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Abstract. This article reviews the important aspects for create an ad-
equate mathematical model of the propagation of the flame front at the
SH-synthesis in the “mesocells” of heterogeneous powder mixture. In the
model takes into account the phase formation processes in accordance
with the phase diagram of the system components and in assumption
of staging of interphase chemical transformations (formation and decay)
according to the scheme of metal-chemical reactions. The chemical reac-
tion rate is determined by taking into account the function of the source
of the exothermic heat generation in chemical reaction and the solutions
of problems of the diffusion kinetics and balance ratios on the moving
interfacial borders in reactionary “mesocell”.
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1 Introduction

Basic researches allow to study the different aspects, related to the update of the
physicochemical and mathematical models for the various structural and phase
transformations in SH-synthesis of new materials. The results of such studies play
an important role in solving the problem of optimization of technological condi-
tions for SH-synthesis of materials that meet the set of required functional and
performance properties. For example, the intermetallic compounds, i.e. chem-
ical compounds of metals with each other, are formed in many systems. The
complexity their study is associated with the staging and with complex mech-
anism of formation and the structure of distribution of intermetallic phases in
the volume of the resulting material. Composition of the final reaction products
of SHS and therefore, the mechanism of component interaction are dependent
on many parameters: the initial temperature of the mixture and porosity, the
degree of dilution, the heat loss, dispersion of the reagents and their ratio, scale
parameter and etc. Metal-chemical analysis typically considers two main types
of interaction of metal elements: the formation of solid solutions of metals and
formation of intermetallic compounds, based on the diagram of the equilibrium



states of physicochemical system, depending on the chemical composition and
environmental conditions – temperature and pressure (external pressure has no
significant effect on the condensed state system where no gaseous phase). Mech-
anism of the “reaction diffusion” in solid-phase interaction in bimetallic compact
specimens fairly well studied [1]. Kinetics of the “reaction diffusion” of gasless
combustion in such systems (including its stationary) sufficiently obeying cer-
tain laws (linear, parabolic, cubic, exponential), which are expressed by relevant
“kinetic” functions. But not so good is the case in the study of solid-phase
chemical reactions in heterogeneous powder systems [1], particle size distribu-
tion and pore structure significantly affects on the kinetics of formation of the
“diffusion layers” on the borders of contacting particles. The thickness of the
diffusion layer interacting particles increases with time due to continuing of dif-
fusion process through the diffusion layer of the metal component that supports
solid phase chemical reaction (topochemical reaction in diffusion mode, [1]). The
variety of defects in the particle packing structure of SHS-sample does not pro-
vide isothermal interaction and stationary diffusion kinetics at the microlevel of
powder system of particles. Furthermore, in a heterogeneous mixture of powders
in result of reaction across the reaction space occurs significant heat generation
with nonuniform distribution on the contact surfaces of the particles, leading
to self-heating and ignition of heated layers with further propagation of the
combustion wave. Therefore to describe the diffusion kinetics in heterogeneous
powder mixtures (significantly different from the homogeneous kinetics), con-
sidering nonisothermality and unsteady diffusion interaction, on the micro-and
mesolevel instead of using the kinetic functions more appropriate is approach,
which should be based on the solution of the diffusion equations of the form,
that have identity with a heat equation [1].

For the simulation of chemical reactions of various compositions of the pow-
der mixture in long samples of small cross section can be used as in [2] – [7]
approach. In these studies, the initial heterogeneous composition is modeled as
periodic cellular structure, which is assumed homogeneous in the case of a ther-
mal process (temperature quickly aligned in the cell) and heterogeneous in the
case of a chemical process. Heat transfer process is modeled on a macro level,
taking into account the local dynamics of heat generation in each elementary
reaction cell (mesocell of the particulate mixture). At high-temperature phase
changes, in which occur the processes of growth and decay of the new phases, the
particles often have a shape close to spherical [7], i.e. diffusion flow is spherically
symmetric. Therefore, we understand under mesocells the averaged elements of
the heterogeneous structure in the form of powder mixture of face-centered cu-
bic (fcc) lattices, the centers of which are spherical particles of one kind and
surrounded by a layer of particles of another kind. We can assume that the final
mixture of particles as “mesoparticle” is shaped as an equivalent sphere with
a certain radius RS. Thus, the sample volume by means of the planes of fcc
symmetry divided into discrete mesocells. The mutual influence of neighboring
mesocells in which there is growth and decay of new phases in spherical mesopar-
ticles, reflected in the fact that the total diffusion flux through the boundary



of mesocells or through the plane of fcc symmetry equal zero. More precisely,
through the surface of the equivalent sphere of radius Rs the total diffusion flux
equal zero.

2 Mathematical formulation of the problem

For example, considering a mixture, in which the radii of the aluminum par-
ticles substantially smaller than the radii of nickel particles, and the number
of particles of aluminum significantly more number of nickel particles, we can
assume that the nickel particles are the centers of mesocells and local sources
of production of intermetallic phases, which are formed in layers around nickel
particles [4].

