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Abstract

Acoustic velocities, elastic constants and thermodynamic parameters upon pressure up to 2 GPa of typical

Zr41Ti14Cu12:5Ni10Be22:5 bulk metallic glass (BMG) have been studied by using a pulse echo overlap method. The results indicate

that the glass forming ability (GFA) has a relation with the elastic constants for a glass forming system. The compression curve of

the BMG is interposed among its components, and the BMG exhibits small volume changes upon pressure, confirming that the

BMG has similar atomic close-packed configurations with elements which may closely related to the origin of its excellent GFA.

� 2003 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The acoustic, elastic and thermal properties of me-

tallic glasses are closely related to their binding nature
and vibrational characteristics [1–4]. The equation of

state (EOS) of a solid (pressure–volume relation, P–V )
plays an important role in condensed matter physics,

because the knowledge of EOS is of importance for the

general understanding of the behavior and the applica-

tion of a condensed matter [5]. The physical properties

and the EOS of crystalline solids have been long-

standingly and deeply investigated, and a lot of inter-
esting and important phenomena have been observed

[5,6]. For many years, however, the very high cooling

rate (>105 K/s) necessary to obtain the metallic glasses

had limited their geometry to be very thin ribbons or

wires. The difficulty to prepare bulky specimens makes

the studies of intrinsic nature of the metallic glass and

the measurements of many physical properties and EOS

very difficult. The acoustic and elastic properties as well
as the vibrational features in the metallic glasses are
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poorly understood. A fundamental understanding of

microstructural configuration in amorphous solids is not

as developed as that in crystalline solids. The bulk me-

tallic glasses (BMGs) make them in the form suitable for
measurements of elastic wave propagation. The acoustic

study of the new metallic glasses could get deep under-

standing of the structural and properties features. Since

acoustic property is particularly sensitive to the micro-

structure, the acoustic study especially the P -dependent
acoustic velocities can provide crucial information on

the micostructural characteristics as well as the elastic

and vibrational properties of the BMGs. On the other
hands, the BMGs have been found to have a glass

forming ability (GFA) close to oxide glasses, and are

relative ‘‘strong’’ glasses [7–9], which means that they

exhibit a large viscosity around the melting point and a

large apparent activation energy for flow. From the

different responses to pressure in elastic properties and

structure of the BMG, it may provide more information

for understanding the structural characteristics of the
excellent glass forming alloys. In this paper, we present a

systematic ultrasonic investigation on a typical Zr41Ti14
Cu12:5Ni10Be22:5 BMG (vit1) that is an ideal model

system for study of the nature and properties of the

metallic glasses [10]. The density, and acoustic velocities,
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which can sensitively reflect the microstructural change,

were measured in situ as functions of pressure up to 2

GPa. Some acoustic and elastic features are observed in

the glass. The Murnaghan equation of the state of the

BMG has been determined by ultrasonic measurements.
The volume compression of the BMG is compared with

those of its metallic components.
2. Experiments

Zr41Ti14Cu12:5Ni10Be22:5 BMG was prepared by wa-

ter quenching method in a cylindrical rod with 12 mm
diameter [11]. The amorphous nature as well as the

homogeneity was ascertained by X-ray diffraction

(XRD), differential scanning calorimeter (DSC), trans-

mission electron microscopy (TEM) and small angle

neutron scattering (SANS) [11]. The glassy rods were cut

to a cylinder with a length of 8 mm for ultrasonic

measurements. The ends of the cylinder were carefully

polished flat and parallel before ultrasonic measure-
ment. The acoustic velocities and their P -dependence
were measured at room temperature by using a pulse

echo overlap method [12,13]. The excitation and detec-

tion of the ultrasonic pulses were provided by X - or Y -
cut (for longitudinal and transverse waves, respectively)

quartz transducers. The frequency of the ultrasonic is 20

MHz, respectively. The transducers were bonded to the

specimen for high-pressure experiments. Dow resin is
used as bonding material for ultrasonic measurements

under pressure, its effects on the ultrasonic velocities

under pressure have been already determined, and can

be ruled out. Its bond quality can be kept unchanged

under pressure up to 2 GPa [14]. The travel time of ul-

trasonic waves propagating through the sample was

measured using a MATEC 6600 ultrasonic system with

a measuring sensitivity of 0.5 ns. The ultrasonic velocity
measurements under high pressure were calibrated by

