http://cpb.iphy.ac.cn
http://iopscience.iop.org/cpb

Chinese Physics B

Equation of state for aluminum in warm dense matter regime

Kun Wang(F#), Dong Zhang(ik#), Zong-Qian Shi(3£ %), Yuan-Jie Shi(fisi7), Tian-Hao Wang(F Ki#), Yue
Zhang (7K 1))

Citation:Chin. Phys. B . 2019, 28(1): 016401. doi: 10.1088/1674-1056/28/1/016401

Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Anomalous behavior and phase transformation of a -GaOOH nanocrystals under static
compression

Zhao Zhang(ik%l), Hang Cui(#fi), Da-Peng Yang(# ki), Jian Zhang(ik&!), Shun-Xi Tang(iz/IiEL), Si Wu(= &),
Qi-Liang Cui( R i)
Chin. Phys. B . 2017, 26(10): 106402. doi: 10.1088/1674-1056/26/10/106402

Correlation between electronic structure and energy band in Eu-doped CulnTe, semiconductor
compound with chalcopyrite structure

Tai Wang(E7%), Yong-Quan Guo(¥F7k k), Shuai Li(Z i)
Chin. Phys. B . 2017, 26(10): 103101. doi: 10.1088/1674-1056/26/10/103101

Structure phase transformation and equation of state of cerium metal under pressures up to 51
GPa

Ce Ma(%3%), Zuo-Yong Dou(5E{EH), Hong-Yang Zhu(fiikif), Guang-Yan Fu(f}) #), Xiao Tan(iX5), Bin Bai([H#),
Peng-Cheng Zhang(7ki5#%), Qi-Liang Cui(fERI )
Chin. Phys. B . 2016, 25(4): 046401. doi: 10.1088/1674-1056/25/4/046401

y-and a-Ce phase diagram: First-principle calculation

Lin Zhang(3K#k), Ying-Hua Li(Z=9¢4E), Xue-Mei Li(Z=Z 1), Zu-Gen Zhang(3k#H4R), Xiang-Ping Ye( 48, Ling-Cang
Cai(ZER %)
Chin. Phys. B . 2016, 25(3): 033102. d0i: 10.1088/1674-1056/25/3/033102

Subsolidus phase relation in the Bi,Os;—Fe>,0s—La,03 system

Hu Qi-Chang, Chen Ye-Qing, LU Pei-Wen, Huang Feng, Wang Xian
Chin. Phys. B . 2014, 23(2): 026402. d0i: 10.1088/1674-1056/23/2/026402


http://cpb.iphy.ac.cn/EN/abstract/abstract73348.shtml
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/abstract/abstract70807.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract70807.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract70734.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract70734.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract66929.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract66929.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract66714.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract57720.shtml

Chin. Phys. B Vol. 28, No. 1 (2019) 016401

Equation of state for aluminum in warm dense matter regime”

Kun Wang(FE3)"?, Dong Zhang(7K )", Zong-Qian Shi(3>=H6)> ", Yuan-Jie Shi(fi768%)>*,
Tian-Hao Wang(F K¥%)!, and Yue Zhang(5K [5])!

1 State Key Laboratory of Reliability and Intelligence of Electrical Equipment, Hebei University of Technology, Tianjin 300130, China

2Key Laboratory of Electromagnetic Field and Electrical Apparatus Reliability of Hebei Province, Hebei University of Technology, Tianjin 300130, China

3St.ate Key Laboratory of Electrical Insulation and Power Equipment, Xi’an Jiaotong University, Xi’an 710049, China

4'Institute of Electronic Engineering, China Academy of Engineering Physics, Mianyang 621999, China

(Received 27 July 2018; revised manuscript received 22 October 2018; published online 12 December 2018)

