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Elastic constants of Pd 39Ni10Cu30P21 bulk metallic glass
under high pressure
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The pressure-dependent acoustic velocities of a Pd39Ni10Cu30P21 bulk metallic glass~BMG! have
been measured up to 0.5 GPa by using an ultrasonic technique with the pulse echo overlap method.
The elastic constants, the Debye temperature, and their pressure dependence are obtained. The
isothermal equation of state~EOS! of the BMG is established in terms of the Murnaghan form. The
atomic configurations of the BMG are discussed by comparing the elastic constants and the EOS
with those of its metallic component and of other amorphous materials. ©2000 American Institute
of Physics.@S0003-6951~00!04349-7#
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Studies on elastic properties and Debye temperature
provide important information about structural and vibr
tional characteristics for a condensed matter.1,2 However, in
comparison with the crystalline state, the understanding
glassy metallic state has been impeded by the inability
preparing bulk metallic glasses~BMGs!. Recently, multi-
component Pd- and Zr-based glass forming systems wi
larger geometry have been developed by a conventional c
ing process at a low cooling rate.3–7 Among the BMGs,
PdNiCuP systems are of the highest reduced glass trans
temperature of 0.72 known so far, and can be prepared in
glass with a maximum thickness of over 70 mm at a cool
rate less than 1 K/s.3–5 It is believed that the BMGs have
considerable potential for both theoretical investigations
practical applications. Ultrasonic measurement provide
powerful tool for obtaining the elastic constants and Deb
temperature of a solid matter, and the larger geometry of
BMGs is more suitable for the measurement of elastic w
propagation compared to conventional metallic glass8

However, not much work has been done on this aspec
particular, on the understanding of microstructural config
ration under pressure. In this work, we investigate the p
sure dependence of the acoustic velocities, the elastic
stants, and the Debye temperature of a Pd39Ni10Cu30P21

BMG. With these results, we attempt to reveal the charac
istics of the elastic behavior of the BMG and, further,
obtain structural information.

A 6-mm-diam rod of the PdNiCuP BMG was prepar
by a water quenching method.9 The composition was quan
tified to be Pd39Ni10Cu30P21 by chemical analyses. The amo
phous nature as well as the homogeneity of the BMG w
ascertained by x-ray diffraction and transmission elect
microscopy. The BMG rod was cut into a length of about
mm and its ends were polished flat and parallel. The acou
velocities and their pressure dependence of the BMG w
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measured at room temperature by using the pulse echo o
lap method.10 The travel time of ultrasonic waves propaga
ing through the rod with a 10 MHz carry frequency w
measured by using the MATEC 6600 ultrasonic system w
x- and y-cut quartz transducers. The measuring sensitiv
was of the order of 0.5 ns. The high pressure experime
were performed on a piston-cylinder high-pressure app
tus, and electric insulation oil was used for the press
transmitting media, for which hydrostaticity has already be
determined at room temperature.8 The measurements wer
performed for several pressure load–unload cycle times
examine its reproducibility. The loading and unloading ra
was 0.04 kbar/min. The density was measured by
Archimedean technique and the accuracy lies within 0.1
Upon pressure loading, the density and the length of the
were modified with the Richard Cook method.11 Elastic con-
stants~e. g., Young’s modulusE, shear modulusG, bulk
modulusK, and Poisson’s ratios! and Debye temperature
QD were derived from the acoustic velocities and t
densities.10

The longitudinal, transverse velocitiesv l , v t , and the
densityr of the BMG at ambient condition are 4.744 km/
1.959 km/s, and 9.152 g/cm3, respectively.E, G, K, s, and
QD are calculated to be 98.2, 35.1, 159.2 GPa, 0.397,
279 K. These values are rather close to those of crystal
Pd,12 which means that the metallic bond is retained even
the BMG lacks long-range order. For a solid material, Po
son’s ratios5(v l

222v t
2)/2(v l

22v t
2) and the expression

of K/G5(v l /v t)
2-4/3 are often used to evaluate its micr

structural characteristics, ands50.25 (K/G;1.7) is re-
ferred to as the typical value for isotropic materials w
central interacting forces such as silicate glass.10,13,14Somes
and K/G values of the BMG and of other Pd-containin
metallic glasses from Ref. 15 are listed in Table I. Compa
to these conventional metallic glasses, which have low
GFA and require a higher cooling rate for glass formatio
the Pd39Ni10Cu30P21 BMG shows smaller values ofs and
K/G. A previous study confirms that the decrease ofs brings
about more difficulties in atomic rearrangements, which
sults in higher GFA.8 The present results are in agreeme
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with the argument and the decrease ins andK/G improves
the GFA of the Pd-containing alloys.

