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ABSTRACT

The pressure — volume - temperature equation of state (EOS) of Vetreloy glasses is
fundamental to high- pressure science because of its widespread use as an internal pressure
standard. In the present work an attempt has been made to correlate Stacey K primed EOS
(SRKP-EOS) with Kushwah EQS for calculating pressure at different compression ranges
from (VIV, = 1.0 to V/Vy, = 0.5) for four different Zr based vetreloy glasses viz.
Zry TiyCuypsNigoBeys s, Zry TiaCuypsNigBeg, 5Cy, ZrgNbgCuyFegBey,, and

Keywords (Zro50Tig0sCUg23Nig 13)g5.7 and obtained result is compared with available theoretical data.
Vetreloy Glass, The result shows that at compression range V/V=1.0 to V/V,=0.6 both the EOS viz SRKP-
BMG’s, EOS and Kushwah EQOS cooperate well with available theoretical data proposed by Vinet

Isothermal EOS, but at compression V/V,=0.5 they show a remarkable deviation.

Stacey reciprocal K Primed EOS,
Bulk modulus,
Kushwah EOS.

Introduction

The equation of state (EOS) for solids plays an important
role to describe their peculiar properties and applications in
condensed matter physics and geophysics [1, 2]. However, little
information about EOS has so for been obtained for Vitreloy
glasses, because the measurements of EOS have been impeded
mainly by the inability to prepare Vitreloy glassy specimens.
Vitreloy is the commercial name of a series of Zr based metal
alloys developed by a research team of California Institute of
Technology. The Vitreloy BMG’s are composed of five-six Zr
based metallic components with large size difference in the
atomic diameter. From glass point of view its microstructure is
considered as a frozen one under cooled metal melt.

Therefore, the atomic arrangement in Vitreloy BMG’s
becomes random; due to the close packing of these atoms there
exist free volume. Vitreloy BMGs were prepared by the water
guenching method, and the details of the preparation can be seen
in Refs. [3-6]. It has many desirable properties such as high
specific strength and hardness, corrosion resistance, and near-
net-shape casting ability [7-10]. It is being applied as a structural
material in coatings, electronic packaging, sporting equipment,
and defense purposes [10]. At elevated temperature and pressure
near or above its glass transition temperature and critical
pressure, Vitreloy exhibits nonlinear visco-elastic behavior, and
its deformation behavior can be well characterized [11].

The deformation behavior of Zr based Vitreloy at higher
pressure is directly related to the structural applications of the
material which are commonly described in terms of the free
volume model; it shows a significant increase in atomic mobility
and a strong dependence of strain rate on slight changes of the
local free volume. Due to their excellent physical, chemical, and
mechanical properties, the Bulk Metallic Glasses (BMGs) have
sparked wide range of interest in the past several decades.
However, the understanding of pressure effects on Vitreloy
BMGs is still remaining a subject of study at qualitative level
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because the qualitative properties of the compressed metallic
glassy state under high pressure are yet to be explored.

In the field of EOS, Stacey [12-15] and Kushwah [16] have
made an important development based on thermodynamics
constraint in the limit of infinite pressure.

The variation of the pressure derivative of bulk modulus K
with pressure in the limit of extreme compression (V—0) at
infinite pressure (P—oo) provides the fundamental base for
formulation of Stacey reciprocal K primed EOS [17], whereas,
Kushwah etal. [16] have formulated the generalized equation
using simple logarithmic function consistent with the infinite
pressure extrapolation. Stacey [12] found the thermodynamic

constraint which is recognized as an important
5

K;O > 3
parameter for studies of high pressure properties of solids and it
must be different for different materials. The above fact has also
been verified by Kushwah EOS [17].

In our present work an attempt has been made to correlate
Stacey reciprocal K primed EOS (SRKP-EOS) with Kushwah
EOS for calculating pressure at different compression ranges
from (V/V, = 1.0 to V/V, = 0.5) and obtained result is compared
with available theoretical data. For our investigation we have
taken four Zr based Vitreloy glasses viz. Zry Ti4CuypsNijgBegs s,
Zr41Ti14CU12.5NigBezz_5C1, Zr4ng8CU12F68BEZ4, and
(Zros9Tip,0sCUg23Nig 13)g5.7 into the consideration.