A semi-empirical equation of state model for aluminum in a warm dense matter regime is constructed. The equation
of state, which is subdivided into a cold term, thermal contributions of ions and electrons, covers a broad range of phase
diagram from solid state to plasma state. The cold term and thermal contribution of ions are from the Bushman-Lomonosov
model, in which several undetermined parameters are fitted based on equation of state theories and specific experimental
data. The Thomas—Fermi—Kirzhnits model is employed to estimate the thermal contribution of electrons. Some practical
modifications are introduced to the Thomas—Fermi—Kirzhnits model to improve the prediction of the equation of state
model. Theoretical calculation of thermodynamic parameters, including phase diagram, curves of isothermal compression
at ambient temperature, melting, and Hugoniot, are analyzed and compared with relevant experimental data and other

theoretical evaluations.
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1. Introduction

Warm dense matter, which demonstrates complicated
physics due to strong interactions between particles,!!! is en-
countered in many engineering applications and fundamental
research, such as cosmogony, inertial confined fusion, and Z-
pinch. As an intermediate state between cold condensed mat-
ter and hot plasmas, warm dense matter is characterized by
high densities as typical for condensed matter and tempera-
tures of several eV.[?! The equations of state (EOS) in solid
and ideal plasma states have already been established using
perturbation theory and statistical physics, respectively. How-
ever, those theories are not feasible to calculate the proper-
ties of warm dense matter, in which partial ionization, strong
correlations, and quantum effects are important, resulting in
immense challenges to describe the behavior of warm dense
matter accurately.[’]

EOS determines the fundamental thermodynamic prop-
erties of matter in hydrodynamic simulation. It is a crucial
tool in interpreting the experimental results of warm dense
matter.[*) The impressive progress in pulsed-power technol-
ogy and diagnostics of high spatiotemporal resolution gives a
great motivation in the investigation of warm dense matter."!
The advanced experimental methods, such as dynamic com-
pression using pulsed-power generator,!%! ablation with high-
intensity laser,!”! generate extensive data of pressure to verify
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the EOS model. Since the warm dense matter occupies a broad
range of phase diagram, a certain theory employed in EOS
computations in specific density—temperature plane is difficult
to cover the whole warm dense matter region. For instance, the
chemical equilibrium model, in which several significant non-
ideal effects are taken into consideration based on partially
ionized plasma model, is commonly adopted to describe the
thermodynamic properties for hot dense vapor and plasma.!®!
Generally, different theories should be applied to the corre-
sponding application range with special treatments in the tran-
sitional region to produce a global EOS table, such as the
most commonly used SESAME database.®) Much endeavor
has been devoted to improve the prediction of EOS model in
warm dense matter regime. Although the molecular dynamics
and quantum Monte Carlo approaches have been employed in
EOS computations,!!?) applying reasonable models in differ-
ent states to construct semi-empirical EOS model with cor-
rections of experimental data is still a popular method. Bush-
man et al. developed a generalized semi-empirical EOS model
for metals over a wide range of pressure and temperature.!!!!
Because it is easy to apply to different kinds of metallic mate-
rials with considerable accuracy, the multi-phase EOS model
is further developed by Lomonosov.['?! The semi-empirical
EOS model contains a number of adjusting parameters, which
are fitted by relevant experimental data. The Frankfurt equa-
tion of state, which is applied to study the dynamics of vol-
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umetrically heated matter passing through the liquid—vapor
metastable states, is developed based on the quotidian equation
of state (QEOS) scheme and, in principle, capable of generat-
ing EOS data for arbitrary materials as a function of density
and temperature.['3! Although much work has been devoted to
the EOS computations, the construction of EOS model of rel-
atively high accuracy in warm dense matter regime remains a
challenge.

In this paper, a semi-empirical EOS model for aluminum
in warm dense matter regime is established. The EOS model
consists of cold term, thermal contribution of ions, and ther-
mal contribution of electrons. The key parameters in cold term
and thermal contribution of ions are determined based on rele-
vant experimental data. The thermal contribution of electrons
is calculated by Thomas—Fermi—Kirzhnits model with some
practical modifications. The theoretical results derived from
the semi-empirical EOS model are compared with relevant ex-
perimental data and other theoretical calculations.

