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The Griineisen parameter (y) is of considerable importance to Earth scientists because it sets limitations
on the thermo elastic properties of the lower mantle and core. However, there are several formulations
of the Griineisen parameter in frequent use which not only give different values for Griineisen parameter
at ambient pressure but also predict a varying dependence of Griineisen parameter as a function of
compression. The Griineisen parameter is directly related to the equation of state (EOS), yet it is often the
case that both the form of and the EOS are chosen independently of each other and somewhat arbitrarily.
In this paper we have assessed some of the more common definitions of the Griineisen parameter and
the EOS’s, and have applied them to test the validity of EOS for six different bulk metallic glasses.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Metallic amorphous alloys (i.e. metallic glasses) are compara-
tively newcomers to the amorphous materials group. The formation
of the first metallic glass of Auy5Si;5 was reported by Duwez’s and
coworkers [1]. They developed the rapid quenching techniques for
chilling metallic liquids at very high rates of 105-106 K/s. Their
work showed that the process of nucleation and growth of crys-
talline phase could be kinetically bypassed in some alloy melts to
yield a frozen liquid configuration, i.e. metallic glass. The signifi-
cance of Duwez’s work was that their method permits large quan-
tities of an alloy to be made into glassy state comparing to other
methods, for instance, vapour condensation. Formation, struc-
ture and property investigations of metallic glasses have attracted
increasing attention because of their fundamental scientific impor-
tance and engineering application potential [2-5]. The techniques
of melt quenching have been extensively developed and elaborated
for the purpose of producing a wide variety of metallic glasses.

The research on metallic glasses gained more momentum in
the early 1970s and 1980s when the continuous casting processes
for commercial manufacture of metallic glasses, ribbons, lines and
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sheets [5] were developed. An explosion of academic and industrial
research has resulted in that period. However, the high cooling rate
limited the amorphous alloys geometry to thin sheets and lines,
which are unlikely to find wide applications.

When a metal melt is cooled, one of the two events may occur,
either crystallization may takes place at melting point or else melt
will become more viscous below the melting point with decreasing
temperature and may ultimately form amorphous solid, i.e. metal-
lic glasses. Thus, the solid or metallic glass state can be considered
as the result of structural freezing of a liquid metal. The discovery
of a complex multi-component bulk metallic glass (BMG) has stim-
ulated great interest in various phenomena which was difficult to
explain earlier. The large size and high thermal stability of BMGs
allow a detailed and accurate study of their various properties over
a large temperature and pressure ranges.

Metallic glasses differ in structure and properties from metals.
Metals normally have a crystalline structure with atoms in periodic
arrays called lattice. In contrast, atoms in glassy metals do not form
periodic arrays; their distribution is random. Originally devised
a quarter of a century ago, the technique to produce amorphous
or glassy metals required cooling of the molten metal about one
hundred thousand times faster than had previously been possible.

Rapid cooling was the only way to prevent mobile atoms in
the molten metal from rearranging themselves into crystal lattice.
Recently [4] it has been discovered, that metallic glasses can be
synthesized at low temperatures without quenching by directly
introducing certain rapidly diffusing species into crystalline mate-
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Figs. 1-6. Variation of Griineisen parameter with compressibility for different bulk metallic glasses. [(1) Zrs;Ti;4Cuy25NijoBesss, (2) Zrg TizaCui25NigBesssCq, (3)
Zr4oNb3Cuq;FegBeas, (4) (Zros9 Tio.os Clo22Nig.13 )o.57Al143, (5) Si02-TiOz, (6) Pd3gNijoCusgPy1].

rials. Systems studied so far include hydrogen diffusion in some
intermetallic compounds, gold diffusion in lanthanum, nickel dif-
fusion in zirconium metal and others. The common process in all
of these systems is that one of the elements, viz., hydrogen, gold
and nickel in the above examples, diffuses very rapidly in the other
at low temperatures. The rapidly diffusing species induces a phase
instability which, because of the low temperatures, results in an
amorphous structure rather than a crystalline structure.

