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ABSTRACT
The compression curves for NaCl have been calculated using Birch-Murnaghan, Vinet,
Misra-Goyal, Bardeen, Brennan-Stacey and the modified Lennard-Jones equations of state.
The curves result from these equations of state have been compared with the results
calculated from other theoretical methods based on Kumar equation. The variation of V/Vo
with T at different pressures are calculated using Kumar equation to show the effect of P
and T at the same time on V/Vo. The compression curves resulted from the used equations of
state and Kumar equation at room temperature are plotted together with the experimental
data of NaCl for the sake of comparison.
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ﺩﺭﺍﺴﺔ ﻨﻅﺭﻴﺔ ﻟﻤﻨﺤﻨﻴﺎﺕ ﺍﻻﻨﻀﻐﺎﻁ ﻟﻜﻠﻭﺭﻴﺩ ﺍﻟﺼﻭﺩﻴﻭﻡ
ﺍﻟﻤﻠﺨﺹ
ﺘﻡ ﻓﻲ ﻫﺫﺍ ﺍﻟﺒﺤﺙ ﺤﺴﺎﺏ ﻤﻨﺤﻨﻴﺎﺕ ﺍﻻﻨﻀﻐﺎﻁ ﻟﻜﻠﻭﺭﻴﺩ ﺍﻟﺼﻭﺩﻴﻭﻡ ﺒﺎﺴـﺘﺨﺩﺍﻡ ﻤﻌـﺎﺩﻻﺕ ﺤﺎﻟـﺔ ﻤﺨﺘﻠﻔـﺔ
 ﻭﺘﻤﺕ ﻤﻘﺎﺭﻨﺔ.( ﺠﻭﻨﺱ ﺍﻟﻤﺤﻭﺭﺓ- ﺴﺘﺎﺴﻲ ﻭﻟﻴﻨﺎﺭﺩ- ﺒﺭﻴﻨﺎﻥ، ﺒﺎﺭﺩﻴﻥ، ﻓﻴﻨﺕ، ﻜﻭﻴﺎل- ﻤﻴﺴﺭﺍ، ﻤﺭﻨﻜﻬﺎﻥ-)ﺒﺭﺥ
ـﻠﺔ ﻤﻥ ﻤﻌﺎﺩﻻﺕ ﺍﻟﺤﺎﻟﺔ ﺃﻋﻼﻩ ﻤﻊ ﻨﺘﺎﺌﺞ ﺘﻡ ﺤﺴﺎﺒﻬﺎ ﺒﻁﺭﻴﻘﺔ ﻨﻅﺭﻴﺔ ﺃﺨﺭﻯ ﻤﺴـﺘﻨﺩﺓ ﺇﻟﻰ ﻤﻌﺎﺩﻟـﺔﺍﻟﻨﺘﺎﺌﺞ ﺍﻟﻤﺤﺼ

 ﻋﻨﺩ ﻀﻐﻭﻁ ﻤﺨﺘﻠﻔﺔ ﺒﺎﺴـﺘﺨﺩﺍﻡ ﻤﻌﺎﺩﻟـﺔ ﻜﻭﻤـﺎﺭT ( ﻤﻊ ﺩﺭﺠﺔ ﺍﻟﺤﺭﺍﺭﺓV/Vo)  ﺘﻡ ﺤﺴﺎﺏ ﺘﻐﻴﺭ ﺍﻟﻨﺴﺒﺔ.ﻜﻭﻤﺎﺭ