2. Equation of state model

The EOS model is subdivided into a cold term, thermal
contributions of ions and electrons. The cold term is merely a
function of density. The pressure P and internal energy E at a
given density p and temperature T are expressed as follows:

P(p,T)=F(p)+P (p,T)+P.(p,T), )
E(p,T)=E.(p)+Ei(p,T)+E.(p,T). )

The notations with subscripts of c, i, and e correspond to the
parameters of cold term, thermal contribution of ions, and ther-
mal contribution of electrons, respectively. Bushman!'!! and
Lomonosov!!?! established a generalized semi-empirical EOS
model for metals, accounting for solid, liquid, and gas states,
as well as phase transitions of melting and vaporization. In the
present work, the cold term and thermal contribution of ions
are further divided into solid and liquid states. The free en-
ergy F is selected as a fundamental thermodynamic potential,
because it is convenient to calculate the pressure and internal

energy. The cold term for solid phase is expressed as!'?!

Fp) =3 ¥, & (c 1), 3)
i=15 !
where compression ratio o, = Vo /V, specific volume V =
1/p, and Vy. is the specific volume at zero pressure. The vari-
ables a; are determined by the best fitting between the pressure
calculated by F? and the cold pressure of zero-temperature
Thomas—Fermi—Kirzhnits model in the region of high com-
pression ratio. The cold term for liquid phase in the com-
pressed region (o, > 1) is the same as Eq. (3), while the ex-
pression in the region of o, < 1 is!!?!
o o !

O,
Fcl(p):VOC <Acr;+Bcnc+Cclc> + Esub, 4)

where Eg,, is the sublimation energy. Ac, Bc, C., m, n, and
[ are also fitting parameters. The above parameters are es-
timated by the pressure, bulk compression modulus, and its
pressure derivatives at the condition of o, = 1. The free energy
at o. = 1 has a jump discontinuity, thus, a blending function
is designed in the neighborhood of o, = 1 for the cold term
in liquid state to ensure that the free energy is continuously
differentiable.!'*!

The thermal contribution of ions in solid state, Fis, is cal-
culated by high temperature approximations of Debye theory
asl11]

F*(p,T) =3RTIn (GT) , 5)

where R is the gas constant. 6% is an empirical relationship
representing the characteristic temperature

s—2/3) (B2+D? B
eszeéexp<(yo /;( S arctan (x : )) ;

s B2+ D (x+Dy)

(6)
where x = In(o) and o is the compression ratio. 6 is de-
termined by the normalization condition for entropy S = 0 at
normal conditions. The value of 7y, is the tabulated value of
Griineisen parameter at ambient conditions.'?! B and Dy are
found from the compression dependence of the Griineisen pa-
rameter with the shockwave and isentropic compression data
in solid state.[!?!

The thermal contribution of ions in liquid state Fil =
Fit B

temperatures''?) and ensures that the free energy is close to

Here Fit is the anharmonicity of ions at high

the asymptote of ideal gas in the high-temperature region

. _ 3RT oT, 6!
o)== ('+<o+oa><r+ra>>1“(T)’ @

1

where 0, and T, are the characteristic density and temperature
in the transition of the heat capacity from the lattice value to
that of an ideal atomic gas. ' is also an empirical relationship
representing the characteristic temperature in liquid phase.!'?!
F™ models the melting effect, expressed as

262 Tmo 3A 5/3
m m - m m _
FM(p,T) = SR[I =] (Cm+ < (om 1)

+ (B —Cm) T] ; ®)

where 0y, = 6/0mo, and G and Ty are the compression
ratio and melting temperature at standard pressure. Ap, Bm,
and Cy, are determined by the equilibrium conditions along the
melting curve. The pressure and energy for the cold term and
thermal contribution of ions can be calculated by the following
thermodynamic functions:

b (9 "
ci = oV T’
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E.—p (2% (10)
ci1— fca— 8T V-

In the present work, the model for the thermal contribu-
tion of electrons is identical in solid, liquid, gas, and plasma
states. The Thomas—Fermi—Kirzhnits model is applied to cal-
The Thomas—
Fermi model, which was initially developed to study the elec-

culate the thermal contribution of electrons.

