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Throughout this work, the equations of variation of the isothermal bulk modulus, its first pressure derivative, and the volumetric
thermal expansion coefficient as a function of pressure were derived based on the Birch—-Murnaghan equation of state (B—-M EOS).
The bulk modulus and its first derivative at ambient temperature for nine elements were extracted by fitting the published
experimental pressure-volume data to B-M EOS, and the results were compared with other published researches, and there
was a good agreement. Moreover, those extracted values were used to study the variation of the isothermal bulk modulus, its first
pressure derivative, and the isothermal coefficient of thermal expansion as a function of the applied hydrostatic pressure using the

equations that were derived from this work.

1. Introduction

Researches concerning materials under high pressure helps to
understand the thermoelastic properties of solid materials and
find widespread applications in high-pressure physics, mate-
rial sciences, geoscience, planetary, and astrophysics since the
application of high pressure is a very efficient tool to make a
unique modification in structure, behavior, as well as proper-
ties of the material. In addition, it helps to understand the
nature of solids that have been subjected to high pressure and
temperature [1, 2], relatively high hydrostatic pressure. The
compression of solids under relatively high hydrostatic pres-
sure can make significant effects on some of their properties
[3-5]. Those properties include the interatomic lattice struc-
ture and thermal, electronic, mechanical, and optical proper-
ties. Velisavljevic et al. [6] studied the structural and electrical
properties of Be under hydrostatic pressure up to 66 GPa
using X-ray diffraction (XRD), and there was no evidence
of transition from hcp up to volume compression V/
Vo =0.708. They fitted their data to adapted polynomial sec-
ond order equation of state (AP2-EOS), and they got values of

bulk modulus By =106.5 GPa and pressure derivative of bulk
modulus B = 3.541 [6]. Evans et al. [7] measured the Raman
phonon and lattice constants of Be up to 80 and 180 GPa
hydrostatic pressure, respectively, and they determined the
values By,=109.88 GPa and B{,=3.584, respectively. Also,
they noticed the increasing of ¢/a ratio with pressure reaching
1.6 when the pressure increased to 180 GPa. Nakano et al. [8]
performed XRD experiments on Be element under high pres-
sure to 171 GPa, and they determined the EOS of hcp—Be by
fitting their diffraction data to Birch-Murnaghan (B-M EOS)
and extracted the values By=97.2 £2.5GPa and By =3.61 +
0.07. Their data also revealed the stability of hcp phase of
Be under compression up to 171 GPa. Potassium K belongs
to alkali metals at ambient condition, crystalizes in bcc struc-
ture, and converts to fcc structure at 11.6 GPa [9, 10]. The
phase transition sequence of K has been studied by Lunde-
gaard et al. [11] and Degtyareva [10], using a combination of
X-ray powder and single crystal diffraction. Fujihisa and
Takemura [12] performed diffraction experiments on the
hcp—Co under pressure to 79 GPa by using diamond anvil
cell (DAC) and imaging plate. The determined value of
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By =199 4+ 6 GPa and that of B; =3.64+0.2. The use of fcc
phase of Al in the dual role of pressure standard and solid
pressure-transmitting medium (PTM) up to 200 GPa has
been discussed by Singh [13] by using XRD patterns with
(DAC), and the results showed that Al has all the properties
required for a PTM and pressure standard. Molybdenum
(Mo) is a bec 4d transition metal with wide engineering and
technology applications for its thermal and mechanical
strength. It is also widely used as a pressure standard in
DAC [14-16]. The P-V-T EOS of bcc-Mo have been investi-
gated at pressure 31 GPa using XRD measurements by Litasov
et al. [16], and data analysis was performed using B-M EOS
and MGD approaches combined with Vinet EOS and
obtained similar results for both of two equations at pressure
below 1 Mbar while significant deviation may occur at higher
pressure. Ko et al. [17] used XRD to measure the EOS and
mechanical properties of copper (Cu) under high pressure.
Their measured value for the bulk modulus of pure crystalline
Cu was 15% less than the previously published values. They
attributed the large values of the bulk modulus of the Cu that
were published previously to the existence of defects or imper-
fections such as vacancy, interstitial, substitutional defects,
and dislocations that make the materials harder than materi-
als without it [17]. Tantalum (Ta) is a bec with high ductility
and thermal, mechanical, and chemical stability, so it is
important for using in jet engines and electronic devices
and could be a good candidate for an internal pressure stan-
dard for static high-pressure researchers [18]. Cynn and Yoo
[18] investigated the volume compression of Ta metal by
using angle-resolved synchrotron XRD with (DAC) and con-
firmed that the bce phase of Ta is stable to 174 GPa. Gold (Au)
is usually used as an internal pressure calibrant because of its
stable fcc structure at extremely high pressure and tempera-
ture [19, 20]. Giiler and Giiler [5] used embedded atom
method (EAM)-based geometry optimization calculation to
study effects of pressure on elastic constants, bulk modulus,
shear modulus, and young modulus of Au at 1,000 GPa, and
the results showed that all the elastic constants increased
almost linearly with increasing pressure. Tungsten (W) is a
5d transition metal that is characterized by its highest melting
point, and it crystallizes in bee structure and it is also stable up
to extremely high pressure at room temperature. Jiang et al.
[21] studied the structural, mechanical, electronic, and ther-
modynamic properties of W under different pressures by
using the first-principles method and showed that W metal
is stable up to 100 GPa.

