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Abstract—SHS synthesis of titanium carbide and metalloceramics (cermets) based on it shows that transition
from a powder mixture to a granular mixture reduces the effect of the release of impurity gas from component
particles and ensures the stability of the mode of combustion without changing the phase composition of the
target products. The combustion of 5Ti + 3Si powder and granular mixtures using titanium particles of dif-
ferent sizes is compared for the first time. The rate of combustion of a powder mixture of coarsely dispersed
titanium is higher than that of finely dispersed titanium. According to the convective–conductive model of
combustion, this is due to the effect of the release of impurity gas. The conditions formulated for heating the
components of powder mixtures ahead of the combustion front explain the increase in the rate of combustion
after mixture granulation for fine titanium and the drop for coarse titanium. In contrast to powder, the rate
of combustion of a granular mixture of finely dispersed titanium is higher than that of coarsely dispersed tita-
nium. For granular mixtures, where the effect impurity gases have on combustion is greatly reduced, the
determining factor affecting the rate of combustion is thus the size of particles of the initial components.
Varying the size of the granules from 0.6 to 1.7 mm, the authors use the experimental burning rate to calculate
the rate of combustion of granule materials and the time of combustion transfer from granule to granule. The
proposed criteria for localizing the release of impurity gas allow determination of whether granulation of a
powder mixture is necessary when scaling the process of high-temperature synthesis.
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INTRODUCTION
The release of impurity gases is normally observed

in SHS processes at temperatures of combustion on
the order of several thousand degrees. The amount of
such gases largely determines the mode of combus-
tion. The heating of a charge containing titanium is
accompanied by significant desorption of impurity
gases [1–3]. Metal powders of different grades and
even individual batches of the same grade can have
different adsorption/desorption capacities of gasifying
impurities [4]. Nonmetallic components can also
make a substantial contribution to gas release, but the
contribution from their crystalline modifications is
low compared to their amorphous counterparts [3, 4].
The strong effect the release of impurity gases (IG) has
on the velocity of a front in a powder medium is
explained by the convective–conductive model of
combustion (CCCM) [5, 6]. Granulation of the initial
powder mixture, in which a change in the structure of
the porous medium increases the gas permeability of
filling by orders of magnitude, is used to stabilize the

SHS processes. The products of synthesis obtained
from the granular charge are granules of the same size
that do not sinter with one another. The high gas per-
meability of the granulated charge does not change
during combustion. Combined with the small size of
the granules, this ensures the rapid removal of impu-
rity gases from the reaction zone [7, 8].

When analyzing the literature on the combustion of
a 5Ti + 3Si mixture, it is noteworthy that the main
objects of study were pressed samples from a powder
mixture [1, 9–15]. This system is considered a model
for studying the process of so-called gasless combus-
tion [1, 9], and the degassing of samples is often used
in experiments. In [10], the synthesis of titanium sili-
cides via thermal explosion using Ti particles of differ-
ent sizes was found to be possible only after degassing
the samples. Maznoi and Kirdyashkin [11] studied
how a change in the size of Ti particles in a degassed
5Ti–3Si mixture affects the permeability of the prod-
ucts of synthesis. In other experimental works, sam-
ples were not preliminarily degassed. The possible
977
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Fig. 1. Scheme of the experimental setup: (1) nitrogen cylinder, (2) argon cylinder, (3) computer for recording video signal,
(4) computer for recording sensor readings via ADC, (5) f low and pressure sensors, (6) digital video camera, (7) electric spiral,
(8) mixture, (9) layer of mineral wool, (10) metal mesh, (11) gas switch (position I, nitrogen; II, argon; III, no gas).
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effect of impurity gases was not considered in [12]
when comparing the rate of combustion and tempera-
ture of samples of different stoichiometric composi-
tions. In [13], where the measured temperatures and
velocities of the combustion front of compact 5Ti +
3Si samples were used for numerically modeling the
SHS kinetics, the heat balance equation considered
only conductive heat transfer and convective and radi-
ative losses, without the effects of gas. Qualitatively
different dependences of the burning rate of a 5Ti–3Si
mixture on the size of Ti particles were obtained in [14,
15], while the authors of both works considered the
combustion of this mixture to be gasless. When inter-
preting the data in [15], the authors did not compare
them to the results in [14].

The question of whether we must consider the
effects of IG when interpreting experimental results
and scaling the synthesis of titanium silicides therefore
remains open.