tron distribution of multi-electron atom, exhibits good perfor-
mance for high Z (atomic number) elements. Since its ad-
vent, this model has been widely used in the EOS computa-
tions with advantages of clear physical picture and wide range
of application.!!3] The Thomas—Fermi model describes the be-
havior of electrons within an atom of Wigner—Seitz radius with
the distribution of electron density p(r) expressed as

)= % "
pinp)= h exp((pz/Zme—eU(r)—‘u) /kBT)—|—

17(11)

where p is the electron momentum, U (r) is the electron poten-
tial, m, is the electron mass,  is the electron chemical poten-
tial, kg is the Boltzmann constant, and / is the Planck constant.
The electron potential is related to the electron density through
Poisson’s equation

V2U (r) = 4mep (r). (12)

The second-order differential equation for the Thomas—
Fermi model can be derived from the above equations with the
parameter transformation of dimensionless potential @ (x) =
x(1+eU(r))/kgT and Fermi integral F;. The Thomas—Fermi
equation is expressed as

0" (x) = axFy (‘pff)) : (13)

where x = r/rg, ro is the average radius of an atom, and
a=ro(4me(2m¢)?*(kgT)"/* /h3/?). The boundary conditions
for the Thomas—Fermi equation in center and outer boundary
of an atom are ¢(0) = Ze?/kgTro and @(1) = ¢'(1), respec-
tively. The dimensionless potential can be achieved in an itera-

tive algorithm with the boundary conditions applied. The ther-
modynamic parameters can be calculated by the dimensionless

[16

potential @(x),!'®! for example, the pressure is expressed as

Pre = gﬁzﬁ/jﬁ/z(q’(l))- (14)

The Thomas—Fermi model, which yields a pressure of a
few GPa under normal density at low temperatures, is only
valid in the region of high compression ratio. In order to en-
large the application region of the Thomas—Fermi model, sev-
eral corrections have been proposed to reduce the pressure to a
reasonable level. Dirac introduced the electron exchange cor-

rection into the Thomas—Fermi model.!'” Later, the quantum

effect, which had been proven to be an additional predomi-
nating term, was taken into consideration.!'®! The Thomas—
Fermi model with quantum and exchange corrections is de-
noted as the Thomas—Fermi—Kirzhnits model.!"”! The pertur-
bation equations of exchange and quantum corrections for the
Thomas—Fermi model are respectively

o/ (x) —aF} , (‘p(x)) 01 (x) = 6axF ((”(x)) . as)

X

o4 -ari (1) o)

- ax<F{§2 <‘Pix)) +Fi ) (‘Pix)> F)s <(P;(CX))> (16)

The exchange and quantum corrections on the thermodynamic
parameters of the Thomas—Fermi model can be derived from
Egs. (15) and (16) with the boundary conditions ¢;(0) =0 and
0;(1) = ¢/(1) (i =1, 2). The pressure correction 8P is calcu-

lated by the following equation:?%!

i <F1/2 @) g1 (N +R2 (p(D) ], (9 (1)
4
FEp @) 2 (1)+6 [ F2 <5>d5>7 (7)

where b = (2m,)1/2¢? /3hky/ > T/,

The cold contributions of ions and electrons are included
in the cold term of the EOS model. Therefore, the thermal
contribution of electrons is estimated by the Thomas—Fermi—
Kirzhnits model with subtraction of the zero-temperature part.
The pressure generated by the Thomas—Fermi model is sub-
stantially reduced with the quantum and exchange corrections
taken into consideration. It is found in the construction pro-
cedure of the present EOS model that the correction value for
electrons is much larger than that predicted by the Thomas—
Fermi model in a certain region, resulting in a large nega-
tive pressure for the thermal contribution of electrons. The
negative pressure for electrons acts as a binding force in a
material, however, this effect has already been included in
the cold term. This factor may be responsible for the obvi-
ous deviation between the theoretical calculation based on the
Thomas—Fermi—Kirzhnits model and experimental measure-
ments. The Thomas—Fermi—Kirzhnits model is applicable in
the region where the exchange and quantum corrections are
no larger than the thermodynamic parameter of the Thomas—
Fermi model.[?!! This definition is adopted in the present EOS
model. The thermal pressure of electrons P, is calculated by
the following practical modification in the present work:

oP, 6P >0,
P, - Prg + Prp + (18)
0, Prg+6P <0.