At absolute 0 k as well as at finite temperature and due to
thermal fluctuations, the crystalline solids atoms make small
vibrations about their equilibrium positions. The crystal
binding energy can be expressed as an expansion of power
series in terms of the displacements of those atoms from
their equilibrium positions. When the terms beyond the qua-
dratic ones are neglected, then this will be referred to as
harmonic approximation, and the vibration is known as har-
monic lattice vibration [22]. Among the consequences of
harmonic approximation, no thermal expansion can take
place, the elastic constants will no longer depend upon pres-
sure and temperature as well as the heat capacity tends to be
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constant at high temperatures [23]. While for real crystals,
none of the abovementioned consequences is satisfied
exactly. This happens when terms of lattice binding energy
higher than the quadratic ones are taken into consideration,
and this is referred to as anharmonic approximation and the
lattice vibration is known as anharmonic lattice vibration
[24, 25]. Kazanc and Ozgen [26] investigated the changes
of acoustic phonon frequencies with hydrostatic pressure
for Cu, Ni, Al, Ag, and Au transition metals using molecular
dynamics MD simulations based on EAM. Their results
show that the pressure causes an increment in phonon fre-
quency and that this increment does not vary linearly with
the increased pressure. Jalal et al. [27] used Suzuki and B-M
EOSs to study the effect of hydrostatic pressure on two Si
nanoparticles. They showed that the volume compression
ratio of the smaller nanoparticle was greater, and the shift
in its phonon frequency spectrum was more significant. They
attributed that to the higher bulk modulus of the smaller
silicon nanoparticle [27]. AL-Faris et al. [28] made theoreti-
cal calculations to study the thermodynamic properties of
gallium nitride (GaN) under high pressure. They calculated
the bulk modulus, compression ratio, lattice constant, and
phonon frequency spectrum of GaN under high pressure to
40 GPa using three B-M and modified Lennard—Jones EOSs.
The agreements of their results for the phonon frequency
spectrum that were obtained using B-M EOS with experi-
mental data were better than those obtained from modified
Lennard—Jones EOS [28].

Equations of state EOSs serve as tests for the calculation
of the electronic structure of different properties of metals as
well as they are used as scales for high pressure [29]. Most of
the experiments of pressure—volume (PV) measurements on
solids under high pressure were executed using almost small
pressure ranges. As it is known, all EOSs can be fitted to
experimental PV data taking into consideration the elastic
constants, i.e., the isothermal bulk modulus (B,), and its
pressure derivatives (Bp) [30, 31]. There are many methods
to determine those elastic constants, like the PV relations and
measurement of the velocity of the acoustic waves, besides
the dispersion curves of the branches of acoustic phonon
[32]. When those experimental data are fitted with any
EOS such as B-M, then the isothermal bulk modulus B,
and its first pressure derivative at atmospheric pressure
and ambient temperature Bj, can be extracted. Those param-
eters will be useful in the EOS to obtain different important
parameters concerning the solid materials under pressure,
and they could be helpful for the calculations that can be
extrapolated toward higher pressure ranges when theoretical
aspects are taken into consideration [29, 33].