The aim of this work was to identify the mechanism
of the effect IG has on the combustion of a 5Ti + 3Si
powder mixture, using granulation as a tool for elimi-
nating the effect of the release of impurity gas. Another
aim was to explain the nature of the change in combus-
tion rate upon transition from powder to granular mix-
tures from the viewpoint of the convective–conduc-
tive model of combustion.

EXPERIMENTAL
We studied patterns of combustion on an original

experimental setup (Fig. 1). Considered mixture (8)
was poured into a vertical transparent quartz tube
(outer diameter, 19 mm; height, 90 mm; wall thick-
ness, 2 mm) on mineral wool substrate (9) (Al2O3
base) (Fig. 2). Signals from sensors (5) and LEDs giv-
RUSSIAN JOURNAL O
ing the position of the gas supply switch (11) were sent
to the computer (4) in real time through an ADC.
Combustion was initiated from the top end of the
tube using a thermal pulse from tungsten spiral (7).
Combustion was recorded by SONY FDR AX-700
camera (6) at 100–250 fps. The velocity of the combus-
tion front was calculated via frame-by-frame processing
of the video recordings. To avoid shrinkage of the
unburned part of the filling during combustion and
obtain consistent results, the samples were purged in an
argon flow at a pressure drop of 1 atm before each exper-
iment. The height of the filling of the initial mixture
(powder and granular) after blowing was 40 ± 5 mm.

The particle size distribution of the components
was determined on a Microsizer-201 C laser analyzer.
The phase composition of the final product was stud-
ied on a DRON-3M X-ray diffractometer using
monochromatic CuKα radiation. Diffractograms were
recorded by scanning in the 2θ = 20°–80° range of
angles with a shooting step of 0.2°. The resulting data
were analyzed using the PDF-2 database. The micro-
structure of titanium powders was studied via SEM on
a Carl Zeiss Ultra Plus microscope.

Industrial Ti powders (Russia) of PTM grade with
99% purity of different fractional compositions were
used to prepare the initial mixtures:

● fine (<54 μm), coarse (<169 μm);

● semiconductor Si powder (<2.1 μm, purity
99.99%);

● 4% polyvinyl butyral alcohol solution for granu-
lation.

For brevity, we shall refer to the initial mixtures
based on fine titanium mixtures as I, and those based
F PHYSICAL CHEMISTRY A  Vol. 96  No. 5  2022
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Fig. 2. SEM photographs of initial titanium powders: (1) finely and (2) coarsely dispersed.
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Fig. 3. Distribution of particles of (1) finely and (2) coarsely dispersed titanium. 
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on coarse titanium mixtures as II. Figure 2 shows
SEM photos of the initial titanium powders.

Figure 3 shows the mass size distribution of tita-
nium particles of the initial powders.

The compositions were granulated by preliminarily
stirring the initial powder mixtures for 4 h in a gravity
mixer. A 4 wt % solution of polyvinyl butyral in etha-
nol was then added to the resulting mixture until a
pasty mass formed that was rubbed through a sieve
after mixing. The resulting particles were rolled on a
rotating horizontal surface to make them spherical.
They were then dried in air for 10 h and dispersed on a
vibrating screen. Figure 4 shows photos of the initial
powder and granulated 5Ti + 3Si mixtures with typical
granule sizees D = 0.6 and 1.7 mm.

Granules of fractions were used in our experiments:
0.4–0.8, 0.8–1.2, 1.4–2 mm, and a wide fraction of
0.6–1.6 mm. In calculations, the granule size was
taken as the average value of the size in each fraction:
D = 0.6, 1, 1.7 mm and D = 1.1 mm, respectively.
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vo
RESULTS AND DISCUSSION
Figure 5 shows the frames of combustion of the

5Ti–3Si powder mixture and the granular mixture
with granules D = 0.6 and 1.7 mm in size.

Figure 6 shows the dependence of the rates of com-
bustion front propagation for granular compositions I
and II on the size of the granules, along with the rates
of combustion of powder mixtures I and II. The given
rates of combustion are the average for 3–4 experi-
ments, and the scatter of values is no more than 10%.

