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Nomenclature

Cp heat capacity of product (general form)
(kJ/kg/K)

E activation energy (kJ/kg)
HR reactant heterogeneity (%)
Ko pre-exponential constant (s−1 for zero order

reaction)
Q heat of reaction (kJ/kg)
P porosity (%)
R gas constant (kJ/kg/K)
Ryieldj

reaction yield at node j (%)
T temperature (K)
To initial temperature (K)
X i,j molar fraction of component (species) i at

node j (%)
Xo

i original (homogeneous) molar fraction of
component (species) i (%)

z dimensional coordinate (m)
d diameter of the specimen (m)
fR( j) generated random number at node j
h surface heat transfer coefficient (J/m2/K/s)
t time (s)
ρ density (kg/m3)
κ thermal conductivity (general form)

(kJ/m/K/s)
η fraction reacted
�(T, η) reaction rate (1/s)

Heterogeneous distributions of reactants are common
when powders are mixed during micropyretic synthe-
sis and the conventional modeling treatments thus far
have only considered uniform systems. This composi-
tion heterogeneity directly influences the thermophys-
ical/chemical parameters of reactants, such as thermal
conductivity, heat capacity, and density. The variations
of these parameters caused by composition heterogene-
ity are thought to significantly change both the reaction
temperature and propagation velocity for micropyretic
synthesis, and thus affect the product quality. Therefore,
it is important to understand the influence of the com-
position heterogeneity on the micropyretic-synthesized
products. In this study, numerical simulation is used to
characterize the composition heterogeneity effect for
micropyretic synthesis of TiB2 compound.

During micropyretic synthesis, the energy equation
for transient heat conduction, including the source term,
containing the heat release due to the exothermic com-
bustion reaction is used to simulate the propagation of
the combustion front [1, 2]. This exothermic energy

propagates the combustion front across the specimen
to carry out material processing. This process can be
described by the energy equation expressed as [3–5]:

ρCp

(
∂T

∂t

)
= κ

(
∂T 2

∂2z

)
− 4h(T − To)

d
+ ρQ�(T, η)

(1)

Each symbol in the equation is explained in the nomen-
clature section. The reaction rate, �(T, η), in Equation 1
is given as:

�(T, η) = ∂η

∂t
= Ko(1 − η) exp

(
− E

RT

)
(2)

For the numerical calculation, a one-dimensional sam-
ple of 1 cm long was divided into 1201 nodes (regions)
to calculate the local temperature using an enthalpy-
temperature method coupled with the Guass Sidel iter-
ation procedure [3, 4].

Composition at each node was calculated from the
random number ( fR( j) at node j) and the assigned het-
erogeneity (HR) that determines the magnitude of the
variation. The sequence of the random numbers (−0.5–
+0.5) generated from the computation was repeatedly
used in the specimens with different composition het-
erogeneities to compare the magnitude of heterogene-
ity effect. For the TiB2 stoichiometric composition, ti-
tanium (Ti) composition was first determined from a
given Ti composition heterogeneity and boron (B) com-
position was further calculated. The compositions of
reactants before the beginning of the reaction can be
expressed as follows:

Ti molar fraction at node j : XTi,j = Xo
Ti(1 + HR · fR( j))

(3a)

B molar fraction at node j : XB,j = 1 − XTi,j (3b)

where −0.5 ≤ fR(j) ≤ +0.5 and j = 1, 2, . . . , 1201.
Titanium composition heterogeneity (HR) was taken
from 0 to 18% in this study. In order to assure the sum
of the compositions for all 1201 nodes equal to the stoi-
chiometric values, the calculated Ti and B compositions
of each node were adjusted so that the average values of
each composition are equal to the ideal homogeneous
values (Ti:B = 1:2, i.e., 1

n

∑n=1201
j=1 XTi,j = Xo

Ti =
33.33 at.% and 1

n

∑n=1201
j=1 XB,j = Xo

B = 66.67 at.%).
Table I shows the studied compositions with the diff-
erent Ti composition heterogeneities. After the molar
fractions of reactants were calculated, the reaction
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T ABL E I Ranges of variations for Ti + 2 B composition which cor-
responds to TiB2 stoichiometric composition with the different titanium
(Ti) composition heterogeneities

Range of variation
Titanium of 33.3 at.% Ti
composition composition Ti composition B composition
heterogeneity (%) (at.%) (at.%) (at.%)