The aim of this work is to study the variation of the
isothermal bulk modulus, the pressure derivative of bulk
modulus, and the volumetric thermal expansion coefficient
as a function of high hydrostatic pressure for nine metallic
elements of different atomic weights. It is worth to mention
that all data concerning the pressure versus relative volume
of all nine elements used in this work were taken from the
experimental works published by other researchers. Those
elements were namely, potassium (K) [34], aluminum (Al)
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[35], beryllium (Be) [8], gold (Au) [36], copper (Cu) [37],
tantalum (Ta) [18], cobalt (Co) [12], molybdenum (Mo)
[38], and tungsten (W) [36]. The data of those researchers
were either taken from tables or as graphics points of the
figures mentioned within their researches. The experimental
data taken from the graphs were done with the aid of
GRABIT software that works with MATLAB.

2. Theoretical Background

Any equation that relates the pressure (P), specific volume (V),
and temperature (T) of a material in the thermal equilibrium
state is called the equation of state EOS. The simplest EOS is
that of an ideal gas. There are many EOSs describing the state of
solid materials under high pressure such as Murnaghan, Birch,
Birch-Murnaghan, Vinet, modified Leanard—Jones EOSs, and
others.

2.1. Birch-Murnaghan (B-M) EOS. The third order B-M
EOS is given as follows [39]:

2 [ G oo ()

where B is the isothermal bulk modulus at atmospheric
pressure and ambient temperature, B is the first pressure
derivative of the bulk modulus at ambient temperature, V,
and V are the volumes at atmospheric pressure and pressure
(P), respectively. It is worth to mention that the above equa-
tion was derived on the basis of Eulerian finite strain theory
which is useful to describe solids under high pressure appli-
cations [40]. This equation is the most widely used by
researchers [41].

2.2. Isothermal Bulk Modulus and Its Derivatives. Bulk mod-
ulus can be defined as the ability of a material to bear the change
in its volume when pressure is applied to all sides. It can be
considered one of the fundamental mechanical properties of
structural solids which can be deduced through the measure-
ment of the unit cell volume [41]. The isothermal bulk modulus
By can be calculated from the following equation:

By — _v(j_i) . 2)

Equation (2) implies that the isothermal bulk modulus is
given by the ratio of the increase in the applied pressure
divided by the relative deformation. Before deriving the pres-
sure in Equation (1) with respect to the volume and substi-
tuting it in Equation (2), it is necessary to simplify Equation
(1) to be easier for differentiation. So, the pressure (P) in
Equation (1) can be rewritten in the following simple form:

1) )
o) o) )]

(3)

By keeping the temperature constant and differentiating
the pressure in Equation (3) with respect to the volume,
then,

@B
() ) ()

(4)

Substituting Equation (4) into Equation (2), the isother-
mal bulk modulus under high pressure is expressed as fol-
lows:

e () () |
w5 () )]

(5)

Most of the EOSs, including B-M finite strain EOS have
been widely used for the investigation of high-pressure prop-
erties of solid materials. Equations (1) and (5) show that both
of the bulk modulus and pressure increase as the relative
volume (V/V,) decreases and that at extreme compression
(V=0) both of P and B} become infinite [42]. Values of the
first pressure derivative of the bulk modulus at a given tem-
perature and atmospheric pressure have been found to
decrease with the increase of pressure and then become
almost constant at extreme compression (V=0). The pres-
sure derivative of the bulk modulus can be found from the
derivation of the isothermal bulk modulus with respect to the
pressure as follows:
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which can be written as follows:
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and by substituting for (dB/dV), into Equation (5), the
pressure derivative of the bulk modulus with respect to the
pressure can be written as follows:

pe 2o [ s (V) -os(¥)
) )

The derivative of the bulk modulus with respect to pres-
sure B’ plays an important role in determining thermoplastic
parameters of solids at high compression [2]. Making use of
Equation (9) together with Equations (1) and (4), the deriv-
ative of the bulk modulus with respect to pressure B’ can be
obtained as a function of the pressure (P).

