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This study describes a method of constructing a Mie-Gruneisen equation of state with a small number of free

parameters for nickel. It shows application of this equation of state for describing a behavior of the nickel-aluminum

mixture. Porous samples of nickel and the nickel-aluminum mixture are considered as simple thermodynamic-

equilibrium mixtures of a condensed substance and gas (air in the pores). Using a logarithmic dependence of the

Gruneisen coefficient on a density made it possible to extend a range of applicability of the equations of state into

a range of the lower densities. Hugoniot and Poisson adiabats for the nickel samples of various initial porosities

and the porous samples of the aluminum-nickel mixture, which are calculated by means of this equation, well agree

with experimental data. It is concluded that the proposed equation of state of nickel can be applied for describing

the material behavior (including in the mixture with aluminum) under shock compression (not higher than 1TPa)
and isentropic expansion.
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Introduction

Demands of modern production require from science

to solve problems of dynamic compaction, shock-wave

synthesis of new materials and other explosive technologies.

The mixtures differ by a large variety of the compositions

and initial densities, whence it is required to construct a

simple model of the equation of state, which takes into

account the composition of and contributions by mixture

components The study [1–11] describes some models of a

various complexity degree for describing thermodynamics

of the materials in a wide range of variation of pressures

and densities in high-speed collision of bodies.

Nickel is a widely used material in metal doping, which

characterizes its demand in industry. Information about

nickel properties and its influence as a dopant on properties

of alloys and mixtures is summarized in the study [12].
Describing the thermodynamic behavior of the mixtures and

alloys requires equations of state.

The present study is aimed at determining parameters

of the simple equation of state of nickel and constructing

the equation of state of a mixture of several components

as exemplified by the nickel-aluminum mixture at high

pressures.

The thermodynamic properties of nickel are described

by the studies [13–20], which have developed multi-phase

equations of state taking into account three aggregate

states of matter (solid, liquid and gaseous) and analyzed

thermodynamic properties of metals that list nickel. The

present study has constructed the equation of state of nickel

based on the previously proposed model [21,22], which

differs from [13–20] by simplicity and a small number of

free parameters, but has a less broad applicability range

up to pressures of at most 1 TPa. It is demonstrated

that this equation of state can be used when describing

thermodynamic properties of the nickel-aluminum mixture

(for which the similar equation of state is constructed in

the recent study [22]) under shock compression. The

present study neglects transformation of a face-centered

cubic (FCC) phase into a body-centered cubic (BCC) phase,
which is discussed in theoretical studies [23–26], but not

detected in shock-wave experiments.

1. Mathematical model of the equation
of state

Many studies are dedicated to a task of selecting the equa-

tion of state for the condensed substance when describing

shock-wave loading (for example, [1–11,13–22,27–30]). It

is noted in these studies that the problem of theoretical

calculation of the equation of state of the substance in

the wide range of pressures and temperatures by statistics

physics is extremely difficult. Therefore, we deal with

simplified models that reflect only basic features of a phe-

nomenon or process, thereby limiting the applicability range

of the obtained equations of state. Among these approaches

outstands a method of constructing semi-empirical models,

which consists of pre-defining functional dependences of

the thermodynamic parameters and using experimental
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data for determining numerical values of coefficients. An

applicability criterion of the equation of state is adequate

description of a set of experimental data. Provided that

the form (Mie-Gruneisen form) of pre-defining the equation

of state of each component is the same, the study [31]
proposes a method of constructing the equation of state of

the N-component mixture. The paper [32] has substantiated
application of the Mie-Gruneisen equation of state for air.

It is noted in the study [4,33] that when describing

the behavior of the samples subjected to shock-wave

compression, the Gruneisen coefficient can be described by

the formula γ = γ0r−l (where r = ρ/ρ0, ρ is a density;

ρ0 — a density under normal conditions; l = const, l > 0).
In [34] is shown that when calculating the shock adiabats

for highly-porous materials using this dependence for the

Gruneisen coefficient results in its increase with growth

of intensity of the shock wave. This is due to the fact

that a final density of the shock-compressed sample turns

out to be less than the normal density (r−1 = ρ0/ρ > 1).
The paper [21] has shown on the example of copper

that use of an exponential function of the Gruneisen

coefficient on the density with the exponent l > 0 for

describing the highly-porous material does not agree with

the experimental data. The paper [34] proposes to pre-define

the dependence of the Gruneisen coefficient on the density

with the formula γ = γ0r l (where l = const, l > 0) when

describing the highly-porous substances and has compared

results of calculations and experimental data for the samples

of copper, iron and nickel with porosities exceeding 7.2.

