a point of 25 mm/s on
the analytical curve (Fig. 4)]. It is determined that, for
the Ti + C (graphite) granular mixture, u = 20 mm/s
at d = 120 μm [d∗ = 52 μm for a point of 20 mm/s
on the analytical curve (Fig. 4)]. Thus, it is shown on
the example of Ti mixtures with carbon of various al-
lotropic modifications that the dependence between a
burning rate and a particle size can be determined cor-
rectly only by using narrow fractions of powders.

Approximating dependences (determination coeffi-
cient close to unity) are reliable if they are constructed
using the experimental burning rates of narrow fractions
of powders in a wide range of sizes.

The laws of the flame front propagation in a hetero-
geneous condensed medium are usually explained using
a theory that is based on the conductive heat transfer
mechanism in a combustion wave and that ignores the
effects of melting and spreading of reagents [17]. The as-
sumptions made in [17] in the formulation of the model
are actually implemented in the combustion of granu-
lar mixtures. Indeed, in this case, the structure of the
porous medium remains the same [8, 10–12], granules of
similar size act as reaction cells, and the spreading of the
melt is limited by the granule size. In addition, impurity
gases have little effect on combustion, and heat trans-
fer between granules is determined by conduction [18].
In accordance with [17], the dependence of the burning
rate on the titanium particle sizes u ∼ d−0.5, observed
for a Ti + C (graphite) mixture, corresponds to the lin-
ear law of interaction of the initial components, when
the reaction rate does not depend on the thickness of the
product layer formed. For the Ti + C (soot) granular
mixture, the burning rate is described by dependence
u ∼ d−0.9, which is close to the parabolic law u ∼ d−1

of interaction of components.
As for the analysis of the combustion of the

Ti + C powder mixtures (Figs. 3 and 4), it is suggested
by comparing the burning rates of granular mixtures
(the burning rate of a titanium–soot mixture is notice-
ably higher than that of a titanium–graphite mixture)
that a powder mixture of Ti with soot burns faster than
a mixture of Ti with graphite in the absence of the de-
celerating effect of IGR. However, it is obvious from the

Fig. 5. Burning rates of the granular and powder
mixtures versus the titanium particle size.

Fig. 6. X-ray diffraction analysis data for the com-
bustion products of the powder (1) and granular (2)
Ti + C (graphite) mixtures.

experimental results shown in Figs. 3 and 4 that this is
not the case. Thus, in a powder mixture, the heating
zone pressure created by the IGR from graphite is lower
than that created by soot.

Figure 5 shows the dependences of the difference
in the burning rates of granular and powder mixtures
of titanium (narrow fractions) with soot and graphite.
It can be seen that, as the titanium particle size drops,
the difference in the burning rate increases in mixtures
of titanium with soot. This means that, a decrease in
the Ti particle size increases the amount of hydrogen
released from titanium in the heating zone, which de-
celerates the combustion wave in powder mixtures. For
a mixture with graphite, a decrease in the Ti particle
size does not lead to a significant increase in the differ-
ence between the burning rates of powder and granu-
lar mixtures. As the same titanium powders are used
in the experiments, it is only logical that this result is
due to a decrease in the IGR from graphite ahead of
the front, which compensates for the decelerating effect
of the IGR from titanium. Indeed, the amount of gas
released ahead of and behind the combustion front de-
pends on the residence time of graphite in the heating
zone, which, according to [1], is inversely proportional
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to the square of the burning rate: t = a/u2. There-
fore, the main gas release in fast-burning compositions,
in which the degree of graphite gasification ahead of
the melt layer is smaller, occurs behind the melt layer,
thereby increasing the burning rate.

Despite the fundamental differences in the mecha-
nism and patterns of combustion of powder and gran-
ular mixtures, the X-ray diffraction analysis suggests
that the phase composition of the synthesis products is
identical, independent of the titanium particle size, and
represents a single phase of TiC. Figure 6 shows the
X-ray diffraction patterns of the combustion products
of the Ti + C (graphite) powder and granular charges.
The data of X-ray diffraction analysis of the combustion
products of the Ti + C mixture (soot) have the same
form.

Consequently, different dependences of the burning
rates of the Ti + C mixtures on the titanium parti-
cle sizes and on the allotropic form of carbon are not
associated with different completeness of conversion of
the initial reagents in the combustion wave, but are ex-
plained by the influence of the IGR and the change in
the interaction rate of the initial components.

CONCLUSIONS

The dependence of the burning rate of the Ti +
C granular mixtures on the particle size of titanium
is determined for the first time for various allotropic
modifications of carbon (graphite/soot).

An increase in the burning rate during the tran-
sition from powder to granular mixtures is explained
from the standpoint of the convective–conductive com-
bustion model. It is shown that, with the same-sized ti-
tanium particles, the burning rate of granular mixtures
with soot is higher than that of mixtures with graphite,
and the difference between the values increases with a
decrease in the titanium particle size.

The approximation dependences of the burning
rate of granular mixtures on the titanium particle size
are obtained: u ∼ d−0.5 for Ti + C (graphite) and
u ∼ d−0.9 for Ti + C (soot), which correspond to the
linear and parabolic laws of interaction of the initial
reagents according to the theory of the flame front prop-
agation in a condensed heterogeneous medium.

It is established that different dependences of the
burning rate on the sizes of components for various al-
lotropic modifications of carbon in both powder and
granular mixtures are not related to the difference in
the phase composition of the condensed products and
the completeness of conversion of the initial reagents.

It is shown that, as the titanium particle size de-
creases, the burning rate of the Ti + C (graphite) pow-

der mixtures increases because of the action of multidi-
rectional factors: a decrease in the impurity gas release
from graphite in the heating zone of the combustion
wave and an increase in the impurity gas release from
titanium.

It is shown that the interaction kinetics between the
components becomes the determining factor influencing
the burning rate in granular mixtures in which the effect
of impurity gas release is leveled.

It is revealed that, for the initial wide fractions of
titanium, the characteristic particle size of the mixture
should be determined using the data of the approxima-
tion dependences of the burning rate of this mixture on
the particle size of the narrow fractions of titanium.
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