2.3. Volumetric Thermal Expansion Coefficient. Since the
product of the volumetric thermal expansion coefficient

(a) and the isothermal bulk modulus (B7) is constant and
holds for all solids. Thus,

a.B = Constant. (10)
Shanker and Kumar [43] showed the following:
a V\or
—= = 11
(%) (1)

where a; is the volumetric expansion coefficient at atmo-
sphere pressure (P=0) and &7 is the isothermal Anderson
parameter. Moreover, they showed the following:

B V' —or
e e (12)
By \Vo

from which one can write the following:
BT a
—)|l—]=1 13
(Bo) (%) ’ 1)
or

a.Br = ayBy, from which one can write the following:

0] .

By combining Equations (4) and (14), the volumetric
thermal expansion coefficient can be written as follows:
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VT Sv?+4(3, 2
Vo Vo 30

It is worth to mention here that the equations for the
bulk modulus, its first pressure derivative and that of the
volumetric bulk thermal expansion coefficient are not
expressed directly in terms of pressure, but they were
expressed instead in terms of the relative volume (V/Vy).
Then, by making use of Equations (1), (4), and (15), and
knowing the values of «, the volumetric thermal expansion
coefficient a of the given solid elements can be calculated as a
function pressure (P).

3. Results and Discussion

The experimental P-V data of all nine elements of the research-
ers that were mentioned in the introduction of this work were
fitted to the B-EOS given by Equation (1). The experimental
method used by those researchers for hcp-beryllium, fec-gold,
hcp-cobalt, bee-tantalum, bec-molybdenum, and bece-tungsten
was DAC.

The experimental method used for bcc potassium was a
pressure vessel and that used for fcc aluminum was tungsten
carbide opposed anvil. Values of B, and B;, were extracted for
each element and they were tabulated in Table 1. The P-V
isotherms of those elements were plotted in the figures, i.e.,
Figures 1-5. The P-V isotherm of potassium is plotted within
Figure 1 using Equation (1) after substitution of its By and B;,
from Table 1. Moreover, the experimental data for potassium
done by Kim and Ruoff [34] were plotted in Figure 1. Other
experimental data of Lundegaard et al. [11] and Winzenick
et al. [9] were plotted with the same potassium isotherm for
comparison. Data of Winzenick et al. [9] are generally in good
agreement with the plotted potassium isotherm and the data
[11] also seem in good agreement with it at low pressures, i.e.,
up to nearly 2.5GPa, but as the pressure exceeds 2.5 GPa,
differences between them increase gradually.

This is attributed to B-M EOS that was driven on the
basis of Eulerian finite strain, and its description of the solid
material compression under high pressure is not adequate, as
mentioned by Alkammash [67]. The isotherm of aluminum
is also plotted in Figure 1, making use of B-M EOS given by
Equation (1) with its values of By and Bj from Table 1.
Moreover, the experimental data of Syassen and Holzapfel
[35] were plotted with the isotherm. The values of B, and B,
extracted in this work were very close to those deduced by
Syassen and Holzapfel [35], and the little differences may be
due to the errors in picking the points from Figure 1 of
Syassen and Holzapfel [35]. Also, the experimental data of
Dewaele et al. [36] and Ming and Manghnani [60], as well as
those of Thomas [48], were plotted within the same figure for
comparison. The data of Dewaele et al. [36] and those of
Vaboya and Kennedy [60] seem to be in good agreement



Advances in Condensed Matter Physics

TasLE 1: Bulk modulus and its first pressure derivative from experimental data fitted to Birch—-Murnaghan EOS.