However, the understanding of pressure effect in these pro-
cesses is still remains on a very qualitative level because of the
lack of quantitative properties of the compressed metallic glassy
state under high pressure. A fundamental understanding of micro
structural configuration properties in amorphous solid is not devel-
oped in comparison to that of crystalline structure. Due to large size
and high thermal stability of BMGs, detailed and accurate study of
various properties over a wide temperature and pressure ranges
becomes possible. The studies of the acoustic, elastic and thermal
properties of metallic glasses can provide important information
about the structural and vibrational characteristics [6-8].

With the development of high pressure techniques, pressure is
becomes animportant processing variable just like that of tempera-
ture or chemical composition for condensed phases. High pressure,
which can cause a larger change of atom spacing, chemical bond-
ing and Gibbs free energy, has been found to be a powerful tool for
affecting and controlling the nucleation and growth in the metallic
glasses [9,10]. For example, BMGs can be crystallized under high
pressure to very fine-grained nanostructure materials since high
pressure can promote local atomic rearrangement and suppress the
long-range atomic diffusion in super cooled liquid state. Contam-
ination and grain growth could be avoided in the nano structured
material derived from BMG [11] that often occur during consolida-
tion of nanoparticles.

The Griineisen parameter (y) has considerable appeal to geo-
physicists because it is an approximately constant, dimensionless
parameter that varies slowly as a function of pressure and tem-
perature. It has both a microscopic and macroscopic definition, the
former relating it to the vibrational frequencies of atoms in a mate-
rial, and the latter relating it to familiar thermodynamic properties
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Table 1
Input value of isothermal bulk modulus (Ko) and its pressure derivative (K}) for bulk metallic glasses [27].
S. no. BMG’s Ko (GPa) K (GPa)
1 Zr41 Ti14CL112_5Ni10B622_5 114.10 4.06
2 Zr41Ti14Cuy25NigBesz 5C 107.30 3.94
3 Zl’4oNb3CU12F68BEZ4 113.60 4.10
4 (Zro59Tio.06Cuo22Nig.13 )os7Al143 112.60 434
5 Si0,-TiO, 34.20 -7.71
6 Pd39Ni;oCusgP21 159.10 6.28

such as heat capacity and thermal expansion. Unfortunately, the
experimental determination of Griineisen parameter (y), defined
in either way, is extremely difficult; the macroscopic definition
requires a detailed knowledge of the phonon dispersion spec-
trum of the material, whereas the microscopic definition requires
experimental measurements of thermodynamic properties at high
pressure and temperature. As a result of the difficulty associated
with obtaining experimentally an accurate value for Griineisen
parameter (), (a number of more approximate expressions have
been suggested by Poirier [12]) many of these relate Griineisen
parameter () at atmospheric pressure (P=0) to the first derivative
of the bulk modulus with respect to pressure K. via y =(1/2) K;. - X,
where X is constant. These relations may be expanded to take into
account the variation of Griineisen parameter () with pressure. In
these more general cases, Griineisen parameter y(P) is a function
of the equation of state. Despite the intrinsic relationship between
Griineisen parameter (y) and equation of state [13], it is frequently
the case that the choice of the functional form of both the Griineisen
parameter and the equation of state to which it should be related
are made independent of each other, and somewhat arbitrary; this
has resulted in literature in which there are wide range of values
of Griineisen parameter (y) for many geologically relevant materi-
als. It is therefore, important to investigate more carefully how the
value of Griineisen parameter (y) and its compressional behaviour
are affected by:

(1) The choice of the formulation of Griineisen parameter (y).
(2) The use of different equation of state’s (EOS’s).

We shall firstly review the various formulations of Griineisen
parameter (y), starting how they may be obtained directly from
the equation of state. In the present work the Griineisen parameter
has been estimated at different compression for six differ-
ent BMGs, viz. Zryq Ti14CU12.5Ni]0B622.5, Zry Ti]4CU12‘5 NigBe22‘5 Cl ,
ZrygNbgCuqFegBeyy, (Zros9Tio.06Cu0.22Nig.13)85.7Al14.3, Si02-TiO
and PdsgNijgCusgPy; using four phenomenological isothermal
equations of state Birch-Murnaghan IIl EOS, Vinet and Rydburg
EOS, Brennan-Stacey EOS and Hama-Suito EOS. A comparative
study has also been made among the calculated values of Griineisen
Parameter to test the validity of various equations of states.