Figure 1 shows the pressure dependence of the red
longitudinal and transverse velocities,dv(P)/v(P0)
5(v(P)-v(P0)/v(P0), for the Pd39Ni10Cu30P21 BMG at
room temperature, whereP0 is the ambient pressure. Rever
ible behaviors in the acoustic velocities underP cycling are
shown in Fig. 1 with slight hysteresis effects. And thus, t
measurements are within the elastic region of the BMG,
no pressure-induced structural relaxation is visible. Up
pressure loading,v l andv t roughly linearly increase, and th
pressure coefficients (dv/dP)/v0 for v l andv t are yielded to
be ;0.015 and;0.010 GPa21, respectively. The longitudi-
nal velocity is slightly more sensitive to the pressure var
tion than the transverse one.

The variationsdY(P)/Y(P0)5@Y(P)-Y(P0)#/Y(P0) of
the calculated elastic constantsE, G, K, ands are shown in
Fig. 2 as a function of pressure. The elastic constants
notonously increase with pressure, indicating the continu
stiffness of the elastic constants under the hydrostatic p
sure. Bulk modulusK exhibits the biggest increase b
;1.7% up to 0.5 GPa, whileE andG have relatively smaller
changes.s almost keeps constant within the experimen
range, indicating little structural changes. When the BMG
treated as a monatomic lattice with an average cellular
ume, the Debye temperatureQD is calculated using the for
mula

QD5
h

kB
S 9

4pV0
D 1/3S 1

v l
3 1

2

v t
3D 21/3

, ~1!

whereh and kB are the Planck constant and the Boltzm

TABLE I. Comparison of longitudinal and transverse acoustic velocitiesv l ,
v t , Poisson ratios, and the ratio of bulk modulusK to shear modulusG of
various Pd-containing metallic glasses.

Sample
v l

~km/s!
v t

~km/s! v l /v t s K/G

Pd39Ni10Cu30P21 4.750 1.963 2.42 0.397 4.52
Pd32Ni48P20

a 4.930 2.020 2.44 0.399 4.62
Pd48Ni32P20

a 4.786 1.918 2.49 0.404 4.89
Pd79.5Cu6Si16.5

a 4.6 1.797 2.56 0.411 5.22

aData from Ref. 15

FIG. 1. Pressure dependence of the longitudinal and transverse aco
velocities,v l and v t , of the Pd39Ni10Cu30P21 BMG. v0 is the velocity at
ambient pressureP0 .
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constant, respectively;V0 is the atomic volume. As shown in
Fig. 3, QD increases by;0.62% up to 0.5 GPa.QD repre-
sents the temperature at which nearly all modes of vibra
in a solid are excited, and its increase indicates a strengt
ing in the rigidity of the BMG with increasing pressure.

On the basis of bulk modulus and its pressure dep
dence, an isothermal equation of state~EOS! is established in
terms of the Murnaghan form,16,17

P5
K0

K08
F S V0

V~P! D
K08

21G , ~2!

whereK0 andK08 are the bulk modulus and its pressure d
rivative at zeroP, respectively, andV0 is the volume at zero
pressure.K08 of the Pd39Ni10Cu30P21 BMG is derived to be
6.2860.01 from Fig. 2 and, accordingly, the isothermal EO
of the BMG in the elastic region is described as

P525.4F S V0

V~P! D
6.28

21G . ~3!

Figure 4 shows the volume compression curv
V0 /V(P) of various materials up to 0.5 GPa. Unlike oth
amorphous materials such as oxide glasses and amorp
carbon,18 the Pd- and Zr-based BMGs exhibit small volum
changes with pressure, as do their metallic components.19 It

stic

FIG. 2. Variation of the elastic constants of the Pd39Ni10Cu30P21 BMG with
pressure (Y5K,E,G,s). K, E, G, ands stand for bulk modulus, Young’s
modulus, shear modulus, and Poisson’s ratio.Y0 is the modulus at ambien
pressure.

FIG. 3. Debye temperature of the Pd39Ni10Cu30P21 BMG as a function of
pressure.
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is seen that the compression curve of the Pd39Ni10Cu30P21

BMG is interposed among those of its metallic compone
Pd, Ni, and Cu. For comparison, the compression curve
the elements Zr, Ti, Be are plotted in Fig. 4 for th
Zr41Ti14Cu12.5Ni9Be22.5C1 BMG. It is indicated that the com
pression curves of the two BMGs depend on their meta
components and exhibit an average result of these elem
The compressibility of a solid is determined by the nature
the interatomic potential and the atomic configurations,19 and
thus Fig. 4 implies that the short-range order structure of
Pd39Ni10Cu30P21 BMG has close correlation with the atom
configurations in its three metallic components. The ex
tence of metalloid P in the BMG does not change the na
of the metallic bond. Since Pd, Ni, and Cu are of cub
close-packed structures, it is very likely that the same ato
close-packed configurations dominate the short-range s
ture of the Pd39Ni10Cu30P21 BMG.

FIG. 4. Comparison of volume compression curves of various materialsV0

is the volume under ambient pressure.
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In conclusion, the elastic constants, the Debye temp
ture, and their pressure dependence of the Pd39Ni10Cu30P21

BMG are obtained. It is found that for Pd-containing metal
glasses, the decrease ofs or K/G favors the improvement o
the GFA. The isothermal equation of state of the BMG
established in terms of the Murnaghan form up to 0.5 GP
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