Element Experimental work By (Gpa) By This work
[34] 4.307 £0.153 3.207 £0.059 Data fitted to B-M EOS in this work
. [44] 3.44 3.85
Potassium
[45] 3.09 3.98
[46] 3.395 2.971
[35] 73.37 £0.966 4.12340.248 Data fitted to B-M EOS in this work
Aluminum [47] 73 445
[48] 71.7+3.6 4.42
[49] 729+0.3 4.42
(8] 101.428 +2.157 3.515+0.055 Data fitted to B-M EOS in this work
_ [50] 111 46
Beryllium [51] 91 34
[52] 121 34
[36] 171.74 +5.09 5.526 £+ 0.047 Data fitted to B-M EOS in this work
Gold [53] 167.2 521
[48] 163.5+8.3 5.21
[54] 166.4 73
[37] 183.31 £6.802 3.807 +0.261 Data fitted to B-M EOS in this work
Copper [54] 137.4 5.52
[53] 1314 5.44
[17] 120.7+2.1 53402
[12] 209.345 4+ 5.145 3.244+0.185 Data fitted to B-M EOS in this work
[55] 196.5 4.007
Cobalt (56] 20342 3.6+0.1
[57] 199 3.6
[18] 194.215 4+ 5.05 3.4534+0.108 Data fitted to B-M EOS in this work
Fantalum [58] 194 3.74
[59] 194 3.83
[60] 206 2.76
[38] 249.55 +2.786 3.86 £ 0.086 Data fitted to B-M EOS in this work
[61] 267 4.46
[62] 260 421
Molybdenum [14] 255 495
[63] 260 432
[64] 260.79 435
[36] 279.626 4 3.132 6.265 £ 0.351 Data fitted to B-M EOS in this work
[16] 308 4.20
Tungsten
[65] 304 4.1
[66] 312 3.68

with the fitted data, while those of Ming et al. [48] have little
deviation from the fitted data.

Experimental P-V data of Nakano et al. [8] for Be were fitted
to the B-M EOS, and those data, together with the fitted curve,
were drawn in Figure 2. Be has hcp (phase II) at atmospheric
pressure up to 1,523k; its unit cell has the dimensions of
a=0.2286 nm, ¢=0.3584 nm, and ¢/a=1.56 [8]. There is no
practical evidence for phase transformation of Beryllium up to
171 GPa [8]. The elastic constants that were extracted from the
fitting were By,=101.428+2.157GPa, Bj=3.515+0.055.
These are in good agreement with those that were found by
other researchers that were tabulated in Table 1. In order to

compare the above fitted data with the data published by other
authors, the experimental P-V data of Ming and Manghnani
[68] and Velisavljevic et al. [6], were plotted in the same figure. It
seems that Velisavljevic et al. [6] data are in good agreement with
those of Nakano et al. [8], while the data of Ming and Man-
ghnani [68] are in good agreement with Nakano et al. [8] data up
to nearly 30 GPa but after that, it is clear that deviation between
them began increasing until 170 GPa. This deviation can also be
justified by the reason mentioned by Alkammash [67]. Gold
isotherm was also plotted within Figure 2 using the extracted
B, and Bj after their substitution in Equation (1). Values of B,
and B, were in good agreement with those found by Heinz and
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FIGURE 1: Pressure—volume experimental data of Kim and Ruoff [34] for potassium (K) and Syassen and Holzapfel [35] for aluminum (Al)
fitted to B-M EOS (solid line) and compared with other researchers’ experimental data.

Jeanloz [69] that are By = 167 GPa and B; = 5.5. The P-V exper-
imental data of Ming et al. [48], Takemura and Dewaele
[70], Heinz and Jeanloz [69], and Bridgman [71] for the Gold
were also plotted on the same figure. They show good agreement
with the fitted data.

The P-V isotherm of Cu was plotted in Figure 3 using
Equation (1) and by taking the values of B, and B; from
Table 1. Experimental data from Mao et al. [37] that were
fitted to B-M EOS were plotted with them in Figure 2. The
experimental P-V data of Cu of researchers Dewaele et al.
[36] and Xu et al. [72] were also plotted on the same figure
for comparison. Xu et al. [72] data showed almost good agree-
ment with the fitted data, while Dewaele et al. [36] data
showed some deviation from B-M EOS. Also, this deviation
increases as the pressure increases. This can also be attributed
to the reason that B-M EQS cannot describe adequately the
solid under the compression at very high pressures, as men-
tioned above. At 300k and 0.1 MPa, Ta has a bcc structure,
and its lattice constant and melting point are a =0.3297 nm
and 3,247°C, respectively [73]. According to Soderlind and
Moriarty [74], it was shown theoretically that the Ta bcc
lattice structure remains stable up to 1TPa. By fitting the