2. The Griineisen parameter

The free volume expression for Griineisen parameter (y) was
derived by Vaschenk and Zubarev [14] and Irvine and Stacey [13]
followed by the path suggested by Brillouin [15], who showed that
the thermal pressure may be considered as that required to keep
the volume constant as the temperature raised, they expended the
“mutual forces between the atoms at separation r” in a series expan-
sion around ry to quadratic terms and found the pressure necessary
to keep AV zero at given T, and solved for Griineisen parameter (y)

_ (1/2)K’ - (5/6) + (2/9)(P/Kr)
a 1—(4/3)(P/Kr)

where the subscript refers to Vashchenko’s and Zubarev’s approach.

(1)

Further, Stacey assumed that the correlation of motions along a
bond was the same with respect to dilation as that of those trans-
verse to the bond. Thus, Barton and Stacey [16], fond correlation for
Griineisen parameter () leading to

(1/2)K' - § = (f/3)[1 - (1/3)(P/Kr))]
1—(4/3)(P/Kr)

where f=2.35 not 2 as in Eq. (1)
At P=0, Eq. (2) reduces to yp,.s =(K'[2)—0.95.

(2)

Vba-s =

3. Computation of Griineisen parameter () from equation
of state

The four phenomenological forms of isothermal equation of
state as derived from lattice potential theory [17-19] are as follows:

p— ;Ko[ﬂ —x] [1 + %(Ka —4)x2 - 1)] 3)
~ 3Kox (3K) —5)(1 —x3)

P=3x—3 {e’(p{3 -1 @

P =3Kox~2[1+ (1 —x)(1 + nx)]exp[n(1 - x)] (5)

P = 3Kox~5(1 — x)exp E(K(’) S3)(1-x)+ (z - %) a —x)z} (6)

where x=(V/Vp)!? and 7= (3/2)(Ky — 1)) and z=(3/8)(K] —
1)K} +3) — (3/5)K'§ +(1/3)

V is the volume at pressure P and Vj is the volume at zero
pressure, Ko and Kj, are the isothermal bulk modulus and its first
pressure derivative at zero pressure respectively. Eq. (3) is the
Birch-Murnaghan (III) EOS derived, using the finite strain theory
[20], Eq. (4) is the Brennan-Stacey EOS derived using the thermo-
dynamic formulation for the Griineisen parameter [21,22]. Eq. (5)
is the Vinet-Rydburg EOS based on universal relationship between
binding energy and interatomic separation for solids [23,24].

Expressions for isothermal bulk modulus corresponding to Egs.
(3)-(6) obtained using the relationship Ky =— V( d P/d V) are given
as follows:

Kt = ’%"[7;(7 —5x7°] + %KO(K(’) —4)(9x™2 — 14x~7 + 5x73) (7)

Kt = Kox™' exp { (Ké - §) ¢ —x1/3)} + gP (8)
Kt = Kox72[1 + (nx 4+ 1)(1 — x)]exp{n(1 — x)} (9)
Kr = § H5+ 1%(} +X{%(K()—l)+22(l —x)+3x—6H (10)

The corresponding expression for K. = (dKt/dP) obtained from
Egs. (6)—(8) are written as follows:
Ko

4
’ ’ -9 _ -7 -5 = -7 _ -5
Ki = g {(1(0 4)(81x70 - 98x7 +25x°%) + (497 — 25x )}
(11)



Table 2
Calculated values of pressure (P), isothermal bulk modulus (Kr), its first pressure derivative (K;), Barton-Stacey Griineisen parameter (ypas) and Anderson-Griineisen parameter (dr) at different compressions (V/Vo) for
Zr41Ti14Cuy25NijoBezs s using (a) Birch-Murnaghan 111 EOS, (b) Brennan-Stacey EOS, (c¢) Vinet-Rydburg EOS, (d) Hama-Suito EOS at T=Ty =300K.