 ﺇﻥ ﻤﻨﺤﻨﻴﺎﺕ ﺍﻻﻨﻀﻐﺎﻁ ﺍﻟﻨﺎﺘﺠـﺔ.(V/Vo) ﻟﺘﻭﻀﻴﺢ ﺘﺄﺜﻴﺭ ﺍﻟﻀﻐﻁ ﻭﺩﺭﺠﺔ ﺍﻟﺤﺭﺍﺭﺓ ﻓﻲ ﺍﻟﻭﻗﺕ ﻨﻔﺴﻪ ﻋﻠﻰ ﺍﻟﻨﺴﺒﺔ
ـﻠﺔ ﻤﻥ ﻤﻌﺎﺩﻟﺔ ﻜﻭﻤﺎﺭ ﻋﻨﺩ ﺩﺭﺠﺔ ﺤﺭﺍﺭﺓ ﺍﻟﻐﺭﻓﺔﻤﻥ ﻤﻌﺎﺩﻻﺕ ﺍﻟﺤﺎﻟﺔ ﺍﻟﻤﺴﺘﺨﺩﻤﺔ ﻓﻲ ﻫﺫﺍ ﺍﻟﺒﺤﺙ ﻭﺍﻟﻨﺘﺎﺌﺞ ﺍﻟﻤﺤﺼ
.ﺴﻤﺕ ﻤﻌﹰﺎ ﻤﻊ ﻨﺘﺎﺌﺞ ﻋﻤﻠﻴﺔ ﻟﻜﻠﻭﺭﻴﺩ ﺍﻟﺼﻭﺩﻴﻭﻡ ﻟﻐﺭﺽ ﺍﻟﻤﻘﺎﺭﻨﺔﺭ
. ﻤﻌﺎﺩﻟﺔ ﻜﻭﻤﺎﺭ، ﻜﻠﻭﺭﻴﺩ ﺍﻟﺼﻭﺩﻴﻭﻡ، ﻤﻨﺤﻨﻴﺎﺕ ﺍﻻﻨﻀﻐﺎﻁ:ﺍﻟﻜﻠﻤﺎﺕ ﺍﻟﺩﺍﻟﺔ

ــــــــــــــــــــــــــــــــــــــــــــــــــــ
INTRODUCTION
The equation of state (EOS) of a system describes the relationships among
thermodynamic variables such as pressure, temperature and volume. It provides numerous
pieces of information relating to the non-linear compression of a material at high pressure,
and has been widely applied in engineering and other scientific researches. The study that is
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based on the EOS at high pressure and high temperature is of fundamental interest because
they permit interpolation and extrapolation into the regions in which the experimental data
are not available adequately.
Among these EOSs, the Vinet EOS (Vinet et al., 1987) has been shown to have fairly
high precision. The most currently used EOS, especially in the treatment of experimental
compression data of minerals, is the Eulerian finite strain Birch-Murnaghan EOS (Poirier,
2000; Tripathi et al., 2006; Birch, 1947). The modified Lennard-Jones EOS (Jiuxun, 2005)
is just two parameter EOS which has almost all of the merits of ideal universal EOS. The
merits are mentioned in the reference (Jiuxun, 2005). From first-principles calculations, the
Misra-Goyal EOS (Tripathi et al., 2006) was generated using ab initio pseudopotential
framework, no experimental data are used in the generation of this EOS other than
atomic variables such as the Wigner-Seitz radius. Due to this the Misra-Goyal EOS is one of
the superior EOSs.
The validity of any theoretical method should be done by comparing its results with
experimental data. Sometimes the results of these methods agree with experimental data as
in (Kushwah and Bhardwaj, 2009).
THEORETICAL DETAILS
The EOSs used in this work are:
The modified Lennard-Jones EOS which is based on the generalized Lennard-Jones
potential is (Jiuxun, 2005) :

B ⎛V ⎞
PLJ = o ⎜ o ⎟
n ⎝V ⎠

n

⎡⎛ Vo ⎞n ⎤
⎢⎜ ⎟ −1⎥
⎥⎦
⎢⎣⎝ V ⎠

n=

where

……………………………(1)

1
Bo′
3

Bo is the bulk modulus at zero pressure.
Bo′ is the first-order pressure derivative of bulk modulus at zero pressure.
Vo is the volume at zero pressure. V is the volume at pressure P.