P-V experimental data of Cynn and Yoo [18] for Ta to the
B-M EOS, it was shown that By =194.2 GPa and B{, =3.453
which are in good agreement with those values that were got
by ultrasonic measurements. Using theoretical calculations, it
was estimated that the value of B, of Ta to be 203-211 GPa at
0k [18]. Figure 3 shows the experimental data of Xu et al. [72]
and Litasov et al. [61] that were plotted with the Ta-fitted data
for comparison. There was good agreement between the
experimental data and B-M EOS at low pressure and again
deviation between them starts as pressure increases until it
exceeds 50 GPa.

For Cobalt (Co) elements, the experimental P-V data
were taken from Fujihisa and Takemura [12], as mentioned
earlier. Co has hcp and fec phases. In this work, only the hep
phase data of cobalt were taken into consideration and were
fitted to B-M EOS, and the bulk modulus and its first pres-
sure derivative at ambient temperature were found to be
By=209.345+5.145GPa and B{,=3.244£0.185, respec-
tively. The above hcp phase experimental data, together
with co isotherm, were plotted in Figure 4, and the experi-
mental data of Yoo et al. [56] and those of Ono [57] were
plotted in the same figure for comparison. From Figure 4, it
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FIGURE 5: Pressure-volume experimental data of Dewaele et al. [36] for tungsten (W), fitted to B—-M EOS (solid line) and compared with other
researchers’ experimental data.
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B, =3.86 £ 0.086 were extracted through the fitting of the et al. [61], and Sokolova et al. [62] were plotted in the same
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FIGURE 6: Variation of isothermal bulk modulus with the applied pressure for all nine elements. The solid lines are the calculated bulk moduli
using Equation (3), while the data points the bulk moduli calculated by Equation (3) based on fitted experimental data of pressure—volume.
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TaBLE 2: Values of thermal expansion coefficient.

Element a, x 107 per k Reference
Potassium 249 [77]
Aluminum 75 [78]
Beryllium 34.8 [79]
Gold 417 [77]
Copper 49.8 [78]
Tantalum 19.8 [77]
Cobalt 37.2 [77]
Molybdenum 15.6 [77]
Tungsten 13.8 [77]

Thermal expansion coefficient (um/m k)

10° | | |

o K—Kim and Ruoff [34]
— K-a(P) (ay = 249, B} = 3.207)
»  Al—Syassen and Holzapfel [35]
—— Al-a(P) (ay=75, By = 4.123)
»  Cu—Mao et al. [37]
— Cu-a(P) (ety = 49.8, B}, = 3.807)
*  Co—Fujihisa and Takemura [12]
—— Co-a(P) (ay=37.2, By = 3.244)
*  Au—Dewaele et al. [36]

100 120 140 160 180

— Au-a(P) (et = 41.7, By = 5.526 )
o Be—Nakano et al. [8]

— Be— a(P) (g = 34.8, B = 3.515)

Ta—Cynn and Yoo [8]

— Ta-a(P) (ay=19.8, B; = 3.453)
*  Mo—Dewaele et al. [38]

— Mo-a(P) (ay = 15.6, By = 3.868 )
*  W—Dewaele et al. [36]

— W-a(P) (atg = 13.8, B} = 6.265)

FiGURre 8: Variation of volumetric thermal expansion coefficient of the metallic elements as a function of pressure. All experimental P-V data

used in the calculation are mentioned in the figure legend.

figure for the sake of comparison. Good agreement was
shown between those data with the fitted data of Dewaele
et al. [38], as shown in Figure 4.