ViVo P(a)(GPa)  K(a)(GPa) K Yvas (@) P(b)(GPa)  K(b)(GPa)  K'(b) Ybas (b)  P(c)(GPa)  K(c)(GPa)  K'(c) Ybas (€)  P(d)(GPa)  K(d)(GPa)  K'(d) Vba-s (d)
1.00 0.00 114.10 4.06 1.08 0.00 114.10 4.06 1.08 0.00 114.10 4.06 1.08 0.00 114.10 4.06 1.08
0.90 14.89 171.68 3.72 1.05 14.84 164.73 3.52 0.95 14.85 170.29 3.57 0.97 14.82 169.54 3.50 0.93
0.80 40.11 261.66 3.46 1.03 39.41 236.70 3.08 0.82 39.57 253.37 3.20 0.87 39.29 249.25 3.07 0.79
0.70 84.26 409.02 3.25 1.00 80.56 341.36 2.71 0.68 81.42 379.85 2.89 0.77 80.07 366.82 2.73 0.67
0.60 165.66 665.60 3.08 0.98 151.18 498.77 2.39 0.54 154.56 580.05 2.62 0.67 149.80 546.64 2.46 0.55
0.50 327.61 1151.45 2.94 0.96 277.39 747.42 2.11 0.40 288.96 914.10 2.38 0.56 274.44 836.26 2.22 0.44
0.40 688.78 2189.18 2.83 0.94 518.25 1170.66 1.86 0.24 555.43 1514.74 2.16 0.44 513.74 1339.97 2.02 0.32
0.30 1654.55 4861.28 2.73 0.92 1030.39 1983.21 1.66 0.05 1151.35 2724.03 1.93 0.29 1030.71 2329.91 1.84 0.21
0.20 5231.16 14,440.94 2.65 0.91 2357.88 3917.97 1.49 -0.23 2794.46 5675.31 1.70 0.08 2415.72 4753.42 1.69 0.09
0.10 33,669.72 88,754.91 2.60 0.91 7825.80 11,417.86 1.38 -0.93 9960.05 16,589.17 1.42 -0.43 8542.47 14,619.28 1.57 —-0.05
Table 3

Calculated values of pressure (P), isothermal bulk modulus (Kr), its first pressure derivative (K;), Barton-Stacey Griineisen parameter (ypas) and Anderson-Griineisen parameter (dr) at different compressions (V/Vo) for
Zr41Ti14Cuq25NigBeyz 5Cy using (a) Birch-Murnaghan (I1I) EOS, (b) Brennan-Stacey EOS, (c) Vinet-Rydburg EOS, (d) Hama-Suito EOS at T=T; =300K.

VIVo ~ P(a)(GPa)  K(a)(GPa) K Yvas(a)  P(P)(GPa)  K(b)(GPa)  K'(b)  yras(P)  P(c)(GPa)  K(c)(GPa)  K'(c)  ypas(c)  P(d)(GPa)  K(d)(GPa)  K'(d)  ybas(d)
1.00 0.0 107.30 394  1.02 0.00 107.30 3.94 1.02 0.00 107.30 3.94 1.02 0.00 107.30 3.94 1.02
090 1391 159.50 3.61  0.99 13.86 153.17 343 0.89 13.88 158.35 3.48 0.92 13.85 157.71 3.41 0.88
080  37.18 239.95 335  0.96 36.59 217.85 3.00 0.77 36.73 233.17 3.11 0.82 36.49 229.71 3.00 0.75
070  77.34 369.57 314 093 74.26 311.23 2.65 0.64 75.04 346.08 2.82 0.72 73.91 335.28 2.68 0.63
0.60 15020 590.81 296  0.90 138.29 450.77 2.34 0.50 141.31 523.17 2.56 0.62 137.38 495.89 2.41 0.52
050 29222 999.20 281 087 251.71 670.00 2.07 0.36 261.83 815.82 2.33 0.52 250.02 753.37 2.19 0.41
040  600.44 1841.94 268 084 466.32 1041.50 1.83 0.21 498.16 1336.53 2.11 0.40 464.81 1199.36 1.99 0.31
030 139255 3904.48 255  0.80 919.00 1752.21 1.64 0.02 1020.19 2372.73 1.89 0.25 925.96 2073.13 1.82 0.19
020 413543 10,685.09 242 075 2083.78 3439.73 148 -0.26 2438.68 4867.19 1.66 0.04 2154.45 4207.67 1.68 0.08