When analyzing the results shown in Fig. 6, note
first that the rate of combustion of the powder mixture
(line 3) for composition I based on finely dispersed
titanium is lower than that of the granular mixture. At
the same time, the rate of combustion for composition
II with coarse-dispersed titanium slowed upon transi-
tion from the powder mixture to the granular mixture.
In contrast to the powder mixture, the rate of combus-
tion for all fractions of granular mixture I (line 1) was
higher than that of mixture II (curve 4). The rate of
combustion of mixture I (U = 29 mm/s) did not
change when average granule size D was raised from
l. 96  No. 5  2022
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Fig. 4. Photographs of the 5Ti + 3Si mixture: (1) initial powder, (2) granules with D = 0.6 mm, (3) granules with D = 1.7 mm.

1 2 3

Fig. 5. Frames of combustion of the 5Ti–3Si mixture: (1) initial powder, (2) granules with D = 0.6 mm, (3) granules with D = 1.7 mm.
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0.6 to 1.7 mm, whereas our experiments showed an
increase in the velocity of the combustion front (from
14.5 to 20 mm/s) for mixture II.

According to XRD data, the phase composition of
the products of combustion for granular mixtures I
and II did not change when the granule size was raised
from 0.6 to 1.7 mm. For the powder and granular mix-
tures, the X-ray patterns contained only the peaks of
the Ti5Si3 phase (Fig. 7).

The rate of combustion thus increased for mixture
I based on finely dispersed Ti and decreased for mix-
ture II with coarsely dispersed Ti upon the transition
RUSSIAN JOURNAL O
from powder to granular mixtures, despite the identi-
cal composition of the initial mixture and the phase
composition of the products of combustion. The the-
ory of f lame front propagation in a heterogeneous
condensed medium [16] based on a conductive mech-
anism of heat transfer in the combustion wave, cannot
explain the difference between the change in the rate
of combustion after granulation for mixtures I, II.

We must turn to the convective–conductive model
of combustion (CCCM) to explain these results [5, 6].
In this model, the velocity of the movement of the
melt layer under the action of capillary forces and the
F PHYSICAL CHEMISTRY A  Vol. 96  No. 5  2022
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Fig. 6. Dependences of rate of combustion on granule size D for 5Ti–3Si granular mixtures: (1) composition I with finely dis-
persed titanium; (4) composition II with coarsely dispersed titanium. Dotted lines (2, 3) show the burn rates of powder mix-
tures II and I, respectively. 
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Fig. 7. Results from X-ray phase analysis of the products of combustion of the 5Ti + 3Si mixture for fractions with average grain
sizes of (1) 0.6 and (2) 1.7 mm.
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pressure difference of the impurity gases in front of
and behind the melt layer is the apparent velocity of
the combustion front. According to CCCM, the
increased pressure of impurity gases in a powder mix-
ture ahead of the reaction front (melt layer) slows the
rate of combustion. The increased pressure behind the
front accelerates it. We must therefore determine
whether the particles of the initial components have
time to warm up and release some of the impurity
gases ahead of the combustion front.

Let us assume that in the powder mixture, the par-
ticles of the initial components have time to warm up
ahead of the combustion front when two conditions
are met simultaneously. First, characteristic particle
size d must be less than the width of the zone of heat-
ing: L = a/Up, where Up is the experimental burn rate
of the powder mixture, and a is its thermal diffusivity:

(1)< .d L
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vo
Second, a particle’s time of thermal relaxation th =
d2/(4a1) (where a1 is the thermal diffusivity of the par-
ticle’s material) is less than its characteristic time spent
in the warming up zone of the combustion wave, t =
L/Up = a/(Up)2 [1]:

(2)

Table 1 shows the results from calculating th for Ti
particles of different sizes, along with L and t for mix-
tures I, II.

The values of maximum size distribution were
taken as the characteristic sizes d of Ti particles: d =
35 μm for fine and d = 120 μm for coarse titanium
(Fig. 3). The parameter values below were used in our
calculations: a = 10−6 m2/s [17], a1(Ti) = 8 × 10−6 m2/s
[18], a1(Si) = 5 × 10−5 m2/s [19]. For Si particles with
characteristic sizes of around 2 μm, the value of th =
2 × 10−8 s is orders of magnitude lower than that of
titanium, and heating conditions (1), (2) are met. The

<h .t t
l. 96  No. 5  2022
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Table 1. Periods th of Ti particles with characteristic sizes d
and L, along with t for powder mixtures I, II

Mixture d, μm th, ms Up, mm/s L, μm t, ms

I 35 38 21 48 2300
II 120 450 25 40 1600
IG from Si (if present) is therefore ahead of the com-
bustion front for both powder mixtures and should
have the same effect on the rate of propagation of the
combustion front inside them. However, the IG from
silicon particles is at the level of Ti + C samples after
thermal vacuum treatment [3], and thus has no appre-
ciable effect on the rate of front propagation.