Theory:

The variation of the isothermal pressure derivative of the
isothermal bulk modulus K with pressure P, and in particular the
behavior of Kq in the limit of infinite pressure have provided the
fundamental base for the formulation of the Stacey reciprocal K-
primed EOS. The Stacey Reciprocal K-primed equation of state
is written as (SRKP-EQS) [12-14]
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Where, P is pressure, K, is the isothermal bulk modulus at

pressure P, is the first pressure derivative of Ky given as
0

: :(aKT j at p=(Qand K. is the value of K. at P
oP

o recognized as an important parameter for the analysis of

EOS.

From a detailed analysis of seismic data for the lower
mantle and core of Earth, it has been found empirically that the
following relationship [13, 18-20] holds precisely well:

2
K, = § K(') @
5
Equation (1) on integration can be reduced [24, 21] in terms of
compression V_, given
VO
Ini:Kf’ In(lK;O Pj+(K9J P )

VvV, K, K, K. K,

Kushwah et al formulated the generalized equation [16, 19]
consistent with the infinite pressure extrapolation using a simple
logarithmic  function. The generalized logarithmic EOS
formulated by Kushwah et al which shows agreement with the
result based on the SRKP-EOS, obtained by fitting the
seismological data can be given as

PL-x)< = A InL+x)+ A fIn(L+x) + Afin+x)F @

Where, ( vV ] \/ is the volume at P=0.The constants
X= 0

1—- —
0
Aq, Az and Az are determined by using the condition at P=0, i.e.,
V=V, bulk modulus K=K,, dK ,and d2K
P dP?
The values of constants A;, A, and Az are obtained in terms of
Ko, K(') and K(; from equation (3) given as,

0

A =K, (5)
Ko (k: - (6)
A, :?O(Ko -2K,, +2)
and
Ko " 2 s - " .
== (KoK + K =3KLK, 6K, + 3K ~12K., +6)

()

Values of | " are obtained from the Stacey relationship [12-
0"%0

13, 18], given as:

KoKo =K, (K, — K. )=—0.4K? ®
By using equation (2) and (8) in equation (7), expression for A3
can be written as,
KZ K, )
=K, |-—=%-—2+1
A =Ko [ 50 5 J

The expressions given by equations (1-3) based on Stacey
Reciprocal K-Primed EOS whereas, equation (4-9) based on
Kushwah EOS [16] which have been used in the present study to
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obtain pressure dependence of compressibility for Vetreloy
glasses are discussed in the next section.
Result and Discussion:

In present work, the entire computational findings have
been performed in two phases. In the first phase, the value of
compression [L] is calculated by using equation (3). The

VO
input value [22] for K, and K, displayed in table (1) along

with calculated value of K' calculated by using equation (2).

0

The value of pressure p and corresponding isothermal bulk
modulus K, for various chosen bulk metallic glasses taken

from literature [23] displayed in table (2-5) designated as
initial P and initial K, along with the compression ratio

Vo
[LJ It is observed that in case of all four bulk metallic
VD
glasses, the result for volume compression ratio
Lv ]calculated by using SRKP-EOS, given in table (2-5)
VO
shows remarkably good agreement with those based on
computed data of literature [23] up to the compression range
VIVy=110 VIVy=0.6
In the second phase of our work the pressure p is calculated by
using equation (4-9) designated as cal. p , displayed in table (2-
5). It is observed that the calculated values of pressure P for
Kushwah EQOS, obtained by using equation (4-9) with input
value of compression resulted from equation (3) also shows
good agreement with the input value of the pressure up to
compression range VIV, =1 to V/Vy= 0.6. Graphs plotted
between compression (Lj vs. pressurep (int. p and
VO
in fig.(1-4)

[\/ j calculated by using equation (3) designated as cal.

cal. p) as shown
generalization.
From the graph (1-4), a plot between P vs (V ] , it is

leads to the following

VO
observed that up to the pressure corresponding to compression
range V/V, =1 to V/Vy= 0.6, the SRKP-EOS along with
Kushwah et al EOS is showing complete agreement with the
available data but at compression [LJ _ o both the EOS
shows remarkable deviation with available theoretical data
predicted by Vinet.