0.10 22,746.87 53,452.07 2.22 0.63 6850.61 9964.32 1.38 -0.97 8505.25 13,929.24 1.39 -0.52 7563.47 12,891.23 1.57 —0.06
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Table 4
Calculated values of pressure (P), isothermal bulk modulus (Kr), its first pressure derivative (K;), Barton-Stacey Griineisen parameter (ypas) and Anderson-Griineisen parameter (dr) at different compressions (V/Vo) for
Zr4NbsCuy;FegBess using (a) Birch-Murnaghan (I11) EOS, (b) Brennan-Stacey EOS, (c) Vinet-Rydburg EOS, (d) Hama-Suito EOS at T=T, =300K.

ViVo P(a)(GPa)  K(a)(GPa) K Yvas (@) P(b)(GPa)  K(b)(GPa)  K'(b) Ybas (D)  P(c)(GPa)  K(c)(GPa)  K'(c) Ybas (€)  P(d)(GPa)  K(d)(GPa)  K'(d) Vba-s (d)
1.00 0.00 113.60 4.10 1.10 0.00 113.60 4.10 1.10 0.00 113.60 4.10 1.10 0.00 113.60 4.10 1.10
0.90 13.91 171.61 3.75 1.07 14.80 164.63 3.55 0.97 14.81 170.19 3.61 0.99 14.79 169.41 3.53 0.95
0.80 37.18 262.68 3.49 1.05 39.41 237.36 3.11 0.83 39.56 254.08 3.22 0.89 39.27 249.82 3.10 0.81
0.70 77.34 412.54 3.28 1.03 80.75 343.40 2.73 0.70 81.61 382.19 291 0.78 80.21 368.67 2.75 0.68
0.60 150.20 675.07 3.12 1.00 151.92 503.23 240 0.55 155.34 585.58 2.64 0.68 150.39 550.76 247 0.56
0.50 292.22 1175.91 2.98 0.98 279.50 756.17 2.12 0.41 291.27 926.06 2.40 0.57 276.13 844.49 2.23 0.45
0.40 600.44 2256.08 2.87 0.97 523.67 1187.39 1.87 0.25 561.80 1540.38 217 0.45 518.07 1355.98 2.03 033
0.30 1392.55 5075.39 2.78 0.95 1044.26 2016.27 1.66 0.05 1169.27 2782.07 1.95 0.30 1041.80 2362.24 1.85 0.21
0.20 4135.43 15,399.39 2.71 0.95 2397.02 3991.83 1.50 -0.22 2852.40 5826.34 1.71 0.09 2447.41 4827.19 1.69 0.09
0.10 22,746.87 98,957.82 2.67 0.96 7981.21 11,656.65 1.38 -0.91 10,240.40 17,151.18 1.42 -0.40 8674.06 14,862.51 1.57 —-0.05
Table 5

Calculated values of pressure (P), isothermal bulk modulus (Kr), its first pressure derivative (K;), Barton-Stacey Griineisen parameter (ypas) and Anderson-Griineisen parameter (dr) at different compressions (V/Vo) for
(Zro.59Tip.06CUp 22 Nio 13 )o.57Al14.3 using (a) Birch-Murnaghan (III) EOS, (b) Brennan-Stacey EOS, (c¢) Vinet-Rydburg EOS, (d) Hama-Suito EOS at T=Ty =300K.