Misra-Goyal EOS which is generated using the ab initio
is (Tripathi et al., 2006) :
PMG =

[{

Bo
α 6η −2 −15η −5/ 3 + 10η −4 / 3 −η −1/ 3
20

}

{

+ β 3η

−2

− 5η

−4 / 3

with
α = 6 + 9 B o B o′′ + (3 B o′ − 4 )(3 B o′ − 7 ) , β = 2 (3 Bo′ − 7 ) ,
is the second pressure derivative of Bo .
Bo′′
η = V / Vo is the compression.

+ 2η

pseudopotential formalism

−1 / 3

}+ γ {η

γ = 12 .

−2

− η −1 / 3

} ] …(2)
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Birch-Murnaghan EOS which is based on finite strain theory is (Tripathi et al., 2006; Birch,
1947) :
PBM =

[

3Bo −7 / 3
η − η −5 / 3
2

]⎡⎢1 + 43 (B′ − 4)(η

−2 / 3

o

⎣

⎤
−1 ⎥
⎦

)

……………………….. (3)

The Vinet EOS which is based on interatomic potential is (Vinet et al., 1987) :
⎤
⎡⎧ 3
⎫
PV = 3 Boη − 2 / 3 1 − η 1 / 3 exp ⎢ ⎨ (Bo′ − 1)⎬ 1 − η 1 / 3 ⎥
⎭
⎣⎩ 2
⎦ …………………….(4)

(

)

{

}

The Bardeen EOS is based on interatomic potentials (Bardeen J., 1938) :

[

]

(

)

⎡ 3
⎤
PB = 3Bo η − 5 / 3 − η − 4 / 3 ⎢1 + (Bo′ − 3) η −1 / 3 − 1 ⎥
⎣ 2
⎦

………………………(5)

The Brennan-Stacey EOS is based on assumed relationships between the variables within
the EOS (Brennan and Stacey , 1979) :
PBS =

⎡ ⎧⎛ 3B′ − 5 ⎞
⎫ ⎤
3Bo
η − 4 / 3 ⎢exp⎨⎜ o
⎟(1 − η )⎬ − 1⎥
(3Bo′ − 5)
⎭ ⎦
⎣ ⎩⎝ 3 ⎠

……………………….. (6)

It has been the usual practice to propose a new EOS for solids and to demonstrate its
validity by fitting the experimental data . However , the fitting of experimental data
corresponding to a limited range of pressures does not provide any support for the validity
of the proposed EOS beyond the range of fitting (Digpratap et al., 2005). The above
equations (1-6) are isothermal EOSs at room temperature.
In addition to the above EOSs, the following equation is used in this work (Nand and
Kumar, 2010; Kumar, 1995 )
⎤
V
1 ⎡
A
= 1 − ln ⎢1 + {P − α o Bo (T − To )}⎥
Vo
A ⎣ Bo
⎦

………………………….. (7)

which is proposed by Kumar for high pressure and high temperature conditions.
Where A = (δ T + 1) , δ T the Anderson-Gruneisen parameter, α the coefficient of the volume
thermal expansion and ( o ) refers to the initial value of that quantity.
The existence of T in Eq.(7) enables to plot the variation of V/Vo with temperature at
different pressures. δ T is temperature dependant parameter (Vinet et al.,1989) this
dependence is given by the following empirical relationship (Chandra et al., 2008)

δT = δ

o
T

⎛ T ⎞
⎟⎟
⎜⎜
⎝ To ⎠

k

…………………………..(8)
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where To is the room temperature and δ To is the value of Anderson-Gruneisen parameter at
T=To . k is a dimensionless thermo elastic parameter.