the known materials of Pb, Bi [14]. The pressure was

applied using a piston–cylinder high-pressure apparatus,

1:1 pentane–isopentan was used for the pressure trans-

mitting media, for which hydrostaticity has already been

determined. The high-pressure measurements were per-

formed for several pressure load–unload cycles to ex-
Table 1

The acoustic data and elastic constants for typical BMGs at ambient pressu

Sample q (g/cm3) vl (km/s) vs (km/s) E (G

Zr41Ti14Cu12:5Ni10Be22:5 6.125 5.174 2.472 101

Zr46:75Ti8:25Cu7:5Ni10Be27:5 6.014 5.182 2.487 100.5

Zr45:4Ti9:6Cu10:15Ni8:6Be26:25 6.048 5.171 2.485 100.9

Zr48Nb8Cu12Fe8Be24 6.436 4.994 2.338 95.7

(Zr0:59Ti0:06Cu0:22Ni0:13)85:7Al14:3 6.608 4.890 2.269 92.7

Cu60Zr20Hf10Ti10 8.315 4.620 2.108 101.1

Pd39Ni10Cu30P21 9.152 4.74 1.96 98.2
amine the reproducibility and minimize error. Pressure

induced changes in the sample dimensions were ac-

counted for by using Cook�s methods [15]. The elastic

constants, e.g. bulk modulus K, Young�s modulus E,
shear modulus G, and Poisson�s ratio r, the Debye
temperature hD of the BMG is derived from the acoustic

velocities and density, q [12,16–19]. Density was mea-

sured by the Archimedian principle and the accuracy

was evaluated to be 0.005 g/cm3.
3. Results and discussions

3.1. Acoustic and elastic properties of the vit1 BMG

The values of q, vl, and vs of the Zr41Ti14Cu12:5
Ni10Be22:5 BMG at ambient pressure are listed in Table

1. For the BMG, the q, vl, and vs are 6.125 g/cm3, 5.174,

and 2.472 km/s, respectively. E, G, K, and r, and hD
calculated from the acoustic data are 101.2, 37.4, 114.1

GPa, 0.35, and 326.8 K, respectively. The obtained
elastic data are in good agreement with those of the

BMGs measured by different methods [10]. Table 1 also

lists the acoustic and elastic dada of a series of other

BMGs[13,20], and the elastic data are agreement with

those of the BMGs measured by different methods [21–

25]. r characterizes the relative value of the compressive

and shear deformation of a solid [12]. The values of r
for various BMGs listed in Table 1 range from 0.3 to
0.4, which is close to those of metals [26], e.g. Cu (0.37)

and crystalline alloys, e.g. Monel (0.33). The conven-

tional metallic glasses available have higher value of r
(r � 0:40) [27]. The conventional metallic glasses have

poor GFA (the critical cooling rate, Rc for the glass

formation, which represents the GFA of an alloy, is

from 104 to 107 K/s). The GFA of the BMGs (Rc ranges

from 1 to 100 K/s, for vit1, its Rc is even lower than 1 K/s
[7,28]) is much better than that of the conventional

metallic glasses. The above results show that the glass

with higher GFA has small value of r. This indicates

that the GFA has relation with the value of r for a glass

forming system. The nature of the chemical bond in a

solid determines the microstructure which has close re-

lation with the excellent GFA of an alloy [21], thus the
re

Pa) G (GPa) K (GPa) r hD (K) Vl=Vs K=G

37.4 114.1 0.35 327 2.09 3.06

37.2 111.9 0.350 327 2.08 3.01

37.3 111.9 0.350 327 2.08 3.00

35.2 113.6 0.359 306 2.13 3.22

34.0 112.6 0.363 291 2.15 3.31

36.9 128.2 0.368 282 2.02 3.47

35.1 159.1 0.40 280 2.42 4.52
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difference in microstructure will influence the mechani-

cal properties of a solid and then result in the variation

of the acoustic parameters and elastic constants. For

various BMGs listed in Table 1 the values of K=G are

from 3.0 to 4.5, which is similar to metals, such as Cu
and steel (K=G is about 2.5) [26], which may indicate the

similar bonding nature of the BMG and metals, and the

metallic bind remains after amorphization [29].

3.2. Pressure dependence of elastic properties and EOS

The EOS and the response in elasticity of the glasses

to pressure can provide crucial information about the
microstructural features of different glasses[30]. Fig. 1

presents the pressure variations DvðP Þ=vðP0Þ ¼½vðP Þ�
vðP0Þ�=vðP0Þ of vl, and vs, (at 20 MHz) of the BMG,

where P0 is the ambient pressure. To determine P -
dependence of the elastic moduli exactly, Cook�s method

[15], by which the elastic constants and sample dimen-

sions can be calculated simultaneously and self-consis-

tently, was used for the correction. When using Cook�s
method, a mesh of 0.1 GPa pressure intervals and a

value for the quantity 1þ D of 1.01, which is the ratio of

the adiabatic to the isothermal bulk moduli, were used.