0 0.00 33.33 66.67
2 0.67 33.00–33.67 67.00–66.33
4 1.33 32.67–34.00 67.33–66.00
6 2.00 32.33–34.33 67.67–65.67
8 2.67 32.00–34.67 68.00–65.33

10 3.33 31.67–35.00 68.33–65.00
12 4.00 31.33–35.33 68.67–64.67
14 4.67 31.00–35.67 69.00–64.33
16 5.33 30.67–36.00 69.33–64.00
18 6.00 30.33–36.33 69.67–63.67

T ABL E I I The thermophysical/chemical parameters for the reactants
and product at 300 K and liquid state [6].

Thermophysical/chemical parameters Ti B TiB2

Heat capacity (300 K) (J/(kgK)) 528 118 950
Heat capacity (liquid) (J/(kgK)) 700 2800 2055
Thermal conductivity (300 K) (J/(msK)) 21.6 27 25
Thermal conductivity (liquid) (J/(msK)) 11 15 13
Density (300 K) (kg/m3) 4500 2450 4400
Density (liquid) (kg/m3) 4110 2080 4100

T ABL E I I I The values of various parameters used in the numerical
calculation [7, 8].

Parameters TiB2

Combustion temperature (K) 3190
Activation energy (kJ/mole) 318 [7]
Exothermic heat (kJ/mole) 4214 [8]
Pre-exponential factor (1/s) 4 × 1010

Time step (s) 0.0005

yield at each node was further determined by:

Ryield,j = min

{
XTi,j

Xo
Ti

,
XB,j

Xo
B

}
(5)

The porosity and composition heterogeneity effects
of the reactants and product that influence the density
(ρ) and thermal conductivity (κ) profiles were also con-
sidered in the numerical calculation. The thermophys-
ical/chemical parameter values used in the computa-
tional calculation are shown in the Table II [6] and
Table III [7, 8]. In this study, the combustion tempera-
ture is defined as the highest reaction temperature dur-
ing micropyretic synthesis, and the propagation veloc-
ity is the velocity of the combustion front propagation.

Fig. 1 shows the distributions of the Ti and B com-
positions and the corresponding variations of thermal
conductivity, density, and reaction yield for Ti + 66.7
at.% B compositions with different Ti maximum com-
position heterogeneities. The percentages of the vari-
ations are used in Fig. 1 in order to clearly compare
the differences in the variations of the reactant param-
eters. The horizontal dash line in Fig. 1 gives the val-
ues for the ideal homogeneous specimen (0% composi-
tion heterogeneity). The black curve and the gray curve
denote 8 and 18% maximum Ti composition hetero-

Figure 1 The variations of (a) titanium (Ti) composition, (b) boron (B)
composition, (c) thermal conductivity (κ), (d) density, and (e) reaction
yield with the distance for the Ti + 2 B system with different Ti com-
position heterogeneities. The horizontal dash line, black curve, and gray
curve denote 0, 8, and 18% maximum Ti composition heterogeneities,
respectively. In the ideal homogeneous specimen (0% Ti composition
heterogeneity), Ti composition, B composition, density, and reaction
yield are 33.33 at.%, 66.67 at.%, 2.343 gm/cm3, and 100%, respectively.

geneities, respectively. For the compositions with 8 and
18% Ti composition heterogeneities, Ti compositions
are set to respectively vary within 8 and 18% whereas
B compositions are correspondingly calculated to vary
within 4 and 9%. However, it is found that the variation
of the thermophysical/chemical parameters, including
thermal conductivity and density, do not change in the
same scale with the variation of Ti or B composition
at each node. The variations of thermal conductivity
and density are noted to only vary within 0.4 and 2.0%,
for 8% maximum Ti composition heterogeneity. The
magnitudes of variations of the density and the thermal
conductivity are increased to 0.9 and 4.2% as the Ti
composition heterogeneity is further increased to 18%.
Due to the incomplete reaction caused by the compo-
sition heterogeneity, the reaction yields are decreased
as compared with the ideal homogeneous specimen, as
shown in Fig. 1e. A decrease in the reaction yield is ex-
pected to decrease the exothermic heat of the reaction,
thus reducing the reactivity of micropyretic reaction.