RESULS AND DISCUSSION
The compression curves for NaCl are plotted in Fig. 1 using the EOSs (1-6) in
addition to Eq.(7) at room temperature. This equation can be used to plot V/Vo versus T at
different pressures taking into account the variation of δ T with temperature by using
Eq. (8). The values of Bo = 24 GPa, Bo′ = 5.5 for NaCl have been taken from reference
(Digpratap et al., 2005) and Bo′′ = -0.223 (Gpa)-1 based on experimental ultrasonic data
(Hart and Greenwood, 1983). The values of α o= 11.8×10-5 K-1, δ To =6.56 and the
parameter k in Eq.(8) is -0.79 for NaCl (Chandra et al., 2009).
Fig. 1 shows that, at pressures (0-20 GPa), all compression curves coincide. Beyond
this, the curves diverge more or less, and this divergence increases significantly at higher
pressures. The reason for this behavior is that each equation of the EOSs used in this work
is derived from different theoretical bases. It is seen that Birch-Murnaghan EOS yields
results which are consistent with the results obtained from Misra-Goyal EOS even at
relatively high pressures.
In Fig.1 we see that the curve results from Eq.(7) at T=300K is closer to the curve
obtained from the modified Lennard-Jones EOS than the other EOSs and coincides with it at
the range (250-300 GPa). However, we can say that the curves result from Eq.(7) have the
same behavior of the compression curves of the EOSs, i.e. the same non-linear variation. It
is seen from Fig. 2 by plotting the volume ratio V/Vo with temperature T at different
pressures [P= (0, 6, 50, 100, 150) GPa] that the increase in temperature at (P=0) causes an
increase in V/Vo , this behavior is inverted at (P=6 GPa). At this point the effect of
temperature balanced by the effect of (6 GPa) pressure according to Eq. (7). Beyond this
point the effect of pressure on V/Vo ratio dominates the effect of temperature. The reason of
this behavior is that at P=0 the increase in temperature causes an expansion in volume i.e.
increase in V/Vo while at (P>6 GPa) the effect of pressure is greater than that of
temperature and causes compression in volume.
The variation of V/Vo with pressure using Eq.(7) at (T=300 K) and the modified
Lennard-Jones EOS with pressures not more than (30~34 GPa) are shown in Fig. 3 ,
together with available experimental data of NaCl (Vaidya and Kennedy, 1971; Sorensen,
1983) for the sake of comparison of the results. We chose the modified Lennard-Jones EOS
to be plotted in Fig. 3 because the results of this EOS -shown in Fig. 1- is closer to the
results of Eq.(7) at 300 K than the result of the other EOSs. It is found that there is a good
agreement between the results of Eq.(7) and experimental data in the range (0-4 GPa),
beyond that this curve diverges from the experimental data. The compression curve of the
modified Lennard-Jones EOS has a good agreement with the experimental data.
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Fig. 1: Isothermal compression curves for NaCl using different EOSs.
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Fig. 2: Variation of V/Vo with temperature at different pressures for NaCl
using Eq.(7).
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Fig. 3: Variation of V/Vo with pressure at room temperature using experimental data
(Vaidya and Kennedy, 1971; Sorensen, 1983 ), Eq. (7) and the modified
Lennard-Jones EOS for NaCl.

CONCLUSIONS
The compression curves which result from the EOSs used in this work coincide at
(P=0-20 GPa) as shown in Fig. 1 . The compression curves of Birch-Murnaghan and MisraGoyal EOSs have good agreement with each other in the case of NaCl. The results from
Eq.(7) at T=300K is much closer to the curve obtained from the modified Lennard-Jones
EOS than the other EOSs. According to Eq.(7), the increase in temperature causes an
increase in V/Vo for the same value of P at (P<6 GPa) and a decrease in V/Vo at (P>6
GPa) as shown in Fig. 2 i.e. by increasing pressure and temperature at the same time, the
effect of pressure (compression) is greater than the effect of temperature (expansion) when
the pressure is more than (6 GPa). The results of the modified Lennard-Jones EOS have
better agreement with the experimental data than the results obtained from Eq.(7).
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