In the paper [35], for the equation of state of several

metals, including nickel, the Gruneisen coefficient is repre-

sented by an expression that can be easily reduced a form

Ŵ(T ) = Ŵ∞ + f (T ), where

f (T ) =
Ŵ0 − Ŵ∞

1 + βT
,

Ŵ0, Ŵ∞, β — free parameters, T — an absolute temper-

ature. The paper [36] uses the following combination of

approaches [34,35] for the equation of state of copper

when describing the Gruneisen coefficient: a multiplier

r−α(1 + βT0) is put in front of a summand f (T ) in the

expression for the Gruneisen coefficient, where T0 is a

normal temperature. At the same time, in the compression

region, the free parameter α is considered to be positive and

in the tension region it is substituted with a negative free

parameter δ . As a result, in the paper [36] the Gruneisen

coefficient is pre-defined by a piecewise function

Ŵ(V, T ) = Ŵ∞ + r−α(1 + βT0) f (T ),

if r > 1 (α > 0) and

Ŵ(V, T ) = Ŵ∞ + r−δ(1 + βT0) f (T ),

if r < 1 (δ < 0). The Gruneisen coefficient pre-defined by

these expressions is a continuous function of the volume, but

a kink appears in the point r = 1. Consequently, a volume

derivative of the Gruneisen coefficient is broken when r = 1

:
(

∂Ŵ

∂V

)

T

∣

∣

∣

∣

r→1,r>1
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(

∂Ŵ

∂V

)
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∣

∣

∣
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,

since
(

∂Ŵ

∂V

)

T

∣

∣

∣

∣

r→1,r>1

= αρ0(1 + βT0) f (T ),

(

∂Ŵ

∂V

)

T

∣

∣

∣

∣

r→1,r<1

= δρ0(1 + βT0) f (T ).

Therefore, pressure is also a continuous function, but the

volume derivative of pressure is broken in the point r = 1.

The paper [34] also pre-defines the Gruneisen function with

a piecewise function. But since it studied the behavior of

the heavily-porous materials, for which the sample densities

did not exceed ρ0 in a loading region, a derivative break

in the point r = 1 (ρ = ρ0), which is outside a region of

consideration, did not affect the calculation results.

It is understood that using analytical functions, in partic-

ular, for describing the dependence of the Gruneisen coef-

ficient on the density [11,28,37–42], excludes breaks in the

thermodynamic parameters. The logarithmic dependence

of a Gruneisen coefficient model on the density, which is

proposed in the study [21]

γ = γ0r− ln r (1)

makes it possible to avoid a case of the volume derivative of

pressure, since in this case pressure is a smooth function of

their variables. The dependence (1) extends the applicability
region of the Gruneisen coefficient into low densities

and makes it possible to adequately reflect an anomalous

behavior of the shock adiabats when the heavily-porous

samples are loaded. Since a logarithm sign depends on a

value of the argument, when r < 1 the exponent becomes

negative and the values of γ decrease when intensity of the

shock wave increases.

In the present study the porous N-component mixture is

considered as a heterogeneous medium, whose pores are

filled with air. The porosity (m) is understood as a ratio of

the normal density of a monolith (ρT0) to the initial density

of the porous sample (ρ00). Excluded from consideration in

the present study are effects related to thermal excitation of

an electron subsystem, melting evaporation and ionization.

High pressures occurring when strong shock waves propa-

gate make it possible to neglect strength-related effects and

use conditions of a phase pressure equality as conditions of

joint motion [43]. At this, when the effects of relative motion

of the components are insignificant and the mixture is in

thermodynamic equilibrium, the following conditions are

met P i = P , Ti = T , ui = u (where P i , Ti , ui — pressure,

temperature and mass speed of the component i ; P, T, u is

pressure, temperature and mass speed of the mixture as a

whole). Then, motion of this medium can be described as

motion of a single continuum with a special equation of

state which takes into account properties of the mixture

components and their mass fractions, thereby resulting
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in significant reduction of the number of the equations.

