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Abstract
The model of the synthesis of a composite based on a Ni-Al system with refractory carbide (TiC) particles is suggested. The various multiscale processes
are considered in the model. The model takes into account an interaction of
mechanical and thermal processes. The change in the structure of the composite is considered in the two-level approach: an evaluation of the stress-strain
state of the system, calculation of thermal and concentration elds during
the synthesis are conducted at the macrolevel; the eective properties of the
composite are determined at the microlevel. The heat release from chemical reactions is determined by solving the problem of the reaction cell. The
algorithm for the numerical solution of the problem is proposed.

1 Introduction
Synthesis of composites in the combustion regime [1-3] or in the thermal explosion
mode [4-6] has attracted the attention of researchers [7-9]. The external electric and
magnetic elds, as well as various types of mechanical loading are usually used to
control the synthesis process. However, the exothermic synthesis process is poorly
controlled. Therefore, the predictions of the composition and properties of composites, depending on the conditions of synthesis, use mathematical modeling.
The present work represents the evolution of previous investigations [10-13]. In
this paper, we propose a model of the synthesis of a multiphase composite from a
mixture of metal powders (Ni and Al), including those with additives of refractory
inclusions such as titanium carbide TiC under heating conditions combined with
loading. Since a change in the structure of the reaction system is possible during
the synthesis process, and the macroscopic model is unable to describe the local
structural inhomogeneities of the reaction medium, in this work, in order to take
into account the inuence of the particle size of the reagents, their distribution,
formation of the reaction product layer at the particle level and their correlation
with the characteristics of the synthesis process is used the two-level approach. The
microstructural model of the reaction cell is considered at the microlevel (the level
of individual powder particles) to determine the eective properties of the composite
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and the heat release from chemical reactions. The methods of continuous medium
mechanics, the dynamics of multiphase media, the theory of structural macrokinetics
and thermodynamics are used at the macro level to determine the characteristics of
the solid-phase synthesis process (the eld of temperature, component concentration,
stress and deformation).

2 PROBLEM FORMULATION
A at layer of reagent that can be subjected to external thermal heating and mechanical loading is considered to describe the process of synthesis of composite material.
In the model we use the following assumptions:
- in the investigated sample a at layer of the regent of length L x , width Ly , thickness
Lz is considered. The conditions L z << Ly , Lz << Lx are satised, which allows
us to use the hypothesis of the plane-stressed state of the plate to estimate the
mechanical stresses arising in the system; i.e. σzz = 0 (rotations are also not taken
into account);
- in the energy equation we take into account the work of dissipative forces and
interaction of thermal and mechanical processes
- the properties of the composite are eective ones and the properties are calculated
based on the sintering theory and dynamics of multiphase media
-the heat release from chemical reactions is determined from the solution of the
problem of chemical reaction in the reaction cell.
- To take into account the melting of the components of the system, we use an
abrupt specic heat changing in the vicinity of the melting point

(cε ρ)S + Lm δ (T − Tm ) , T <= Tm
,
cε ρ =
(cε ρ)L + Lm δ (T − Tm ) , T > Tm
where subscripts  s and  L refer to the properties of the solid and liquid (molten)
material, respectively; T m is the melting point, L m is the heat of the phase transition,
and δ is the Dirac delta function.
The mathematical formulation of the problem includes the heat conduction equation
associated with deformations and containing two types of heat sources - due to a
chemical reaction and due to viscous dissipation.
n

X
dT
dεkk
dεij
+ cε ρ
= ∇ · λT ∇T +
Qi φi (η, T ) − 3K T αT
σij
dt
dt
dt
i=1

(1)

where cε , ρ and λT are the eective heat capacity, density and thermal conductivity
coecient, respectively; T is the temperature, x and y are spatial coordinates, εkk =
εxx + εyy + εzz is the rst invariant of strain tensor, αT is the thermal expansion
coecient, K is the isothermal bulk modulus, σij , εij are the components of stress
and strains tensors, η is the conversion level or the fraction of the reaction product,
Q is the heat of the total reaction, φi (η ,T ) is the chemical reaction rate,

∂...
+ V · ∇...
∂t

(2)
45

Proceedings of XLVI International Summer SchoolConference APM 2018
To determine the stressed-strain state of plane layer, we consider the problem of
the mechanical equilibrium of the plate in the approximation of generalized plane
stress state. Therefore, the problem involves the equilibrium equations, rheological
relations and boundary conditions corresponding [14].