The temperature—density boundary of Prg + 6P = 0 for alu-
minum (Z = 13) is shown in Fig. 1. The thermal pressure for
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electrons beyond the above applicable region of the Thomas—
Fermi—Kirzhnits model is set to zero.

T/eV
N,

Prp+6P>0 i

¥4 Prp+0P<0

Y
A Y

1072 10°
p/g-cm™?

Fig. 1. The temperature—density boundary of Prg + 8P = 0 for alu-
minum calculated from the Thomas—Fermi—Kirzhnits model.

The operator expansion of the electron distribution used
to evaluate the corrections in the Thomas—Fermi—Kirzhnits
model appears to be asymptotic near the normal density at
low temperature, yielding overcorrection to the pressure and
internal energy.!'”! This deficiency produces negative internal
energy for the thermal contribution of electrons at low temper-
atures. The negative internal energy is encountered in some
EOS models in certain density—temperature domain.!'32?]
Generally, a normalization treatment is designed to gener-
ate non-negative minimum internal energy and pressure under
normal conditions.>3 In the present work, the exchange and
quantum corrections are not included in the electronic internal
energy term to avoid negative total internal energy, making the
EOS model approximately correct in this region.

3. Theoretical results and comparison with ex-
perimental data

Semi-empirical model is an important approach to cal-
culate global EOS table for simulation of high energy den-
sity physics phenomena. The semi-empirical EOS model gen-
erates EOS data of different metal materials with relatively
high accuracy and less calculation by adjusting several unde-
termined parameters. The fitting parameters in Table 1 for alu-
minum are determined based on the method described in the
above section. In the construction process of the EOS model,
the temperature, density, pressure, and internal energy are in
units of kK, g/cm?, GPa, and kJ/g, respectively.

Abundant pressure data at ambient temperature have been
accumulated from a large number of isothermal compression
experiments. Those data provide good benchmark for the cold

term of EOS model in compressed solid state, because the ther-
mal contribution constitutes a very small proportion of the re-
sults in compressed solid state at ambient temperature. The
isothermal compression curve at ambient temperature calcu-
lated by this EOS model is presented in Fig. 2. The relevant
experimental datal>*-2%! and theoretical evaluation!?”] are also
plotted for reference. The cold pressure is slightly lower than
the pressure at room temperature. Generally, one can see from
Fig. 2 that the isothermal compression curve agrees well with
the experimental data, indicating that this EOS model gener-
ates reasonable predictions in the high-density region at low
temperatures.

Table 1. Fitting parameters in the EOS model.

Variable Value Variable  Value  Variable Value
Voe 0.3614 B. 40.96 Dy 0.36
aj 326.35 C. —28.05 [ 0.923
a —1035.4 m 8.0 Ta 30.0
az 851.51 n 4.99 Omo 0.923
ay —160.59 l 0.7 Tmo 0.933
as 11.17 65 0.1 Am 2.24
Egp 12.098 Yos 2.19 Bn —5.64
Ac —12.91 B, 0.6 Cn 0.21

400
Y Y% Ref. [24] )é
A Ref. [25] s
x Ref. [26] A
300 O Ref. [27] 1

+« cold pressure
compression curve

P/GPa
[\~}
S
S

100

3

p/gem”

Fig. 2. The comparison of isothermal compression curve at ambient
temperature with relevant experimental data and theoretical evaluation
in compressed solid state.

The material behavior in condensed state at relatively
high temperatures is one of the critical issues in EOS compu-
tations. The shock-compression experimental data is usually
applied to verify the applicability of an EOS model in the re-
gion of high pressure and high temperature. If the shockwave
propagates through a material, the thermodynamic parameter
difference between the initial stage and behind the shockwave

front is governed by the well-known Hugoniot relation!?®!

E—EO:;(P+P0)<1—1>, (19)

po P
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where Ey, Py, and pg are the internal energy, pressure, and den-
sity at the initial stage, respectively; and E, P, and p are the
corresponding parameters after the interaction of shockwave
front.