The variations of thermophysical/chemical param-
eters and reaction yield along the specimen further
change the propagation pattern, combustion tempera-
ture, and propagation velocity. Fig. 2 shows the tem-
perature profiles of combustion fronts at various times
along the TiB2 specimen for the 0, 8 and 18% maxi-
mum Ti composition heterogeneities, respectively. The
micropyretic reaction is ignited at the position 0 cm
and the combustion front starts to propagate from left to
right. Since the activation energy for Ti + 2 B micropy-
retic reaction is relatively higher than other micropy-
retic reactions, the combustion front of TiB2 system
has been found to propagate in a rather unstable man-
ner [9]. In such an unstable propagation, the tempera-
ture and propagation velocity of the combustion front
are periodically changed with the distance; as seen in

712



Figure 2 Time variation of the combustion front temperature for the
Ti + 2 B system described above. The interval time between two con-
secutive time steps (profiles) is 0.0005 s. The Ti maximum composition
heterogeneities in (a), (b), and (c) are 0, 8 and 18%, respectively. The
number 40 shown in the figure denotes the fortieth time step that is
equivalent to 0.02 s after ignition.

Fig. 2 the TiB2 combustion front oscillates periodically
in a succession of rapid and slow changes.

Fig. 2 also shows that an increase in the Ti com-
position heterogeneity decreases the average values of
the combustion temperature and propagation velocity.
It is found from Fig. 2 that the combustion front takes
0.02 s (40 time steps) to propagate ∼0.4 cm for the ideal
homogeneous specimen. For the specimen with 18%
Ti composition heterogeneity, the propagation velocity
is dramatically decreased and the combustion front is
noted to only propagate ∼0.25 cm in the same time
interval. Fig. 3 shows the average propagation veloc-
ity is initially slightly increased and then is decreased
with the Ti composition heterogeneity. There is almost
a plateau in the curve between 8 and 15%, which is
followed by a rapid fall in velocity with Ti composition
heterogeneity.

The range of temperature variation is also found to
increase with the Ti composition heterogeneity during
TiB2 oscillatory propagation. Fig. 2 also shows that the
variation of the temperature is within ∼1340 K (from
2740 to 4080 K) for the specimen with 0% Ti compo-
sition heterogeneity. The ranges of temperature oscil-
latory are further increased to ∼1500 and ∼1750 K,
respectively, as the Ti composition heterogeneities are

Figure 3 The average propagation velocity for the TiB2 micropyretic
reaction as a function of Ti composition heterogeneity.

Figure 4 Time variation of the instant propagation velocity of the TiB2

specimens. The Ti maximum composition heterogeneities in (a), (b) and
(c) are 0, 8 and 18%, respectively.

enhanced to 8 and 18%. In addition, the oscillatory fre-
quency of combustion front is also changed with the
composition heterogeneity. It is noted from Fig. 2a
that the combustion front oscillates at a constant of
400 s−1 between 0.15 and 0.45 cm for the ideal ho-
mogeneous specimen (0% composition heterogeneity).
On the other hand, when the heterogeneous specimens
are ignited, the combustion front oscillates irregularly
and oscillatory frequency decreases with the increasing
Ti composition heterogeneity.

Fig. 4 shows the variations of the instantaneous prop-
agation velocity with reaction time; the oscillatory fre-
quency is decreased as the Ti composition heterogene-
ity is increased. A similar phenomenon was also found
as the TiB2 diluent was added in the micropyretic syn-
thesis of TiB2 compound [9]. It has been reported that a
greater diluent content reduces the average propagation
velocity and oscillatory frequency, and increases the os-
cillatory amplitude [9]. The composition heterogeneity
is noted to have a similar effect.

This study investigates the Ti composition hetero-
geneity effect on micropyretic synthesis using a nu-
merical simulation. It has been shown that composi-
tion heterogeneity influences the reaction yield and the
thermophysical/chemical parameters, such as thermal
conductivity, heat capacity and density. Furthermore it
also changes the combustion temperature and propa-
gation velocity of the combustion front. An increase
in the composition heterogeneity decreases the average
values of combustion temperature and propagation ve-
locity, but also decreases the oscillatory frequency and
increases the oscillatory amplitude of the unstable TiB2
combustion front. Such an oscillatory phenomenon
has also been reported when the diluent is added in
the micropyretic synthesis of TiB2 compound. These
observations suggest that the effects caused by the
composition heterogeneity are similar those resulting
from the addition of TiB2 diluent during micropyretic
synthesis.
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