Within a framework of such a method of mixture, it is

assumed that the equations of state of the components in

the medium are the same as in a free state. For simple

mixtures which do not form bonds in an atomic scale,

the paper [43] describes the principles of constructing the

model of interacting and interpenetrating continuums. The

method of describing the mixture by a single continuum has

been previously considered, for example, in the studies [43–
45]. Within the framework of this method of describing a

mixture of continuums in thermodynamic equilibrium, the

studies [21,34] describe explain a method of constructing

the equation of state of an equilibrium N-component

mixture and specify ratios for calculating parameters of

the equation of state of the mixture A, n, ρ0, γ0, cV0 via

parameters and mass portions (x i ) of the components.

It is noted in the study [1] that when describing the shock-

wave phenomena a behavior of the condensed substances

can be simulated by the Mie-Gruneisen equation of state,

which represents pressure P as a sum of summands

describing cold compression (PX) and a temperature de-

pendence (PT ):
P = PX + PT . (2)

The present study represents the summands of full

pressure (2) with the following expressions

PX = A⌊rn − 1⌋ − γrρ0cV0T0, (3)

PT = γrρ0cV0T. (4)

Here r = ρ/ρ0; ρ0 is a parameter of the equation of state

(in case of the condensed substance it is its density under

the normal conditions; A, n are constants that characterize

the substance; γ is the Gruneisen coefficient; cV0 is specific

heat capacity at the constant volume (cV0 is assumed to be

constant in the present study); T0 = 293K. The parameters

n and A are interrelated by a relationship

A =
c2
0ρ0

n
,

where c0 is a volume speed of sound under the normal

conditions. In this case, the equation of state (2) is written

as

P = A⌊rn − 1⌋ + γ0ρ0r
1−ln r cV0(T − T0).

Internal energy is also represented as a sum of two

summands:

E = EX + ET , (5)

where EX and ET is an elastic and a thermal part of the

internal energy, respectively.

EX =
A

(n − 1)ρ0
[rn−1 − 1] +

A

ρ0
[r−1 − 1]

− γ0cV0T0

√
π

2
erf(ln r) − cV0T0, (6)

ET = cV0T. (7)

Here we use an error function

erf(x) =
2√
π

x
∫

0

exp(−t2)dt,

for which the study [37] provides an approximation expres-

sion that makes it possible to calculate its values with quite

high accuracy.

As in some other known studies (for example, [47–49]),
the previous studies of the author [21,31,32,34,46] did not

focus on the fact that thermodynamic consistency of the

equations (2) and (5) requires to select formulas for the

summands in (2) and (5) so that they satisfy the main

thermodynamic identity [1]; the summand γρcV0T0 shall be

added to the cold part of pressure.

The study [21] uses only one free parameter (γ0) for

describing the thermal part of pressure by means of (1) and
just two free parameters (n and γ0) for the entire model of

the equation of state.

When calculating for copper, the study [21] pre-defined

that γ0 = 2 for the expression (1). The equation of

state with such a Gruneisen coefficient well described the

behavior of the materials with low (below 3) and high

porosity (above 5.4, when the shock adiabats exhibit an

anomalous progress, in which the samples in the shock

wave are compressed to densities that are the less the higher

pressure, in a certain range of pressures). The present

study describes selection of the value of γ0, which makes it

possible to described the whole spectrum of porosities.

When using the expression (1), with the compression

ratios ρ/ρT0 of about 3 the value of the Gruneisen

coefficient becomes less than a commonly-accepted value

of 2/3. In order to decelerate a rate of decreasing of

the Gruneisen coefficient, another parameter α can be

introduced to describe it:

γ = γ0r−α ln r . (8)

The method described in the study [21] was used for

the equation of state of the mixture as written in (2)−(4),
whose Gruneisen coefficient is pre-defined as (8), to obtain

relationships for calculating parameters of the equation of

state of the mixture via the respective parameters and mass

portions of the components:

n =
S1S3

S2
2

− 1, A = kAmax −
nS2

S1

,

ρ0 =
1

S1

(

A

P + kAmax

)1/n

, α =
1

ln(ρ0S1)

