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Summary. The results of numerical experiments on modeling thermodynamic parameters
such as value of pressure, compression and temperature for shock wave loading of pure silicon nitride Si3 N4 and mixtures based on it are presented. The model TEC (thermodynamic
equilibrium components) and its modification model TEC2 allow to describe thermodynamic
parameters of Si3 N4 with different value of porosity, in a wide range of pressure from 5 to
3000 GPa using model relation and the experimental data of Si3 N4 . The developed model is
used to take into account the Si3 N4 phase transition under shock-wave action. The results of
calculations are compared with the data obtained on the basis of experiments for pure Si3 N4
value of porosity 1 and 1.037; for mixture of Si3 N4 and periclase MgO value of porosity 1.12.
The value of pressure and compression for shock wave loading of nonporous mixture of aluminum nitride AlN and Si3 N4 are calculated.
1 INTRODUCTION
In this paper, thermodynamically equilibrium model TEC [1, 2] is adapted to shock wave
loading of a mixture of powders, including nitrides, when one or more components of the mixture undergo phase transformation. The researches of the behavior of porous mixtures of powder
materials under shock-wave loading are of interest for many problems of modern science and
technology [3–8]. Given the large variety of mixtures, it is desirable to use the equation of
state (EoS) only components of the mixture. The construction of EoSs have been carried out
for many years, but given the complexity and diversity of the materials, work in this direction
continues [9–17]. The developed models well describe the behavior of pure substances, but are
difficult to use in researching of mixtures. It is necessary to take into account the interaction
of components for researching shock-wave loading of mixtures. It is preferable to use a simple
equation in this case. The construction of simple EoSs is of particular interest in the modeling
of thermodynamic parameters of mixtures [18–25]. In the developed model, the fairly simple
EoS is used; it gives good correspondence to the experiment in wide range of pressures, both
for solid and porous pure materials.
Interest in the investigation of compressibility of such mixtures is associated as with the
possibility of creating materials that have the required properties and the properties of the materials themselves. The synthesis of materials, including multicomponent materials, under in2010 Mathematics Subject Classification: 74A15, 74J40, 76L05, 80A10, 82D20.
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tense shock-wave action is an effective way to create new functional and structural materials,
in particular different types of ceramics with desired properties on the basis of nitride mixtures.
The active researches of the properties and methods of obtaining such materials are carried
out [26–32]. Mixtures of different compositions, including Si3 N4 as a component, are considered in [33–36]. The researchers of Si3 N4 and mixtures based on it are the purpose of this work.
In phase transition region, thermodynamic characteristics of materials were determined from
the assumption that material in this region is a mixture of low-pressure phase and high-pressure
phase [37–40]. The results of modeling for this method with the phase transition are given in
[41–44] for nitrides and a number of other materials. The beginning of phase transition process
is determined by the condition that pressure reaches the critical value obtained on the basis of
experiments.
2 CALCULATION MODEL
The numerical simulation of thermodynamic parameters of shock-wave loading of both pure
materials and mixtures is based on the assumption that all components of the mixture, including
gas in pores, under shock-wave loading are in thermodynamic equilibrium model TEC [1, 2, 45,
46], it takes into account the interaction of components and uses the author’s EoS. The thermal
EoS for the condensed component with current density ρ and initial density ρ0 is as follows:
P(ρ , T ) = ρ0 c20 /n((ρ /ρ0)n − 1) + Γρ cV (T − T0 ).

(1)

Here c0 is the value of sound speed of under normal conditions, T0 is initial temperature, cV is
specific heat capacity in this case constant. The value n is determined by the derivative of the
volume elasticity modulus under initial conditions.
The function Γ reflects the contribution of the thermal components in the model [1,2,45,46].
The conditions of dynamic compatibility at the wave front are written: the mass-flow conservation conditions for each mixture component and the momentum and energy flux conservation
conditions for the mixture as a whole. The obtained equations together with EoS for each component are sufficient to find dependencies of type P(U ) or D(U ) (P, U , and D–pressure, mass
and wave velocities), which can be interpreted as shock adiabat of a multicomponent mixture [1, 2]. The model TEC for high-porous samples well describes experimental data up to
pressure value of 300 GPa [46].
The presence of experimental data on the dependence of heat capacity cP on temperature
allows to modify the equations that determine the state of the condensed component, increasing
the area of reliable description to 3000 GPa. The cold component of the pressure is described
also as well as in model TEC by the equation of Tait. Tait equation and its modified versions are
one of the most well known empirical state equations. The Tait equation of state for describing
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data on the density of sea water up to 50 MPa was originally published by Peter Guthrie Tait in
1888 [47]. The pressure form of the Tate equation of state is identical to that of the Murnaghan
equation of state. Thermal components of pressure and specific energy PT and ET are considered
in the following form:
1 + a1 τ
,
1 + a2 τ
1 + 2a2τ + (a1 − a2 + a1 a2 )τ 2
E(ρ , τ )T = F(τ ) − cV 0 T0 k
ln(ρ /ρ0),
(1 + a2τ )2