The data of vl and vs are reproducible and show no

measurable hysteresis effects in the pressure loading and

release cycle. It seems that there are no observable

permanent changes in acoustic velocities up to 2.0 GPa.

No detectable density increase in the sample after testing
was found. These results indicate the elastic behavior in

the BMG under hydrostatic compression up to 2.0 GPa.

The change of vl upon pressure is two times larger than

that of the vs. Both vl and vs increase smoothly with

increasing pressure and show an approximately linear

P -dependence.
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Fig. 1. Variation of longitudinal and transverse velocities (v ¼ vl; vs) of
the Zr41Ti14Cu12:5Ni10Be22:5 BMG upon pressure at room tempera-

ture. v is normalized by Dv=v0 ¼ ðv� v0Þ=v0, where v0 is a normal

velocity at ambient pressure P0.
The corresponding P -dependence of elastic constants

Y (Y ¼ E;G;K; r) calculated from the velocities for vit1

is shown in Fig. 2. Y is normalized by DY =Y0 ¼ ðY�
Y0Þ=Y0, where Y0 is a normal modulus at P0. For the

BMG, E, G, K, and r monotonically and linearly in-
crease with increasing pressure. In the absence of phase

changes, such an increase with increasing pressure is

generally expected as a consequence of the vibrational

anharmonicity of the BMG [31]. As shown in Fig. 2, the

value of dK=dp of vit1 is positive, the elastic constants

exhibit a positive deviation with pressure from linearity

showing that the modulus stiffens under pressure. The

monotonically increases of K can be attributed to the
denser packing of the BMG [28]. The application of

pressure does not induce acoustic mode softening for the

BMG. It worth noting that the pressure-induced chan-

ges of vl, vs, G, and K for vit1 are different from the

changes of these parameters induced by crystallization

[32]. The pressure leads to a smaller change of vs (1.2%)

and G (4.1%), and relatively larger changes of vl (2.2%)

and K (7.1%) (listed in Table 2). This result means that
pressure has larger effect on the longitudinal acoustic

phonons than the transverse phonons in the BMG.

Meanwhile, crystallization causes a striking stiffening of

transverse acoustic phonons relative to the BMG [32].
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Fig. 2. The variation of elastic constants Y of the Zr41Ti14
Cu12:5Ni10Be22:5 BMG (Y ¼ E;G;K;r) with pressure, Y is normalized

by DY =Y0 ¼ ðY � Y0Þ=Y0, where Y0 is a normal modulus at P0.

Table 2

The properties at ambient state (Y0) and under high pressure (Yp) of the
vit1

Property Ambient pressure 2 GPa ðYp � Y0Þ=Y0 (%)

vl (km/s) 5.174 5.297 2.2

vs (km/s) 2.472 2.501 1.2

K (GPa) 114.1 122.9 7.1

G (GPa) 37.4 39.0 4.1

hD (K) 326.8 332.8 1.8
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The Debye temperature hD can also be determined

from acoustic data by [33]

hD ¼ h
k

4p
9

� ��1=3

q1=3 1

v3l

�
þ 2

v3s

��1=3

; ð1Þ

where k is Boltzmann constant, h Planck constant. hD
represents the temperature at which nearly all modes of

vibrations in a solid are excited [33]. The pressure vari-
ation of hD reflects the rigidity change upon pressure of

a solid. Fig. 3 shows the pressure variation of hD for vit1

in the range of 0–2 GPa. For the BMG, the pressure

variation of hD increases monotonically and slightly

with increasing P , implying that an increase in rigidity of

the BMG upon pressure [34].

The Grueneisen constant c, which is related to the

pressure derivative of K, can be estimated by using of
Slater�s equation [35]

c ¼ 1

2

oK
op

� �
T

; ð2Þ

the value of c of vit1 is 2.0 estimated from the fit of

Fig. 2. The values are close to the reported values of

fused silica ()2.9) [36], etched soda glass (2.5) [36], iron

(3.4) [37], and silicon (0.8 to )1.5) [38]. The values of the
Grueneisen constant for usual metallic components [39],

such as Cu(1.93), Ni (2.77), and Zr (2.18) are close to the

BMG. This classifies the BMG among the solids with
larger anharmonicity [2]. On the other hand, this indi-

cates that the microstructure of the BMG has close

correlation with the atomic configurations in their me-

tallic components.