The relation between pressure and density (or com-
pression ratio) in Hugoniot curve can be calculated from
Eq. (19) combined with the EOS model. The comparison of
Hugoniot curve and relevant shock-compression experimen-
tal datal®33 and theoretical calculation!®*33 is shown in
Fig. 3. The Hugoniot curve is calculated up to the density of
10 g/cm?. It can be seen from Fig. 3 that the EOS predicts rel-
atively accurate pressure along the Hugoniot curve with com-
pression ratio ranging from 1 to 3.

103 }
£ 102
g 10
A
O Ref. [29] D Ref. [32]
O Ref. [30] & Ref. [33]
10t } % Ref. [31] X Ref. [35]
— — Ref. [34]
—— present work
100 = * :
1 2 3
o

Fig. 3. Comparison of Hugoniot curve calculated by present EOS
model with relevant shock-compression experimental data and theoret-
ical evaluations.

The metal material may experience severe phase transi-
tion from solid state to plasma state under the intense loading
dynamics in warm dense matter regime. For instance, the thin
aluminum wire is exploded into liquid, gas, and plasma states
with pulsed current flowing through the load. The phase dia-
gram is particularly important for analyzing the phase transi-
tion of the metallic target. The theoretical results of the phase
diagram for aluminum calculated by the EOS model are shown
in Fig. 4. The melting curve in Fig. 4(a) presents the depen-
dence of melting temperature on pressure. The melting den-
sity and temperature are determined by the equivalence of free
energy for solid and liquid states. It can be seen from the com-
parison between melting curve and experimental data!36-38) in
Fig. 4(a) that the calculated melting temperature in the region
of low pressure is slightly lower than the experimental data,
however, the relative error of the melting temperature is no
more than 10%. The melting curve matches the experimental
data very well in the relatively high-pressure region.

Figure 4(b) shows the pressure—density phase diagram
of aluminum, including the isothermals for pressure (solid

line), liquid—gas region (grey region with red dashed line for
liquid—gas coexistence curve), melting region (grey region
with boundary of red dotted line), critical point (red star),
and relevant molecular dynamic simulations (circle and cross

12,351 One can see from Fig. 4(b) that the isothermals

marks). !
for pressure are not monotonically increasing with density
below the critical temperature, therefore, the saturated vapor
pressure in liquid and gas phases at coexistence in the liquid—
gas region can be calculated through Maxwell equal area rule.
The branches for liquid and gas phases in coexistence curve

connect at the critical point.

(a)
4
3
X
<
5
2 .
—— melting curve
O Ref. [36]
O Ref. [37]
1 ¥¢  Ref. [38]
’ * 10 60 80 100
P/GPa
10° : .
(b) ¥ critical point
X Ref. [12]
102} ©© O Ref. [35]
10!
@
o
Q
& 100
Per =0.86 grem ™3
N P,=0.3 GPa
1 \
v N 375 kK [T 009 KK
R \\
\\\
102 ‘\I
1 2 3 4
P/g-cm*3

Fig. 4. The theoretical calculation of phase diagram and comparison
with relevant experimental data and theoretical evaluations: (a) melt-
ing curve at high pressures; (b) pressure—density phase diagram (solid
line: isothermals for pressure; R: liquid—gas region; M: melting region;
circle/cross: molecular dynamic simulations; red star: critical point).

The parameters at the critical point are of great interest
in many EOS computations. The critical density, temperature,
and pressure are 0.86 g/ cm?3, 5.091 kK, and 0.3 GPa, respec-
tively. A collection of estimated values of critical parameters
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for aluminum!?33%491 is presented in Table 2. The theoreti-
cal estimations for the critical parameters of aluminum from
various EOS models exhibit relatively large variations. The
critical temperature reported in many literatures ranges from
4.744 kK to 12.1 kK. The critical compressibility factor Z is
usually used to compare the deviation of those critical parame-
ters of different EOS models. The critical compressibility fac-
tor Z. = 0.222 in the present work is close to the results derived
by the soft-sphere model (Z, = 0.243) and grand-canonical
transition matrix Monte Carlo method (Z. = 0.249).[41]

Table 2. The collection of critical parameters for aluminum.