 



1
b1
1 + b2 τ
b1
−
1−
ln
F(τ ) = cV 0 T0 (τ − 1) λ −
.
b2
b2
b2
1 + b2
P(ρ , τ )T = cV 0 ρ T0 (τ − 1)k

(2)
(3)
(4)

In this case, τ = T /T0 is the relative temperature, cV 0 is specific heat capacity under initial
conditions Parameters are obtained according to the experimental data. For determining parameters k, a1 , and a2 , we can use function Γ. The values of λ , b1 , and b2 are determined from the
correspondence to experimental data for cP (T ). The model with this EoS is defined as model
TEC2 [48].
3 MODELING RESULTS
The results of modeling the thermodynamic parameters for Si3 N4 density ρ0 = 3.184 g/cm3
and ρ0 = 3.07 g/cm3 and the data obtained by experiments from [26, 28] are shown in figures 1
and 2. The beginning of the phase transition for silicon nitride is determined at pressure of
30 GPa. The calculations for the silicon nitride was considered transition phase β -Si3 N4 in
the high-density phase of c-Si3 N4 . The calculated lines and data obtained from the experiment
are shown in figure 2 with density shift for m = 1.037 (porosity m is ratio of density of solid
substance to the density of sample). It was shown earlier that the model describes the decrease
in the wave velocity with the growth of mass velocity [49] in the phase transition region, and the
temperature dependences of nitrides under shock wave loading [46]. The results allow modeling
of thermodynamic parameters of the mixture, which contains nitrides as components, using the
model parameters for pure nitrides [41].
Figure 3 illustrates the results obtained for nonporous mixture of AlN and Si3 N4 with equal
volume fractions and an initial density ρ0 = 3.335 g/cm3 . For comparison, the data obtained on
the basis of experiments for AlN and Si3 N4 are presented. It is assumed that the phase transition
of the components of the mixture begins under the same conditions as for pure substances. The
beginning of the phase transition for AlN is determined at pressure of 20 GPa, as well as for
Si3 N4 —at 30 GPa. The beginning of the phase transition is assumed in the pressure range 33–
36 GPa for a mixture of Si3 N4 and potassium bromide KBr in a ratio of 10/90 by weight in [50].
The phase transition from β -Si3 N4 tin c-Si3 N4 is discovered above 36 GPa [28].
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Figure 1: Shock adiabat of Si3 N4 . Calculation by model TEC at m = 1 (1) and 1.037 (2). Experimental data:
1—[28]; 2—[26].

Figure 2: Shock adiabats of Si3 N4 . Symbols are as in figure 1.
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Figure 3: Shock adiabats of AlN and Si3 N4 mixture. Experimental data: 1—AlN [26]; 2—Si3 N4 [28].

Figure 4: Shock adiabats in pressure–density coordinates for Si3 N4 and MgO mixture with m = 1.012 (1) and 1.25
(2). Experimental data [51].
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The parameters of mixtures of Si3 N4 with oxides were modeled, for which there were data
in [51]. Figure 4 shows the calculation of the mixture of Si3 N4 and periclase MgO. The mixture
with mass fractions Si3 N4 (95) MgO(5) and density ρ0 = 3.164 g/cm3 was modeled. The average
porosity value determined from [51] m = 1.012. For comparison, the calculation for a higher
value m = 1.25 is shown. The curve 2 for the mixture with m = 1.25 is above curve 1 with m =
1.012 before and after the phase transition region, which is typical for more porous materials.
The phase transition ends earlier for more porous material, so curve 2 is below curve 1 in the
phase transition region, taking into account the higher internal energy at the same density values.
The modeling of this mixture is of interest due to the fact that MgO has a high-pressure phase
transition [52]. The calculations are preferably performed on TEC2 for mixture with MgO.
4 CONCLUSIONS
Thus, the model allows calculating thermodynamic parameters of mixtures with nitrides under shock wave loading. The model parameters selected on basis of experimental data allow
reliably describing the thermodynamic characteristics of silicon nitride and mixtures based on
it. The assumption about thermodynamic equilibrium makes it possible to take into account the
interaction between components, which becomes essential especially in case of porous media.
The main objective of the research is achieved. The numerical experiments on modeling thermodynamic parameters for shock wave loading of pure Si3 N4 with value of porosity 1 and 1.037
and for two mixtures Si3 N4 with MgO and Si3 N4 with AlN are performed. This model makes it
possible to determine the compositions and ratios of the components of mixtures in order to obtain the specified characteristics under shock-wave loading of solid and porous heterogeneous
materials.
Acknowledgments: The paper is based on the proceedings of the XXXIV International Conference on Interaction of Intense Energy Fluxes with Matter, Elbrus, the Kabardino-Balkar Republic of the Russian Federation, March 1 to 6, 2019.
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