The P-V experimental data of Dewaele et al. [36] for tung-
sten were fitted to B-M EOS, and the isothermal bulk modulus
at atmospheric pressure and its first pressure derivative was
found to be B, =279.626 + 3.132 GPa and Bj=6.265+0.51.
Pressures between 200 and 300 GPa have been used when the
Tungsten has been studied under hydrostatic compression, and
the crystallographic structures were found to be stable accord-
ing to the expectation of the electronic transfer of s to d [75].
The experimental data of tungsten of Litasov et al. [61], Dubro-
vinsky et al. [16], and Wilson [76] were plotted together with

the fitted data of a B-M EOS in Figure 3 for comparison. The
agreement is almost good, especially at low pressures.

It is mentioned by many researchers that the bulk mod-
ulus of solid materials increases linearly with increasing the
applied pressure [32, 41]. Equations (1) and (4) were used to
plot the variation of bulk modulus values as a function of the
applied pressure for the selected nine elements after substitu-
tion of the values of B, and By, that were found from the fitting
in Figure 6. It can be seen from the figure that the variation of
the bulk modulus with the pressure for all nine elements is
almost linear. It is worth to mention that the variation of the
bulk modulus with the applied pressure is also given by the
equation B = B, + Bj, P and that the higher orders of nonlinear
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terms By", By” were neglected and this is known as Mur-
naghan approximation [43]. This is why some of the curves
in Figure 6 show a slight tendency toward curvature shape.
The differences in the slopes of the lines in Figure 6 were
attributed to the differences in the values of the first pres-
sure derivatives at atmospheric pressure By of the elements
that are shown in Table 1. The highest slope is for tungsten,
which has the highest Bj value (6.265), while the lowest
slope is for potassium, which has the lowest Bj value
is 3.207.

The first pressure derivatives of the bulk modulus B (P)
as a function of pressure for all nine elements were deter-
mined from Equations (1) and (9) and plotted versus pres-
sure in Figure 7. It can be seen from this figure that the B" (P)
of most of the selected elements decreases slightly with
increasing pressure. This can be attributed to the fact that
most of those elements, like W, Au, Mo, Al, Co, Ta, Cu, and
Be, relatively possess high values of bulk modulus, as shown
in Table 1. Therefore, B’ (P) seems to decrease slowly with
pressure and tends to be constant. Thus, the total variation
from the initial values of Bj seems to be not too much. On
the other hand, the last selected element in this work, which
is potassium, has a very low bulk modulus, as can be seen
from Table 1. It is clear from Figure 7 that the B’ (P) for
potassium decreases rapidly with increasing pressure. This
can be interpreted that potassium is a relatively soft material
compared to other selected metallic elements and has small
stiffness, so the pressure rate of change of its bulk modulus
decreases with increasing pressure.

With a few exceptions, all materials expand when heated.
However, the extent of expansion per degree change in tem-
perature is different for different materials. Equation (15) is
used to determine the volumetric thermal expansion coeffi-
cient a (P) of all the nine elements. Values of thermal expan-
sion coefficients at atmospheric pressure «, shown in Table 2
for those elements together with the first derivative of the
bulk modulus at atmospheric pressure B, were substituted in
the equation. Figure 8 shows the variation of a (P) with the
applied pressure. It is clear from the figure that a (P)
decreases with increasing pressure. Thermal expansion is
reduced by the effect of large pressures that cause decoupling
heat from mechanical work.

4., Conclusion

The third-order B-M EOS was used in this work, and the
isothermal bulk modulus, its first pressure derivative and the
volumetric thermal expansion coefficient equations were
derived based on this equation. The isothermal P-V dia-
grams for nine metallic elements was plotted based on the
B-M EOS mentioned above by making use of their By and B;,
values. Values of By and Bj were extracted by fitting the
experimental P-V data of those metallic elements executed
under high hydrostatic compression by different researchers
to the B-M EOS and compared with the published values and
showed good agreement. The variation of the isothermal bulk
modulus with the applied pressure for the nine metallic ele-
ments were studied. It was shown that as the applied pressures
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increase, the isothermal bulk modulus also increases. The first
derivative of the bulk modulus with respect to the pressure for
the nine metals seems to decrease slowly as the pressure
increases. The variation of the volumetric thermal expansion
coefficient of those elements with the applied pressure was
studied in this research. It was shown that as the applied
pressure increases, the volumetric thermal expansion coeffi-
cient decreases.
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