Calculated results show that condition (2) is satis-
fied for the titanium powders used in our experiments.
Heating condition (1) is satisfied only for titanium
with d = 35 μm (mixture I). The IG from titanium is
thus in the zone of heating of the combustion wave as
powder mixture I burns and slows its propagation, in
contrast to mixture II with d = 120 μm. Burn rate Up of
the powder mixture is therefore lower for mixture I
than for mixture II (Fig. 6).

According to the widely used theory in [16], the
reduction of the particles of initial reagents should
raise the rate of combustion. Experimental results for
powder mixtures contradict the conclusions of the
work [16] but correspond to them for granular mix-
tures.

To explain why the rate of combustion rises for
mixture I and falls for mixture II upon transition from
powder to granular (Fig. 6), we must consider features
of combustion front propagation in granular systems.
A granulated mixture consists of individual cells (gran-
ules) that contain mixed reagents and are capable of
self-combustion, and the pore space between them
occupied by gas. It is because of the discreteness of
granular mixtures and the difference between the sizes
of granules and grains of the resulting product that sur-
face tension forces prevent the melt from flowing
beyond individual granules. The high gas permeability
of such a charge therefore does not change during
combustion. The rate of combustion of a granular
mixture is determined by both the rate of combustion
of individual granules and the rate of heat transfer
from granule to granule, which depends on the contact
area and the efficiency of conductive heat exchange
between granules. Since the granules are much larger
than the initial components used in our experiment,
the combustion of an individual granule can be con-
sidered similar to that of a powder mixture. However,
better conditions are created in the granule for remov-
ing IG from the combustion zone than with powder
filling, since the length of the filtration zone along a
granule to the porous space between granules is no
more than half its diameter. Combined with the high
gas permeability of the filling, this has a negligible IG
RUSSIAN JOURNAL O
effect on both the combustion of the granules them-
selves and the sample as a whole [8]. If there is no IG
in the zone of heating in the powder mixture, granula-
tion slows the burning of the sample, due to the stage
of combustion transfer from granule to granule. Such
conditions are created in mixture II with coarsely dis-
persed titanium. In contrast, granulation raises the
rate of combustion for a composition where impurity
gases are released in the zone of heating and have a
retarding effect. The combustion of powder mixture II
with finely dispersed titanium meets these conditions.

It was of independent interest to study the parame-
ters of combustion of physically isolated cells of a dis-
persed mixture (individual granules). The granules of
mixtures I and II kept their sizes during combustion
and did not sinter with one another, so we may assume
that heat is transferred between them mainly at the
points of contact between the granules and is deter-
mined by the conductive heat transfer mechanism
[20]. As in [21], we can calculate such characteristics
as rate  of combustion of the granule material and
time tig of combustion transfer from granule to granule.
A necessary condition for applying this approach is
meeting the inequality

(3)

where D is the size of the granule and h is the depth of
heating of the granule at the time of ignition;

(4)

where a is the thermal diffusivity of the granule,
10‒6 m2/s [17]; and

(5)

where tb is the time of the granule combustion, calcu-
lated from the experimental data. Using the experi-
mental rates of combustion (Fig. 6) and formulas (4),
(5) we obtain (upper estimate) that depth h of granule
heating grows from 0.14 to 0.24 mm for mixture I and
from 0.2 to 0.29 mm for mixture II when the size of
granules changes from 0.6 mm to 1.7 mm. Since h < D
for granules of all sizes, their heating up to the moment
of ignition can be described by the model of a semi-
infinite body. The time of the transfer of combustion
from one granule to another can therefore be consid-
ered equal for granules of different sizes.

