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Summary. The results of numerical experiments upon modeling thermodynamic parameters

such as value of pressure and compression of germanium and its alloys with gold are pre-

sented. The calculations were performed using the model TEC (thermodynamic equilibrium

components). The model allows us to take into account the phase transition of germanium un-

der shock-wave action. The interest in investigating of the compressibility for such materials

is related both to the possibility of creating materials with the necessary properties and to the

properties of the materials themselves. The results of calculations are compared with the known

experimental results of different authors. The value of pressure and compression for shock wave

loading of pure germanium and alloys with germanium as a component of various compositions

are calculated.

1 INTRODUCTION

The researches of shock loading on heterogeneous materials are of interest for many prob-

lems of modern science, which causes the emergence of new models for describing the ther-

modynamic parameters of mixtures, alloys and composites [1–4]. It is preferable to use a fairly

simple model of the equation of state given a large number of components with different proper-

ties. The construction of equations of state has been carried out for many years, while taking into

account the complexity and diversity of the materials studied, the problem of creating simple

equations of state with a small number of parameters is relevant [5–13]. Modern approaches to

the choice of equations of state of a condensed medium are given in [14]. A significant change

in the volume in the phase transition region of the components that make up the mixtures makes

it possible to expand the range of changes in the thermodynamic parameters of mixtures under

shock-wave loading.

The interest in researching the compressibility of alloys that include germanium as a compo-

nent is related to its properties, in particular, the presence of a phase transition under shock-wave
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action [15, 16]. The alloys containing germanium [17] and materials including germanium in

their composition are being investigated [18].

2 CALCULATION MODEL

The thermodynamically equilibrium model of shock-wave loading, taking into account the

presence of gas in the pores, was used to describe the thermodynamic parameters of alloys

and mixtures under shock-wave action [19–21]. The model is based on the assumption that

all components of the mixture, including the gas in the pores, have equal values of velocities,

pressures and temperatures. The equations of state of Mie–Grüneisen type are used to describe

the behavior of condensed phases. The equations are written out:

P(ρ ,T ) = PC(ρ)+PT (ρ ,T ), E(ρ ,T ) = EC(ρ)+ET (T ), (1)

PT (ρ ,T ) = ΓρET (T ), ET (T ) = cV (T −T0). (2)

Here PC and EC are potential components of the pressure and specific energy; PT and ET are

thermal components; cV is the specific heat capacity; T0 is the initial temperature; The initial

energy E0 of the substance under normal conditions is neglected, taking into account the range

of pressure values greater than 5 GPa for this model. cV is assumed to be a constant value, by

analogy with [22]. The function Γ = PTV/ET that determines the contribution of the thermal

component depends explicitly only on the temperature Γ(T ) in the model [19–21]. Therefore,

the thermal and caloric forms of the equation of state for a condensed component with current

density ρ and initial density ρ0 are as follows:

P(ρ ,T ) = A
[

(ρ/ρ0)
k −1

]

+ΓρcV (T −T0), (3)

E(ρ ,T ) = A/ρ0

[

1/(k−1)(ρ/ρ0)
k−1 +ρ0/ρ − k/(k−1)

]

+ET . (4)

The ideal gas equation of state is taken for a gas. The conditions of conservation of the mass

flux for each component of the material and the conditions of conservation of momentum and

energy fluxes for the media considered as a whole are written at the wave front. The obtained

equations, together with the equations of state of each component, are sufficient to find depen-

dences P(U) or D(U) (P, U , and D are pressure, mass and wave velocities; A, k are coefficients

in the equations of state of condensed component). The following expression can be obtained

for a material with n condensed components (µi0 is the volume fraction of i-th condensed com-

ponent):

P =
∑n

i=1
µi0

σi
Ai

[(

hi −
ki+1
ki−1

)

σ ki

i + 2kiσi

ki−1
−hi −1

]

∑n
i=1

µi0

σi
hi +

hg

σg
(1−∑n

i=1 µi0)−1
. (5)
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Figure 1: The shock adiabat of germanium: solid line corresponds to calculations taking into account the phase

transition, dash-dotted line for low pressure phase, dotted line for high pressure phase; markers—experimental

data (1—[24]; 2—[15]; 3—[17]; 4—[25]).

Here hi = 2/Γi+1, i = 1, . . . ,n; hg = 2/(γ −1)+1; σi = ρi/ρi0, σg = ρg/ρg0 are the compres-

sion ratios of the corresponding component, µi0 are the volume fraction, ρi0, ρi are the density

of the i-th phase of the substance ahead of the shock wave front and behind it, respectively

(i = 1, . . . ,n, and g); γ = 1.41 (ratio of specific heats). By adding to equation (5) relationships

that follow from the equations of state of components and expressing equality in temperatures

of all components, we finally have equations which allow us to construct the shock adiabat of

investigated material. In the case of calculation for solid material, we assume that ∑n
i=1 µi0 = 1.