(

S1S5

S2S4

− 1

)

,

γ0 =
nS4

cV0

(ρ0S1)
α ln(ρ0S1), cV0 =

N
∑

i=1

x i cV0i, (9)

where

S1 =
N

∑

i=1

Ri , S2 =
N

∑

i=1

Ri

kAmax − Ai

ni

,
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S3 =

N
∑

i=1

Ri(ni + 1)

(

kAmax − Ai

ni

)2

,

S4 =
N

∑

i=1

R
−αi ln R i

i

ρ0i cV0iγ0i

ni

,

S5 =

n
∑

i=1

R
−αi ln R i

i

ρ0i cV0iγ0i

ni

kAmax − Ai

ni

(1 + αi lnRi),

Ri =
x i

ρ0i

(

Ai

P + kAmax

)1/ni

.

Here Ai , ni , ρ0i , γ0i , αi , cV0i are parameters of the

equations of state (the compression coefficient, the com-

pression index, the normal density, the constant pa-

rameters of the Gruneisen coefficient, the specific heat

capacity at the constant volume) of the component i ;

Amax = max{A1, . . . , AN}. It is shown in the study [34] that
when the value k = 2 a convergence condition is fulfilled

when obtaining the relationships (9). These relationships

are obtained provided that the equations of state of the

components are pre-defined in the same form. In this case,

instead of (6) the expression for the elastic part of energy is

written as

EX =
A

(n − 1)ρ0
[rn−1 − 1] +

A

ρ0
[r−1 − 1]

− γ0cV0T0

√
π

2
√
α
erf(

√
α ln r) − cV0T0. (10)

Thus, we have constructed the simple small-parameter

model of the equation of state of the thermodynamic-

equilibrium N-component mixture (2)−(5), (7)−(10).
The parameters of the equation of state for the mixture,

which are obtained by means of the relationships (9),
depend on a current value of pressure P . It is shown in

the study [46] for the case when α = 1 that the equation

of state of the mixture with parameters obtained using the

relationships (9) when P = 0 (under the normal conditions)
adequately describes the behavior of the mixture both

when loading and unloading. Results of the calculations

performed with the constant values of the parameters of

the equation of state of the mixture make almost no

difference from results of the calculations performed with

parameters depending on current pressure. The present

study’s calculations are performed with constant values of

the parameters of the equation of state of the mixture,

which are calculated when P = 0. Description of shock-

wave loading of the porous samples of nickel and the porous

samples of the nickel-aluminum mixture requires to obtain

the two free parameters (n and γ0) for the equation of state

of nickel. The parameter α was not selected in the present

study. This parameter can be selected due to availability of

experimental data under high-intense loading of the samples.

The calculated shock adiabats and unloading isentropes for

the two pre-defined values of α were compared with the

experimental data.

It is noted in the study [1] that zero values can be

taken as a start of counting of pressure and internal energy

when calculating the behavior of solid bodies under high

pressures. The Hugoniot equations for the initially still

medium when the pressure in the unperturbed medium is

zero are as follows

ρ00D = ρ(D − u), P = ρ00Du, E − E0 =
P

2

(

1

ρ00
− 1

ρ

)

,

(11)

where ρ00, E0 is the density and specific internal energy of

the mixture upstream of a shock-wave front, respectively;

u, P, ρ, E are a mass speed, pressure, density and specific

internal energy of the medium downstream of the shock-

wave front; D is a speed of the shock-wave front. Supple-

menting the relationships (11) with the equations of state

of the medium (2)−(5), (7), (8), (10) and formulas for

calculating the mixture parameters (9) results in a system

of equations for unknown u, D, E, P, ρ. By defining the

value of the mass speed of the medium downstream of the

shock-wave front, it is possible to determine values of all

the desired magnitudes.

Values of the parameters, which were used when calcu-

lating shock-wave compression and isentropic unloading of

the samples, are given in Table (for aluminum, the values

of the constants are taken from the study [22], so for air are

they from the study [32]).