∂σxx ∂σxy
+
= 0;
∂x
∂y

∂σyx ∂σyy
+
=0
∂x
∂y

(3)

We use the Cauchy equations [14]
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(4)

We assume that the stress tensor is the sum of the elastic and viscous components:

σij = σije + σijV .
We use the Duhamel-Neumann relations for "elastic" stresses

σije = 2µ · εij + δij [λεkk − Kω ] ,
where

"
ω = 3 αT (T − T0 ) +

n
X

#
αk ηk ,

k=1

n is the number of components involved in the reactions; αk are the coecients of
concentration expansion.
Elastic stress increments are linearly related to the increments of any deformations.
Viscous - linearly related to the rates of deformation. By analogy with the previous
one, for viscous stresses we have
"
!#
n
X
V
σij = 2µV · ε̇ij + δij λε̇kk − 3K αT Ṫ +
αk η̇k
,
k=1

where µV is the coecient of viscosity; δij is Kronecker symbol.
For the total reaction, we obtain the expression

σij = 2µεij + 2µv ε̇ij + δij [λεkk + λε̇kk − 3K {(αp − αr )η + (αp − αr )η̇}]

(5)

The boundary conditions correspond to the character layer loading (tension, compression, shear) and to the conditions of external heating.

t = 0 : T = T0 , σij = 0;

∂T
q 0 , t ≤ ti
x = 0 : −λ
=
α (T − T0 ) , t > ti
∂x
∂T
y=0:
= 0, y = Ly :
∂y
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εij = 0
, x = Lx :
∂T
= 0,
∂y

∂T
= 0;
∂x

(6)

The algorithm of numerical solution for thermo-viscoelastic model composite
material synthesis based on Ni-Al
where ti is the heat ux time; q 0 is the heat ow power; and α is the external heat
exchange coecient.
For the case of uniaxial extension, the boundary conditions have the form

x = 0, x = Lx : σxx = P, σyy = 0, σxy = 0;
y = 0, y = Ly : σxx = 0, σyy = 0, σxy = 0.x

(7)

For the case of uniaxial compression, the load was taken with a negative sign. For
the pure shear condition we have

x = 0, x = Lx : σxx = P1 , σyy = 0, σxy = 0
y = 0, y = Ly : σxx = 0, σyy = P2 , σxy = 0

(8)

where P1 = P ·cos(α), P2 = P ·sin(α), tg(α) = Lx /Ly .

Algorithm of numerical solution
The algorithm for the numerical solution of the problem under investigation was
as follows. For the numerical solution of the heat equation (1) nite-dierence
approximation using the four-point pattern and the splitting scheme by coordinates
were used. The nite-dierence scheme for (1) has the form
"
#
∨
T̃ij − T ij
1 λi+1j + λij T̃i+1j − T̃ij
λij + +λi−1j T̃ij − T̃i−1j
cij ρij
=
−
dt
dx
2
dx
2
dx
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λij + λij−1 Tij − Tij−1
cij ρij
=
−
+
dt
dy
2
dy
2
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n
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∨
∨
∨
∨
+ W − Uij +
Qi φ η ij , T ij
ij

(9)

i=1

where

∂εkk
∂εij
, U = 3K T αT
.
∂t
∂t
The parameters denoted by the symbol " ∨" are the values on the previous time
layer. Further, the resulting system of linear algebraic equations was solved by a
sweep method with initial and boundary conditions (6). The temperature value for
each k time layer (Tkij (x,y)) was used in kinetic equations and rheological relations.
To determine the kinetic function of φ(η ,T) and the total heat release from chemical
reactions, a special problem of chemical reaction is solved at the level of the representative volume (reaction cell). The method used to solve the system of dierential
equations in the model of the reaction cell is analogous to the solution method for
the energy equation presented above.
To nd the components of the stress tensor σij and deformation εij we use the
Cauchy equation and the deformation rate relations.
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Fig.1. Spatial distributions of the plate temperature (a) and component of strain
tensor (b) q 0 = 107 W/m2 , P = 1GP a

The relations (10) were substituted into the rheological relations (5) and the equilibrium equations (3).Then the dierential equations were replaced by dierence
equations, and the resulting system was solved by the relaxation method. In view of
the cumbersomeness, we not represent the founded expressions in the article. The
results of calculations based on the proposed algorithm for the viscoelastic Maxwell's
body and the case of pure shear are shown in Fig. 1.
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