Assuming staging of chemical transformations (formation and decay) of inter-
mediate phases and scheme metal-chemical reactions corresponding to diagram
of phase states, reaction between aluminum and nickel begins upon reaching
the melting point of aluminum with instantaneous formation of the product
layer consisting of one or more layers of all sorts of equally intermetallic phases
simultaneously [4], forming a thin diffusion layer. Considering only regions of
single-phase intermediate products in the solid state and eliminating regions
of two-phase transient products, the distribution of nickel concentration in the
diffusion layer present itself as the function with discontinuity points at the in-
terfaces. Two-phase regions are excluded by the assumption of the smallness of
their linear dimensions [4].

Consequently, the mathematical formulation of the problem, taking into ac-
count the above stated and model representations, according to [4], [5], consists
of heat equation, diffusion equation and balance sheet ratios on the moving
interphase boundaries. Heat equation for long sample can be written as a one-
dimensional equation.
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The initial and boundary conditions for temperature:

T (x, 0) = T0 , T (0, t) = Tα ,
∂T (∞, t)

∂t
= 0 . (2)

In equation (1) introduced the following notation: t – temporary variable,
x – coordinate, c – specific heat of the mixture, ρ – the mixture density, T
– temperature, λ – thermal conductivity coefficient of the mixture, Q – heat
effect of reaction, Φ(T (x, t)) - the chemical reaction rate, T0 - initial value of
temperature, Tα - the ignition temperature of the sample on the border x = 0 .

To estimate the rate of a chemical reaction Φ(T (x, t)) , it is necessary at each
point previously to solve the problem of chemical reaction in the reaction cell.
Namely:
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ri(t) ≤ r ≤ ri+1(t) . (6)

In formulas (3) – (6), the index i denotes the order number of the phase
layer (i = 1 ÷ 6) in a reaction cell: 1 - Ni, 2 - ε(Ni3Al), 3 - δ(NiAl), 4 -
γ(Ni2Al3), 5 - β(NiAl3), 6 - Al. Indices A and B relate, respectively, to the
particles of nickel and aluminum. Value E(i) - the activation energy of a chemical
reaction for the i-th phase in the Arrhenius law (k0 - pre-exponential factor in

the required scale, R universal gas constant); E
(i)
d,A and E

(i)
d,B - values of the

activation energy of diffusion through layer of i-th phase for atoms, respectively,

Ni and Al; D
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the diffusion coefficients D
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(i)
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mass concentrations in i-th phase layer for atoms, respectively, Ni and Al. Radii
ri+1(t) and ri(t) represent, respectively, the initial and final radii of spherical
surfaces bounding the i-th phase layer.

To solve the equations (3) and (4) can use the balance sheet ratios on the
moving interphase boundaries [4]:
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A similar system of balance sheet ratios on the moving interphase bound-

aries for the concentration of aluminum C
(i)
B in the phase interlayers too can be

determined.

We can assume that over time the rate of phase formation is proportional
to change of its mass. Since the nickel particles are local centers of formation of



intermetallic compounds, then the rate of production or consumption of the i-th
phase can be written:

Ji = mNiρi
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)
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, i = 2÷ 5 . (12)

It should be noted that at the temperature between the melting points (TAl ≤
T ≤ Ti ) the reaction rate is positive (Ji > 0 – layer increases), and when T > Ti
– is negative (Ji < 0 - layer splits).

3 Approximate task solution

In conditions where the temperature is slowly increased over time or when it is
constant (the so-called diffusion annealing mixture), assumed to be valid a state
of local thermodynamic equilibrium temperature. The solution of equations (3)
– (11) in the unsteady problem definition with so many matching conditions
at the interfaces, moving with the times, it is extremely difficult. Therefore,
to obtain approximate solution use the method [4], which assumes that the
distribution of concentrations within each sub-layer is not very different from the

stationary: C
(i)
A = Ai/r+Bi. Constants Ai and Bi determined from the condition

that the function C
(i)
A (T ) equal to equilibrium concentration at the interfaces.

Substitution of the stationary solutions C
(i)
A = Ai/r +Bi in formulas (7) – (11)

give a system of ordinary differential equations which is solved numerically, for
example, by method of the Runge-Kutta of 4-th order accuracy [4]. I.e., the
solution of this system is the trajectories of interfaces (the functions ) which

allow to translate the concentrations C
(i)
A and C

(i)
B .

The chemical reaction rate Φ(T (x, t)) is defined as the average speed of a
chemical reaction in volume of the cell:
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The average speed of a chemical reaction depends on the temperature, used
in equation (1). Practical solution to the problem (1) – (13) is best done in
the traditional (for combustion theory) dimensionless variables and parameters
[5], taking into account the initial and boundary conditions using the effective
difference schemes.

4 Conclusions

Thus, developed and proved important aspects for creation an adequate mathe-
matical model of a propagation of the flame front in the SH-synthesis on the level
of mesocells of heterogeneous powder mixture. The model takes into account the
phase formation processes in accordance with the phase diagram of the system
components and in assumption of staging of interphase chemical transformations



(formation and decay) according to the scheme of metal-chemical reactions. The
chemical reaction rate is determined by taking into account the function of the
source of the exothermic heat generation in chemical reaction, the solutions of
problems the diffusion kinetics and balance ratios on the moving interfacial bor-
ders in reactionary “mesocell. This model will more accurately study the different
modes of propagation of the combustion front and more accurately define the
boundaries of the transition from one regime to another.
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