2. Calculation results and comparison
with the experiment

Section 2 describes a method of selecting the parame-

ters n and γ0 for the equation of state of nickel based on the

model of the mixture [21,22] and the Gruneisen coefficient

in the form of (8) in order to describe the behavior of

this metal and its mixture with aluminum under shock

compression and isentropic unloading. Besides, the second

parameter is used (α 6= 1; the studies [21,22] considered

only an option when α = 1) for describing the Gruneisen

coefficient. When selecting γ0, one should take into account

that the influence of this parameter is most pronounced

when describing almost vertical adiabats in the coordinates

”
compression ratio — pressure“. In this case, the value

of r = ρ/ρ0 is close to unity and a contribution by the

cold component PX to pressure is almost zero. Available

experimental data are taken for nickel to select the adiabats

for the samples with porosities m = 2.305, 2.706, 3.0. It is

clear by results in Fig. 1 that the adiabats calculated with the

value γ0 = 1.55 deviate to the right from the experimental

dots [50] and when calculated with the value γ0 = 1.75 they

deviate to the left therefrom. The study selects the only

value of γ0, which will be used for calculating the shock

adiabats for the samples with all the values of porosities.

Therefore, the value γ0 = 1.63 is selected, at which the

calculated shock adiabats marked with unprimed digits

agree with the experimental data [50] both for m = 2.305

and m = 2.706.
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Parameters of the equation of state of nickel, aluminum and air

Substance ρ0i , kg/m
3 c0i , km/s ni cV0i , kJ/(kg ·K) γ0i αi

Nickel 8875 4.65 4.1 0.442 1.63 1

Nickel 8875 4.65 3.70 0.442 1.63 0.5

Aluminium 2712 5.33 3.46 0.8975 1.65 1

Air 1.3 0.343 2.20 0.718 0.16 1

0.92 0.96
0

200

400

ρ/ρ
T0

P
, 
G

P
a

0.88 1.00

2

2'

2''

1 1'1''

3– 4

– 5

– 6

– 7

Figure 1. Pressure (P) as a function of the compres-

sion ratio (ρ/ρT0) on the shock adiabats of nickel for initial

porosities m = 2.305 (1, 1′, 1′′), 2.706 (2, 2′, 2′′) and 3.0 (3);
γ0 = 1.63 (1, 2 ), 1.55 (1′, 2′), 1.75 (1′′, 2′′), and 1.1 (3); the

experimental data: 4 — m = 2.305 [50]; 5 — m = 2.706 [50];
6 — m = 3.0 [50]; 7 — m = 3.0 [51]; ρT0 = 8.875 g/cm3 .

In order to refine the value of γ0 for porosity m = 3, the

expression for the shock adiabat is provided as obtained

from the third equation of the system (11):

P =
(h − 1)PX − 2ρ(EX − E0)

h − ρ/ρ00
, h =

2

γ
+ 1. (12)

It is clear that the behavior of almost vertically arranged

points [50,51] for m = 3 can be described by the expres-

sion (12) if a fraction denominator is close to zero. Taking

into account that when m = 3, ρ ≈ ρT0, m = ρT0/ρ00, we

obtain that the value of γ0 is close to unity. The value

of γ0, which is 1.1, is assumed to be a special solution.

Hereinafter, the value of γ0 is assumed to be 1.63 for all

porosities except for m = 3. The parameters of the equation

of state, which are calculated by the formulas (9), depend
on mass concentrations of the components and current

pressure. As a result, the initial values of the parameter

ρ0 (when P = 0) for the mixture of the condensed and the

gaseous substance are shifted to the left with an increase of

porosity, which is visibly observed in Fig. 1.

Fig. 2, a shows graphs of a dependence of the Gruneisen

coefficient on the compression ratio, which is pre-defined

by the formula (8), when the values of the parameter α = 1

and 0.5 on the shock adiabat of the initially solid samples

of nickel. Since when α = 0.5 a portion of the thermal

component in pressure (PT ) increases, then, accordingly,

a portion of elastic pressure (PX) decreases. This fact is

taken into account by pre-defining the compression index n.

In Fig. 2, a, a limit right value of the compression ratio,

which is 7.45 (ρ/ρT0 = 7.45), is obtained for α = 1 when

the pressure values P ≈ 192.9 TPa and for α = 0.5 when

P ≈ 268.4 TPa.