From the data of K0 and K 0
0 (K0 and K 0

0 are the bulk

modulus and its pressure derivative at P0, respectively),
the volume compression V0=V ðP Þ and their pressure

dependence, or the EOS of the BMG in the non-phase
transitional case is obtained with the Murnaghan form

[40]
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Fig. 3. The relative variation of the Debye temperature, hD of vit1 with

pressure, hD is normalized by DhD=hD0
¼ ðhD � hD0

Þ=hD0
, where hD0

is

a normal Debye temperature at P0.
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From the acoustic data in Fig. 2, K0 and K 0
0 are obtained

to be 114.8 GPa, 4.06 for vit1, respectively. The P–V
relation of the BMG is plotted in Fig. 4. The obtained

EOS of vit1 is close to that obtained by direct P–V
measurements at room temperature [41].

The volume compressibility of metallic elements can

be expressed as [42]

DV =V0 ¼ �aP þ bP 2; ð4Þ
where a and b are constants, volume compression

DV ¼ V ðP Þ � V0. For comparison, the compression
curves of Zr, Ti, Cu, Ni, and Be obtained by directly

volumeandpressuremeasurements [35] are also plotted in

Fig. 4. The compression curves of the BMG is interposed

among their metallic components, e.g. the compression

curve of the Zr41Ti14Cu12:5Ni10Be22:5 BMG is interposed

among Zr, Ti, Cu, Ni, and Be. To understand the phe-

nomenon, the volume compression of the BMG is cal-

culated as a mean value of all elements based on the
atomic percents of constituent elements. The calculated

result is also shown in Fig. 4. The calculated EOS for vit1

in terms of Eq. (4) is consistent well with its EOS derived

from the Murnaghan form and experimental data (Eq.

(3)). This indicates that the compression curves of the

BMG has correlation with that of their metallic compo-

nents and exhibit roughly an average value of these ele-

ments. Since the compressibility of a solid is determined
by the nature of the interatomic potential and the atomic

configurations [43], the total compression of BMG may

be ascribed to individual metallic elements. Thus above

results imply that the short-range order structure of the

BMG has close correlation with the atomic configura-

tions in their metallic components. Since those metallic

components are of cubic close-packed structures, it is very

likely that the similar atomic close-packed configurations
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Fig. 4. The pressure and volume relation of the BMG got from

acoustic measurement, a comparison of the EOS of vit1 and its crys-

talline components.
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dominate the short-range structure of the BMG. These

highly packed structures have also been confirmed by

density measurements. The relative density change of the

BMGs between amorphous and fully crystallized states is

about 1.0% [32]. The highly random packed structure in
BMG forming alloys could lead to a high fluid viscosity

and the crystallization in liquid state is difficult and con-

trollable; these have close relation with its excellent glass

forming ability [28].
4. Conclusions

The elastic constants of the Zr41Ti14Cu12:5Ni10Be22:5
BMG as well as their P -dependence change have been

determined by ultrasonic measurements. The elastic

properties of theBMGhave a correlationwith its excellent

GFA. The applied pressure results in relatively larger

change of the longitudinal velocity andbulkmodulus than

that of the transverse velocity and shear modulus. The

hydrostatic-pressure derivative oK=op, oG=op are posi-
tive, showingmodulus stiffening for theBMG.TheEOSof

the BMG is determined. The compression curve of the

BMG is interposed among its components, and the BMG

exhibits much small volume changes upon pressure com-

paring with oxide glass, indicating that the BMG has

similar atomic close-packed configurations with elements.
Acknowledgements

The authors are grateful for the financial support of the

National Natural Science Foundation of China (Grant

Nos. 59925101 and 50031010) Chinesisch–Deutsches

Zentrum Fuer Wissenschaftsfoerderung (Grant No.

GZ032/7), the Key Project of the Beijing Science and
Technology Program (Contract No. H02040030320).
References

[1] Debenedetti PG. Metastable liquids. Princeton: Princeton Uni-

versity Press; 1996;

Zarzycki J. Glasses and amorphous materials. Weinheim: VCH;

1991;

Greer AL. Nature 1993;366:6453;

Greer AL. Science 1995;267:1947.

[2] Xu J, Manghnani MH. Phys Rev B 1992;45:640.

[3] Purdom RC, Prohofsky EW. Phys Rev B 1970;2:551;

Paul A, Chattopadhyay AK, Basu C. J Appl Phys 1998;84:2513.

[4] Rehn LE, Okamoto PR, Pearson J, Bhadra R, Grimsditch M.

Phys Rev Lett 1987;59:2987;

Grimsditch M, Gray KE, Bhadra R, Kampwirch RT, Rehn LE.