VIVo ~ P(a)(GPa)  K(a)(GPa) K Yhas(a)  P(P)(GPa)  K(b)(GPa)  K'(b)  yras(b)  P(c)(GPa)  K(c)(GPa)  K'(c)  ypas(c)  P(d)(GPa)  K(d)(GPa)  K'(d)  ybas(d)
1.00  0.00 112.60 434 122 0.00 112.60 434 122 0.00 112.60 434 1.22 0.00 112.60 434 1.22
090 1492 174.19 397 119 14.86 166.92 3.75 1.07 14.87 172.52 3.80 1.10 14.84 171.59 3.70 1.04
0.80  40.90 273.20 369 117 40.09 245.65 3.27 0.93 40.24 262.91 3.38 0.98 39.89 257.69 3.23 0.89
070  87.78 440.54 348 115 83.35 362.24 2.86 0.78 84.22 403.40 3.05 0.87 82.49 386.43 2.86 0.75
0.60  177.16 742.84 3.31 1.13 159.26 540.40 2,51 0.63 162.90 630.57 2.76 0.76 156.65 585.72 2.55 0.62
050  362.16 1341.06 318 111 297.85 825.73 2.20 0.47 310.97 1018.29 2,51 0.65 291.36 910.05 2.29 0.49
040 79553 2691.18 3.07 110 567.78 1316.98 1.93 0.30 612.19 1732.69 2.27 0.52 553.86 1478.89 2.07 0.37
030  2032.87 6430.77 299  1.09 1152.87 2268.71 1.70 0.10 1305.44 3210.94 2.03 0.38 1128.60 2603.80 1.88 0.24
020  7082.02 21,340.27 293 1.08 2696.61 4551.24 1.52 -0.18 3283.10 6936.49 178 0.17 2686.18 5366.74 1.71 0.10
0.10  55059.28 161,07835 291 1.09 9155.64 13,456.20 139 -0.84 12,309.88 21,302.90 148 -0.26 9633.24 16,602.12 1.57 -0.05
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Table 6

Calculated values of pressure (P), isothermal bulk modulus (Kr), its first pressure derivative (K;), Barton-Stacey Griineisen parameter (¥pa-s) and Anderson-Griineisen parameter (Jr) at different compressions (V/Vo) for SiO2-TiO,

using (a) Birch-Murnaghan (III) EOS, (b) Brennan-Stacey EOS, (c) Vinet-Rydburg EOS, (d) Hama-Suito EOS at T=T, =300K.

VIVo  P(a)(GPa) K(a) (GPa) K Ypas (@) P(b)(GPa)  K(b)(GPa)  K'(b)  Ybas(b) P(c)(GPa)  K(c)(GPa)  K'(c) Ybas (€)  P(d)(GPa)  K(d)(GPa)  K'(d) Vba-s (d)
1.00 0.00 34.20 -7.71 -4.81 0.00 34.20 -7.71 -4.81 0.00 34.20 -7.71 -4.81 0.00 34.20 -7.71 -4.81
0.90 1.61 -9.49 62.57 24.71 2.55 16.80 -5.13 -4.36 242 14.00 -9.53 -7.37 2.36 12.63 -1198 -9.18
0.80 -4.88 -112.74 10.77 4.72 4.16 10.79 -2.15 -3.96 335 3.15 -18.97 24.33 3.02 0.18 -365.15 8.56
0.70 -33.87 —348.49 6.97 2.94 5.52 9.41 -0.03 -3.71 337 -1.89 11.16 1.23 2.63 -4.92 3.23 0.31
0.60 -124.99 —898.38 5.52 2.27 7.04 10.19 0.92 -3.95 2.92 -3.54 094 -033 1.80 -5.29 -122  -1.13
0.50 -397.87 —2269.09 4.73 1.91 9.11 12.46 1.22 -5.84 2.27 -3.42 -090 -0.83 0.98 -3.57 -285 -1.79
0.40 -1272.07 —6120.65 4.21 1.68 12.33 16.56 1.31 -13.67 1.60 -2.57 -154 -1.03 0.41 -1.69 -3.75 -2.18
0.30 -4612.04 -19,397.41 3.84 1.51 18.14 24.23 133 -45.38 1.01 -1.59 -1.76  -1.08 0.12 -0.53 -428  -2.42
0.20 —22,940.89 —86,182.62 3.55 1.38 31.17 41.58 1.33 -193.54 0.55 -0.77 -1.75 -1.03 0.02 -0.09 —4.51 -2.51
0.10 —268,650.68 -911,684.13 3.29 1.27 78.56 104.76 133 —1239.81 0.23 -0.25 -1.53 -0.87 0.00 0.00 -428 -2.38
Table 7

Calculated values of pressure (P), isothermal bulk modulus (Kr), its first pressure derivative (K;), Barton-Stacey Griineisen parameter (ypas) and Anderson-Griineisen parameter (dr) at different compressions (V/Vo) for

Pd39Ni;oCuspP2; using (a) Birch-Murnaghan III EOS, (b) Brennan-Stacey EOS, (c¢) Vinet-Rydburg EOS, (d) Hama-Suito EOS at T=T, =300K.