Fig. 2, b, c, 3, 4 shows results of calculations of the shock

adiabats and unloading isentropes when α = 1 and 0.5. The

calculated adiabats for the solid samples, which are calcu-

lated with the values of the parameters of the equation of

state with α = 1 and 0.5, and the experimental data [50–57]
are compared in Fig. 2, b, c in the coordinates u−D and

ρ/ρT0−P , respectively. A divergence of the calculated

curves increases with an increase of intensity of the shock

wave. It is compared to show that up to the mass speeds

u ≈ 8 km/s, the compression ratios of about 2 and pressures

of 1 TPa both the curves are almost identical to each other

and well agree with the experimental data [50–57].

The calculated and experimental [50,58,59] shock adia-

bats for the various-porosity samples of nickel are compared

in Fig. 3, a in the coordinates u−D and in Fig. 3, b in the

coordinates ρ/ρT0−P . The curves calculated by means

of the proposed equation of state with the Gruneisen

coefficient pre-defined by the relationship (8) well agree

with the experimental data [50,58,59].

The study [60] has proposed two potentials of a

submerged-atom model for the FCC and BCC phases of

nickel; detected parameters of these potentials by properties

of a metal on the isobar and the shock adiabat; calculated a

nickel melting line and specified coordinates of a melting

area on the shock adiabat for solid nickel: for pres-

sure 275.8−297.6 GPa, for the temperature 4422−4499K;

compared with data of the other authors, which are

different from those of the study [60] (see references in

the study [60]). Under shock-wave loading of the porous

samples, the temperatures are higher, the higher porosity

and melting in the porous samples starts at pressures

below 275.8 GPa. Ranges of variation of pressures and

temperatures when melting are insignificant as compared

to achieved values of these magnitudes. It is shown in the

study [61] that a substance melting effect in the shock wave

Technical Physics, 2026, Vol. 71, No. 1
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ρ/ρT0

Figure 2. Shock adiabats of the initially solid samples of nickel when α = 1 (the black lines) and 0.5 (the light-blue lines): a — the

dependences of the Gruneisen coefficient (γ) on the compression ratio (ρ/ρT0); b — the wave speed (D) as a function of the mass

speed (u); c — pressure (P) as a function of the compression ratio (ρ/ρT0). The experimental data: 1 — [52]; 2 — [53]; 3 — [51]; 4 —
[54]; 5 — [55]; 6 — [56]; 7 — [57]; 8 — [50].

is hardly noticeable on the shock adiabats for the aluminum

samples of the various initial density. It is assumed in the

present study that for the other substances, including for

nickel, taking into account melting makes neither influence

on the form of the shock adiabat in the coordinates specified

in Fig. 2, b, c and 3. The calculated and experimental shock-

wave data for the solid and porous nickel samples up to

pressures of 1 TPa are compared in Fig. 2, b, c (for the solid

samples) and Fig. 3 to conclude that the proposed equation

of state of nickel can be applied within the said range of

pressures.

The unloading isentropes shown in Fig. 4 in the co-

ordinates u−P show good coincidence of results of the

calculations and the experimental data [62] except for the

points when pressure P < 0.1GPa, i.e. in the area of the

liquid−vapor phase transition that is not taken into account

in the represented simple model.

Assuming that the experimental date are exact, for the

small values of r (0.945 < r < 1.371) the study [63] divides

a compression space downstream of the shock-wave front

into subintervals of the width 1r = 0.04 and from an

experimental database [64,65] it selects data related to these

narrow intervals. Assuming that the Gruneisen coefficient

γ = V (∂P/∂E)V , coefficients of a slope (∂P/∂E)V of the

curves (that are plotted by the experimental data for

porosities 1 ≤ m ≤ 3 in the coordinates 1E−P), where

1E is an energy jump, P is shock-wave pressure, are

used to estimate the Gruneisen coefficient in the shock

wave. According to the set of data in these ranges of

porosities and compressions in the study [63], the Gruneisen
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Figure 3. Shock adiabats of the various-porosity samples of nickel when α = 1 (the black lines) and 0.5 (the light-blue lines) as well

as according to the model [34] (the green lines): a — the wave speed (D) as a function of the mass speed (u); b — pressure (P) as

a function of the compression ratio (ρ/ρT0). The curves include the values of porosities and values of the shift of the wave speed and
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7.215 [50]; 7 — 10 [58]; 8 — 15 [58]; 9 — 15 [59].
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Figure 4. Pressure (P) as a function of the mass speed (u) on

the shock adiabat (the solid line) and unloading isentropes (the
dashed lines) of the shock-compressed samples of nickel of initial

porosity m = 2.305 when α = 1 (the black lines) and 0.5 (the
light-blue lines). Experimental data: 3 — [62]. In the point 1 —
u = 2.91 km/s, P = 59GPa, in the point 2 — u = 3.78 km/s,