It is clear from the graph (1-4) that Kushwah-EQOS is in fact
mimicking the SRKP-EQOS, for vetreloy glasses at different
compressions upto compression range V/V, =1 to V/V,= 0.6.
The results obtained in the present study support the validity of
the SRKP-EQS for investigating the volume expansion of bulk
metallic glasses at compression range V/Vy=1 to V/V,= 0.6. The
same is applicable for the Kushwah-EOS, which predicts the
value of pressure at high temperature, and that is also in
agreement with available data. Kushwah-EOS is blindly
following the SRKP-EOS because both of them are consistent
with equation (2) and (8). It is also noticed that the Kushwah-
EOS can conveniently be used only for determining the pressure
values if the volume expansion data are available.
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Fig. (1-4): Variation of initial P and calculated P with V/V,
for Vetreloy glass
The deviation between the compression [V ]calculated by

VO
using SRKP-EOS and theoretically predicted data and also the
deviation between pressure P calculated by Kushwah EOS and
theoretically predicted by Vinet is due to the difference between
calculated and predicted values of K' - The theoretically

predicted data for the compression ratio is obtained according to
the Vinet, who has considered . . 2, that is characteristic of

=~
o0
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EOS [24] while in the present calculation K =2 is
* 3

characteristic of the material decided by equation (2). Since, the

input values of pressure p and corresponding isothermal bulk

modulus K, are taken from Vinet-Rydberg EOS [23] so, it

always supports K ~ 2 . Stacey has generalized the Rydberg-
* 73

Vinet EOS [12] to make it consistent with the infinite pressure

extrapolation. The generalized Rydberg-EOS, however could

not resolve the problem [17, 25] of K' of Vinet-EOS, its value

remains less thang. Thus the above study support the

3

conclusion that the generalized Vinet-Rydberg EOS does not
follow the thermodynamic constraint [12], according to
which . 5.

K, >=

3

References
1. Bridgman, P. W., Proc. Am. Acad. Arts Sci. 74, 425 (1942)
2. Vinet, P., Ferrante, J., Smith, J. R., Rose, J. H., J. Phys.:
Condens. Matter,19, 467 (1986)
3. Wang, W. H., Wei, Q., Friedrich, S., Phys. Rev B 57, 8211
(1998)
4. Wang, L. M., Wang, W. H., Sun, L. L., Zhao, J. H., Wang,
W. K., Sci. China, Ser. A: Math., Phys. Astron., 43, 407 (2000)
5. Zhang, Y., Zhao, D. Q., Wang, R. J., Pan, M. X., Wang, W.
H., Mater. Trans. JIM, 41, 1423 (2000)
6. Wang, W. H., Wen, P., Wang, L. M., Zhang, Y., Pan, M. X,
Zhao, D. Q., Wang, R. J., Appl. Phys. Lett., 79(24), 3947, (2001)
7. Johnson, W. L., MRS Bull., 24, 42 (1999)
8. Gilbert, C. J., Schroeder, V., Ritchie, R. O., Metall. Mater.
Trans. A, 30A, 1739 (1999)
9. Wright,W. J., Saha, R., Nix, W. D., Mater. Trans. JIM, 42,
642(2001)
10. Johnson, W. L., JOM, 54, 40 (2002)
11. Lu, J., Ravichandran, G., J. Mater. Res., 18 (9), 2039, (2003)
12. Stacey, F. D., Geophysics J Int., 143,621(2000)
13..Stacey, F. D., Davis, P. M., Phys. Earth Planet Inter,
142,137 (2004)
14. Stacey, F. D., Rep Prog. Phys, 68, 621 (2005)
15. Stacey, F. D., Phys. Earth Planet Inter, 128, 179, (2001)
16. Kushwah, S. S., Shrivastava, H. C., Singh, K. S., Physica B,
388, 20 (2007)
17. Kushwah, S. S., Bhardwaj, N.K., Indian Journal of Pure and
Applied physics, 47, 663 (2009)
18. Stacey F. D., Rep Prog. Phys 68, 341(2005)
19. Kushwah, S. S., Bhardwaj, N. K., J. Phy Chem. Solids
70,137(2004)
20. Shrivastava, H. C., Physica B, 404, 251 (2009)
21. Kushwah, S. S., Tomar, Y. S., Indian Journal of Pure and
Applied Physics, 49, 99 (2011)
22. Fang, Z. H., Rong, L., J. Phys. Conden. Matter, 6, 6937
(1994)
23. Pandey, A. K., Pandey, B. K., Rahul, Journal of Alloys and
Compounds, 509,4191 (2011)
24.Shanker S., Kushwaha S. S. and Sharma M. P., , Physics B,
271, 158, (1999)
25. Arnesh, K., Dhermendra, K., Physica B, 130, 364 (2005)