Tcr Pcr Per ZC Ref.
7.222 0.571 0.806 0.318 [11]
7917 0.467 0.660 0.290 [23]

4.744-8.550  0.172-0.586  0.400-0.690 [39]
5.726 0.182 0.424 0.243 [40]
8.742 0.509 0.785 0.249 [41]
5.091 0.300 0.860 0.222  this work

1.6 T

1
.i Il ’
/ g
1.4} P J
!-' 0.3 g/cm?
1
1.2} i f
1 1
] {
i 1
1.0 D" 'l’
& )
o | i
E 0.8 : 4 "l !
=7 S
0.6 H— O Ref. [42]
" O VASP (Ref. [42])
0.4r "= QEOS (Ref. [42]) ]
— Ref. [12]
0.2 this work ]
’ . — — without modification
10 20 30 40 50 60 70
E/kJ.g™!

Fig. 5. The pressure as a function of internal energy at densities of
0.1 g/cm® and 0.3 g/cm? derived by the present EOS model and com-
parison with isochore measurements and other theoretical models.

The pressure and internal energy variation of aluminum

at densities of 0.1 g/cm? and 0.3 g/cm® were measured us-
ing a homogeneous and thermally equilibrated plasma pro-
duced inside a closed vessel in the energy range 20-50 kJ/g by
Renaudin!' and the isochore measurements were frequently
used to verify the newly-established EOS models in warm
dense matter regime. The pressure as a function of internal en-
ergy at densities of 0.1 g/cm? and 0.3 g/cm? derived from the
present EOS model and comparison with experimental data
are shown in Fig. 5. The theoretical results from QEOS, VASP
calculated in Ref. [1] and results calculated by Lomonosov!!2!
are also plotted in Fig. 5 for reference. One can see from Fig. 5
that the results from the present EOS model fit the experimen-
tal measurements relatively better among the theoretical mod-

els. The blue dashed line presents the results without practi-
cal modification of Eq. (18) to the pressure of the Thomas—
Fermi—Kirzhnits model. The EOS model without pressure
modification accords with experimental data at the density of
0.1 g/cm?, while generates noticeably lower pressure than ex-
perimental measurements at the density of 0.3 g/cm®. The
value and variation trend in internal energy—pressure isochore
curve of 0.3 g/cm? is greatly improved with practical modifi-
cation made to the Thomas—Fermi—Kirzhnits model.

4. Conclusion

A semi-empirical EOS model for aluminum in warm
dense matter regime is constructed. The EOS model consists
of three terms, i.e., the cold term, thermal contributions of ions
and electrons. The Bush—-Lomonosov model is used to esti-
mate the cold term and thermal contribution of ions, while the
thermal contribution of electrons is calculated based on the
Thomas—Fermi—Kirzhnits model. The practical modifications
are introduced to the Thomas—Fermi—Kirzhnits model to im-
prove the prediction. The definition of applicable region of the
Thomas—Fermi—Kirzhnits model from the condition of small-
ness of the corrections in comparison with thermodynamic
parameter themselves is adopted to reshape the configuration
of pressure. The minimum pressure for the thermal contri-
bution of electrons is set to be zero artificially in the region
where pressure depression from exchange and quantum cor-

rections is larger than that derived from the Thomas—Fermi
model. The critical parameters predicted by the EOS model
are 0.86 g/cm3, 0.3 GPa, and 5.091 kK, respectively, giving a
critical compressibility factor of 0.222. The isothermal com-
pression curve, melting curve, and Hugoniot curve, as well as
phase diagram are analyzed and compared with relevant ex-
perimental data and theoretical evaluations. The dependence
of pressure on internal energy is verified by the isochore mea-
surements in the warm dense matter regime. Generally speak-
ing, the predictions of the EOS model are in relatively good
agreement with the experimental data. This EOS model will
be applied in the numerical investigation on the behavior of
metallic target under the intense action of pulsed current in the
future work, such as exploding wires and wire-array Z-pinch.
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