P = 99.4GPa.

coefficient varies within the range 1.64 > γ > 0.97 and it

varies within 1.64 > γ > 0.6 according to the molecular-

dynamic results [66]. The results of the calculations [63]

noticeably differ from those in the study [66] and with a

growth of porosity the divergence increases.

Fig. 5 shows dependences of the Gruneisen coefficient,

which are obtained herein for the respective ranges of

compression and porosity. According to an estimate of

the study [63], for porosities below 1.744, the Gruneisen

coefficient varies within the range 1.61 ≥ γ ≥ 0.91, while

in Fig. 5 it varies within the range 1.65 > γ > 1.45

when α = 1 and within the range 1.65 > γ > 1.55 when

r

1.45

1.55

1.65
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Figure 5. Calculated dependences of the Gruneisen coefficient

on the compression ratio in the shock wave for α = 1 (the black

symbols) and 0.5 (the red symbols).
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wave speed (D) as a function of the mass speed (u) (1, 2 — the experimental data [67]); b — the speed of sound (Cvs ) as a function

of the mass speed (u) (1, 2 — the experimental data [68]); c — pressure (P) as a function of the density (ρ) (1, 2 — the experimental

data [67]).

α = 0.5. For porosities m ≥ 2, according to the esti-

mate of the study [63] 1.6 > γ > 0.97, while herein for

porosity m = 2 the Gruneisen coefficient varies within the

range 1.66 > γ > 1.63 when α = 1 and within the range

1.66 > γ > 1.64 when α = 0.5.

The studies [67,68] have experimentally studied shock

compressibility of a mixture of micro- and nano-dispersed

powders of aluminum (the mass fraction xAl = 0.315) and

nickel (the mass fraction xNi = 0.685) and measured the

speed of sound downstream of the shock-wave front in

order to determine whether a reaction with formation of

nickel aluminide can proceed. The obtained experimental

data and the results obtained using the proposed equation

of state of the mixture are compared in Fig. 6. The

parameters when α = 1 were used for the equation of state

of nickel. In the studies [67,68], the initial densities of

powder-pressed samples were assumed to have the values

3.75−3.92 g/cm3. Fig. 6 shows the calculated shock adiabats

for the Al(0.315)Ni(0.685) mixture. Fig. 6, c also shows the

shock adiabats for the nickel and aluminum samples with

porosity m = 1.35, which corresponds to initial porosity

of the samples of the aluminum-nickel mixture in the

experiment [67,68].

The graphs in Fig. 6, a, c show good agreement of the

calculated curves and the experimental data [67]. The

differences in Fig. 6, b are due to melting of the samples in

the tests [68]. It is noted in the study [68] that the micro- and

nano-dispersed nickel samples start melting when P = 30
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and at 37GPa they turn out to be totally melt; while

the aluminum samples start melting when P = 47 and at

60GPa they turn out to be totally melt. This is the difference

between the calculated results of the author (the phase

transitions are not taken into account) and the data [67,68].

Conclusion

Nickel is exemplified to show the method of selecting the

parameters for the Mie-Gruneisen small-parameter equation

of state, which reliably describes the behavior of the solid

and porous samples of nickel and the nickel-aluminum

mixture under shock compression and isentropic unloading.

The new expression (8) for the Gruneisen coefficient (with

the additional parameter α) makes it possible to extend the

application range of the previously proposed model to the

parameters that are achieved when loading the samples of

high values of initial porosity (up to m ≈ 15). The results of

comparing the calculated and experimental shock adiabats

for the nickel sample of various initial porosities show

good description of the behavior of nickel (including in the

mixture with aluminum) in the shock waves of intensity

of at most 1 TPa within the framework of the proposed

equation of state (with the selected parameters n and γ).
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