V[Vo  P(a)(GPa) K(a)(GPa) K Yba-s (@) P(b)(GPa)  K(b)(GPa)  K'(b)  ypas(b)  P(c)(GPa)  K(c)(GPa) K'(c)  ¥has(c)  P(d)(GPa)  K(d)(GPa)  K'(d)  ypas(d)
1.00 0.00 159.10 6.28 2.19 0.00 159.10 6.28 2.19 0.00 159.10 6.28 2.19 0.00 159.10 6.28 2.19
0.90 23.27 292.86 539 1.98 23.26 283.38 533 1.95 23.22 291.26 529 1.92 23.09 287.05 5.04 1.78
0.80 70.75 532.61 4.81 1.81 70.40 494.16 4.59 1.71 70.04 520.72 4.62 1.70 68.31 493.16 4.21 1.46
0.70 169.37 983.68 4.41 1.68 165.95 856.21 3.98 1.47 164.90 931.85 4.12 1.52 155.18 827.87 3.59 1.19
0.60 384.23 1891.43 4.10 1.58 363.24 1491.46 343 1.23 363.01 1702.17 3.72 1.35 322.89 1381.10 3.08 0.95
0.50 892.09 3899.41 3.85 1.49 785.67 2645.07 293 0.98 800.88 3239.13 3.36 1.18 655.39 2324.07 2.65 0.72
0.40 2257.76 8998.87 3.65 1.42 1746.66 4862.82 2.47 0.73 1860.56 6595.69 3.03 1.02 135043 4015.69 2.27 0.50
0.30 6789.06 25,077.24 3.48 135 4166.47 9574.60 2.05 0.45 4826.80 15,006.54 2.70 0.85 2947.79 7331.83 1.94 0.26
0.20 28,799.50 99,554.96 3.33 1.29 11,520.62 21,736.22 1.70 0.13 15,528.87 41,618.11 235 0.64 7342.88 15,055.18 1.64 —-0.01
0.10 291,530.56 947,055.80 3.19 1.23 46,482.80 72,089.63 1.44 -0.42 82,714.15 180,382.01 1.91 0.32 25,970.67 42,754.81 1.41 —0.45
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o 4p , 5\ 3 5] 16°P
KT—(]_§E){(KO_§)X +§}+§E (12)
;1| x(1—n)+2nx2

=3 [m;mm_x)*”x“ (13)
, K 1. P [, 1

KT_F 3+9KT{X {(22 3) (]—x)z}—i_S} (14)

Thus Egs. (3), (7) and (11) represent the Birch-Murnaghan (III)
EOS, Egs. (4), (8) and (12) represent the Brennan-Stacey EOS, Eqgs.
(5),(9)and (13) represent the Vinet-Rydburg EOS and Egs. (6), (10)
and (14), represent the Hama-Suito EOS respectively.