9445 Anjnai K. Pandey/ Elixir Crystal Research Tech. 48 (2012) 9442-9445

Table-1: Input Value of K, (GPa) and K'0 [22] along with calculated value of K;O calculated by
using equation (2)

S.No. Sample Ko(GPa) Ko K
1 Zr4;Ti14Cup5NioBey s 114.10 4.06 244
2 Zr41Ti14Cu;p5NigBe;s, sCy 107.30 3.94 2.36
3 ZrsNbgCusFegBey, 113.60 4.10 2.46
4 (ZroseTio.06CUo22Nio 13)ss 7Al143 112.60 434 2.60

Table 2: Initial V/V, and Initial P taken from literature [23] along with calculated value of V/V,

and P calculated by using equation (2-9) for Zr,; Ti;4Cu;,5NijgBess s

Initial V/V, | Initial P (GPa) | Initial Kt(GPa) | cal.V/V, | cal.P(GPa)
1 0 1141 1 0
0.9 14.85 170.29 0.9 14.84
0.8 39.57 253.37 0.8 39.54
0.7 81.42 379.85 0.7 81.79
0.6 154.56 580.05 0.58 157.74
0.5 288.96 914.1 0.45 304.82

Table 3: Initial V/V, and Initial P taken from literature [23] along with calculated value of V/Vq

and P calculated by using equation (2-9) for Zr,; Ti;4Cui,sNigBe,s sCq

Initial V/V, Initial P (GPa) Initial K+(GPa) cal.V/V, cal.P(GPa)
1 0 107.3 1 0
0.9 13.88 158.35 0.9 13.85
0.8 36.73 233.17 0.8 36.77
0.7 75.04 346.88 0.7 77.3
0.6 141.31 523.17 0.58 159.26
05 261.83 815.82 0.46 374.99

Table 4: Initial V/V, and Initial P taken from literature [23] along with calculated value of V/Vyand P
calculated by using equation (2-9) for Zr,sNbgCu;,FegBey,

Table 5: Initial V/V, and Initial P taken from literature [23] along with calculated value of V/Vy and P

Initial V/V, | Initial P (GPa) | Initial Ky(GPa) | cal.V/V, | cal.P(GPa)
1 0 113.6 1 0
0.9 14.81 170.19 0.9 14.77
0.8 39.56 254.08 0.8 39.59
0.7 81.61 382.19 0.7 84.25
0.6 155.34 585.58 0.58 177.08
05 291.27 926.06 0.45 434.17

calculated by using equation (2-9) for (Zrgs9Tig.0sCUg2oNig.13)857Al14.3

Initial V/V, | Initial P (GPa) | Initial K+(GPa) | cal.V/V, | cal.P(GPa)
0 112.6 1 0
1

14.87 172.52 0.9 14.83
0.9

40.24 262.91 0.8 40.26
0.8

84.22 403.4 0.7 87.23
0.7

162.9 630.57 0.58 189.02
0.6

310.97 1018.2 0.44 495.3
0.5