Phys Rev B 1987;35:883.

[5] Bridgeman PW. Proc Am Acad Arts Sci 1942;74:425.
[6] Vinet P, Ferrante J, Smith JR, Rose JH. J Phys 1986;C19:

467.

[7] Busch R, Masuhr A, Bakke E, Johnson WL. Mater Sci Forum

1998;269–72:547.

[8] Iida T, Guthrie RIL. The physical properties of liquid metals.

Oxford: Clarendon Press; 1988.

[9] Angell CA. Science 1995;267:1924.

[10] Johnson WL. Mater Sci Forum 1996;225–7:35;

Conner RD, Dandliker RB, Johnson WL. Acta Mater

1998;46:6089.

[11] Wang WH, Wei Q, Bai HY. Appl Phys Lett 1997;71:58;

Wang WH, Bai HY. J Appl Phys 1998;84:5961.

[12] Schreiber D. Elastic constants and their measurement. New York:

McGraw-Hill; 1973.

[13] Wang RJ, Li FY, Xu J, Xie HS. J High Press Phys 1994;8:177 [in

Chinese].

[14] Papadakis EP. J Acoust Sco Am 1967;42:1045.

[15] Cook RK. J Acoust Soc Am 1957;29:445.

[16] Birth F. J Geophys Res 1961;66:2206.

[17] Golding B, Bagley BG, Hsu FSL. Phys Rev Lett 1972;29:68.

[18] Testardi LR, Krause JT, Chen HS. Phys Rev B 1973;8:4464.

[19] Girifalco LA. Statistical physical of materials. New York: Wiley;

1973. p. 78.

[20] Kondo K, Lio S, Sawaoka A. J Appl Phys 1981;52:2826.

[21] Inoue A. Acta Mater 2000;48:279;

Xing LQ, Eckert J, Loser W, Roth S, Schultz L. J Appl Phys

2000;88:3565.

[22] Nieh TG, Schuh C, Wadsworth J. Intermetallics 2002;10:1177.

[23] Inoue A, Zhang W, Zhang T, Kurosaka K. Acta Mater

2001;49:2645.

[24] Hono K, Ping DH, Ping DH, Ohnuma M, Onodera H. Acta

Mater 1999;47:997.

[25] Nishiyama N, Inoue A, Jiang JZ. Appl Phys Lett 1985;78:2001.

[26] Gray DE. American institute of physics handbook. 3rd ed. New

York: McGraw-Hill; 1973 [chapter 3].

[27] Chen HS, Krause JT, Coleman E. J Non-Cryst Solids

1975;18:157.

[28] Wang WH, Wei Q, Friedrich S. Phys Rev B 1998;57:8211;

Wang WH, Wei Q, Friedrich S, Wollenberger H. Appl Phys Lett

1997;71:1053.

[29] Chen HS, Wang TT. J Appl Phys 1970;41:5338.

[30] Zallen R. The physics of amorphous solids. New York: Wiley–

Interscience; 1983.

[31] Saunder GA, Ball D, Cankurtaran M, Wang Q, Amscheidt E,

Jacobs C, Imbierwitz F, Pelzl J, Bach H. Phys Rev B 1997;55:

11181.

[32] Wang WH, Li LL, Pan MX, Wang RJ. Phys Rev B

2001;63:052204.

[33] Kittel C. Introduction to solid state physics. 6th ed. New York:

Wiley; 1986.

[34] Bhatli SS, Singh ST. J Pure Appl Ultrason 1986;8:101.

[35] Anderson OL. J Geophys Res 1968;73:5187.

[36] Mallinder FP, Proctor BA. Phys Chem Glasses 1964;5:91.

[37] Powell BE, Skove MJ. Phys Rev 1968;174:977.

[38] Barrett HH, Holland MG. Phys Rev B 1970;1:2538.

[39] Pandya CV, Vyas PR, Gohel VB. Bull Mater Sci 2002;25:63.

[40] Murnaghan FD. Proc Natl Acad Sci USA 1944;30:244.

[41] Wang WH, Bao ZX. Phys Rev B 2000;61:3166.

[42] Bridgman PW. The physics of high pressure. London: Bell and

Sons; 1958.

[43] Cahn RW. In: Glasses and amorphous materials. Weinheim:

VCH; 1991.


	Elastic property and its response to pressure in a typical bulk metallic glass
	Introduction
	Experiments
	Results and discussions
	Acoustic and elastic properties of the vit1 BMG
	Pressure dependence of elastic properties and EOS

	Conclusions
	Acknowledgements
	References