4. Results and discussion

In the present work we have described four different forms of
EOS; Egs. (3), (7) and (11) represent the Birch-Murnaghan (III)
EOS’s, Egs. (4), (8) and (12) represent the Brennan-Stacey EOS'’s,
Egs. (5), (9) and (13) represent the Vinet-Rydburg EOS’s and Egs.
(6), (10) and (14), represent the Hama-Suito EOS’s respectively.
All the four EOS contain only two parameters Ko and Kj both at
zero pressure. It has been the usual practice to adjust or to fit the
parameters Ky and Kj in order to achieve the agreement with the
experimental values. This procedure of fitting does not provides a
useful insight for the physical EOS. In order to make a real test of
EOS we have used experimental values of Ky and Kj, for given bulk
metallic glasses. These values of Ko and K, have been recommended
by Anderson [20]. The values of pressure P for six differ-
ent BMG’s, viz. Z1r4q Ti14CU]2_5Ni]oB€22_5, Zryq Ti14CL112.5 NigBezz.s Cq,
ZrsgNbgCuqpFegBeay, (ZroseTio.osCuo22Nio.13)85.7Al143, SiO2-TiO;
and Pd3gNiqgCusgPy1, were computed for given increments of V[V
by using Egs. (3)-(6). The value of input parameter, Ko and K are
taken from literature [25] are shown in Table 1. Using the values
of pressure P computed from Eqs. (3)-(6) for six different BMG'’s,
the values of first pressure derivative of bulk modulus (Kt) at con-
stant temperature are computed from Eqgs. (7)-(10). Substituting
these values P and Kr, in Egs. (11)-(14), the value of K. is obtained
which is shown in Tables 2-7. Substituting the values of P, KT and
K}, in Eq. (2) the value of yp,_s were calculated which is shown in
Tables 2-7. A graphis plotted between the Griineisen parameter (y)
versus V/Vy which are shown in Figs. 1-6 leading to the following
generalisation.

The graphs plotted between Griineisen parameter (y) versus
V|Vy which are obtained by Birch-Murnaghan (III) EOS and
Hama-Suito EOS are straight line for most of the BMG’s except
SiO,-TiO, but it is curved for the values obtained by Vinet-Rydburg
EOS and Brennan-Stacey EOS. It has been noted that to a good
approximation the ratio y/<2 (where §2 = V/V}) of Griineisen param-
eter to volume is constant for solids [26]. Fang and Rong [27] have
calculated the melting temperature under high pressure with the
assumption that y/S2 is constant, has been frequently used in work
on shock compression of metals.

The expression y/§2 leads to equation of straight line. Hence
the graph between Griineisen parameter (y) versus £2 must be a
straight line which strongly supports the Birch-Murnaghan (III)
EOS and Hama-Suito EOS both under low and high compres-
sions whereas Vinet-Rydburg EOS and Brennan-Stacey EOS are
applicable only at high compression ratio. Thus, Birch-Murnaghan
(IIl) EOS and Hama-Suito EOS are compatible both low and high
compression ranges for calculating Griineisen parameter whereas
Vinet-Rydburg EOS and Brennan-Stacey EOS are incompatible for
calculating the Griineisen parameter using Eq. (2) at low compres-
sion ranges.

In spite of this reservation on Griineisen parameter (y) the evi-
dence supports the idea that the exponential variation of Griineisen

parameter (y) with volume is much different at high pressure
in comparison to low pressure. This conclusion is also supported
by the work of Kopyshev [28], who investigated the behaviour of
Griineisen parameter (y) using Fermi-Dirac theory. He found that
Griineisen parameter () approached the limiting value of 1/2 ata
condition of vanishing volume. This conclusion also agrees with the
results of Rice [29], by assuming that both the adiabatic bulk mod-
ulus and Griineisen parameter (y) are independent of temperature.
He found that

Y _7o AT
vV Vo [14—)/0(1 Vo)}

Using a harmonic theory, Pastine [30] computed the curve for
Griineisen parameter (y) versus V, which shows smaller exponent
at higher pressure.

It is not always necessary to make a prior assumption of the vol-
ume dependence of Griineisen parameter () in order to compute
temperature effect in shock waves. Another way tried by Takeuchi
and Kanamori [31] makes an assumption about thermal equation
of state, and the empirical relationship y versus V/Vy For exam-
ple, Takeuchi and Kanamori [31] assumed that the y versus V[V,
curve is linear and that the pressure-energy relationship is given
by one of the Mie-Griineisen equation. It is interesting to note that
the values of Griineisen parameter (y) computed by their method
indicates that the exponential power of V for Griineisen parameter
(y) is higher at low pressure than at high pressure. Such evidences
strongly support the Griineisen parameter as calculated by using
Hama-Suito EOS. Thus Hama-Suito EOS is the best EOS for cal-
culating Griineisen parameter both at high and low compression
ranges for BMG’s.
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