The phase transition of components under shock-wave action is taken into account in this

model. Germanium is considered as the mixture of low-pressure phase and high-pressure phase

in the phase transition region. The conditions of dynamic compatibility are written on the shock

wave front taking into account the phase transition [23].

3 MODELING RESULTS

The results of modeling for germanium and the data from experiments [15, 17, 24, 25] are

shown in figure 1 in the variables pressure–mass velocity, in figure 2 in the variables wave-mass

velocities. As noted in [26], the transition pressure of germanium depends on how close the ap-
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Figure 2: The shock adiabat of germanium: the notation is similar to figure 1.

plied pressure is to the hydrostatic pressure and on the presence of shear stress components. The

phase transformation of germanium I–II was determined at pressure about 9 GPa with a volume

decrease of 19%. This transition was investigated at shear stresses and high pressures [27–36].

The coefficients of the equation of state (3) and (4) for germanium I (low-pressure phase) are

as follows: ρ0 = 5.328 g/cm3, A = 17.25 GPa, k = 4.0, cV = 375 J/(kg K); for germanium II

(high-pressure phase): ρ0 = 6.572 g/cm3, A = 18.5 GPa, k = 4.0, cV = 375 J/(kg K). The begin-

ning of the phase transition for germanium in the calculations according to the author’s model

is also assumed at a pressure value of 9 GPa. The curve break at 30 GPa corresponds to the end

of the phase transition. A reliable description of the available data is obtained. There is a lot of

work on the definition of phase transitions in germanium at the moment. However, the presence

of drop-down points confirms the need for further work in this direction.

The parameters that made it possible to reliably describe the thermodynamic parameters of

germanium in a wide range of pressure and compression values made it possible to describe the

shock wave loading of gold and germanium alloys with experimental accuracy. It is necessary

to know only the composition and density of the alloy to describe its dynamic loading. The fol-

lowing parameters are determined for gold with a density of ρ0 = 19.302 g/cm3, A = 47.9 GPa,

k = 4.0, cV = 277 J/(kg K).
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Figure 3: The shock adiabats of gold–germanium alloys: curves correspond to the present calculations for ρ0 =
16.851 (1), 16.111 (2) and 15.536 g/cm3 (3); markers—experimental data (4, 5, 6—[37]).

The simulation results and available experimental data are shown in figure 3. For three al-

loys of gold in combination with germanium with mass fractions wt % Au(94.2)Ge (5.8), re-

spectively, ρ0 = 16.851 g/cm3; Au(92.1)Ge(7.9), ρ0 = 16.111 g/cm3; Au(90.7)Ge (9.3), ρ0 =

15.536 g/cm3 [37]. For clarity, the calculations and data are shown with a pressure shift of

50 GPa. It is assumed that the phase transition of germanium in the alloy begins under the same

conditions as for pure germanium. Due to the fact that the calculation was carried out for alloys

with low porosity, the assumed pressure values for the beginning of the phase transition can be

considered justified. This assumption was confirmed in the calculations of mixtures with two

components experiencing a phase transition [38].

It can be concluded that the proposed scheme for describing thermodynamic parameters un-

der dynamic loads allows us to describe the behavior of pure germanium and materials with it as

a component. The calculations correspond well to the data of experiments for germanium-gold

alloys. The deviation of the calculated points from the experimental data is probably due, in par-

ticular, to the influence of other phase transitions for germanium. Only the phase transformation

of germanium I–II was considered in this paper.
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4 CONCLUSIONS

Thus, the model allows calculating thermodynamic parameters of germanium and alloys with

germanium as a component under shock wave loading. The Mie–Grüneisen equation of state,

together with the condition of thermodynamic equilibrium of the mixture components under

shock-wave loading, gives a closed system of equations that determines the parameters under

dynamic loads. The assumption of thermodynamic equilibrium allows us to take into account

the interaction of components with each other, which becomes essential when using materials

experiencing a phase transition at high dynamic loads. The simulation results show that it is

possible to determine the thermodynamic parameters of heterogeneous materials taking into

account the phase transition of its components under shock-wave loading.

Acknowledgments: The paper is based on the proceedings of the XXXVI International Con-

ference on Interaction of Intense Energy Fluxes with Matter, Elbrus, the Kabardino-Balkar Re-

public of the Russian Federation, March 1 to 6, 2021.
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