In the conductive mode, the time tb of granule
combustion (5) in a filling of a large number of gran-
ules is equal to the sum of the time tcom of the combus-
tion of granule material and tig of the time of combus-
tion transfer from granule to granule:

(6)

Assuming that rate  of the combustion of the mix-
ture’s material is the same for granules of different
sizes, we can calculate  and tig.

vcom

< ,h D

= 1/2
b( ) ,h at

=b / ,t D U

= +b com ig.t t t

vcom

vcom
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After substituting (5) into formula (6) and replacing
tcom = D/ , we obtain an expression associating the
experimental value of the granular mixture rate of
combustion U in the conductive mode with 
and tig:

(7)

Substituting into (7) values D and U for two fractions
of granules, we obtain a system of two equations with
two unknowns, the solving of which yields values 
and tig. Substituting obtained values  and tig into
(7), we can calculate the burning rate of a mixture of
granules of a different size.

As noted above, the burning rate of the mixture I
did not depend on the size of the granules: U =
29 mm/s. We can see from expression (6) that the
burning rate for granules of different sizes is the same,
so long as tig  tcom. For granular mixture I, the veloc-
ity of front propagation is virtually equal to velocity
U =  of combustion of the granule material. Note
that  = 29 mm/s is notably higher than the rate of
combustion of the initial powder mixture, Up =
21 mm/s.

For mixture II, the solution to the equations
obtained from (7) when substituting the data for the
granule fractions with D = 0.6 and 1.7 mm yields tig =
0.0176 s,  = 25.2 mm/s. To confirm these data, we
use the obtained values of tig and  to calculate the
rate of combustion of the medium fraction with D =
1 mm. We obtain 18 mm/s, which is virtually the same
as the average experimental value U = 17.5 mm/s.
Similar calculations of the rates of combustion for
fractions with D = 0.6 and 1 mm yield tig = 0.0177 s and

 = 25.4 mm/s. The rate of combustion of a granu-
lar mixture with D = 1.7 mm calculated from these
data is U = 20 mm/s, which coincides with the average
value obtained in our experiments. We can see that the
values of  and tig, calculated from the experimental
data for different granules practically coincide. Note
that for mixture II,  = 25.3 mm/s virtually coin-
cides with rate of combustion Up = 25 mm/s of the ini-
tial powder mixture. Calculations confirm the correct-
ness of assuming the conductive mode of combustion
of granular mixture II for all given fractions of gran-
ules: the time of the granule ignition does not depend
on their size, and the rate of combustion of the granule
material is the same for all fractions.

According to our experimental results, period tcom
of the combustion of an individual granule rose from
0.021 to 0.051 s for mixture I and from 0.024 to 0.067 s
for mixture II when the size of granules was changed
from 0.6 to 1.7 mm. In contrast to granular Ti + C
mixtures [21], the period of combustion of the granule
material was longer than the maximum period

vcom

vcom

= + = +v v vcom com ig com ig com( )/ 1 / / 1 /( ).U t D t t

vcom

vcom

�

vcom

vcom

vcom

vcom

vcom

vcom

vcom
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tig ≈ 0.0177 of combustion transfer from granule to
granule for granules of all fractions.

CONCLUSIONS
Our study showed that the 5Ti + 3Si powder mix-

ture cannot be considered gasless, since only with the
convective–conductive model of combustion were we
able to explain the unusual (from the viewpoint of the
classical gas-freeless combustion theory [16]) depen-
dence of the rate of combustion on the sizes of the
component particles and the change in the burn rate
upon transition from powder to granular mixtures.
The criteria for the area of IG localization formulated
for the first time in this work allowed us to determine
whether the effect impurity gases have on the mode of
combustion of a powder mixture is significant, and
therefore to decide logically whether there is a need for
granulation of the initial powder mixture when scaling
the process of high-temperature synthesis.

1. The reason for the higher burning rate of the
5Ti–3Si powder mixture with coarse titanium powder
versus finely dispersed titanium powder was estab-
lished.

2. The rate of combustion of a granule’s material
and the time of combustion transfer from granule to
granule for mixtures with titanium of different frac-
tions were calculated using experimental data of com-
bustion rates.

3. The mechanism of changes in the rate of com-
bustion upon transition from powder to granular mix-
tures was explained from the viewpoint of the convec-
tive–conductive model of combustion.

4. Necessary and sufficient conditions for heating
the components of powder mixtures in the combustion
wave zone of heating were formulated and confirmed
experimentally for the first time.

5. It was found that the effect the size of a titanium
particle has on the rate of combustion for both powder
and granular mixtures is not related to the difference
between the phase compositions of condensed prod-
ucts and the completeness of the conversion of the ini-
tial reagents.
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