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The pressure-induced transitions discovered in metallic glasses (MGs) have attracted considerable
research interest offering an exciting opportunity to study polyamorphism in densely packed
systems. Despite the large body of work on these systems, the elastic properties of the MGs during
polyamorphic transitions remain unclear. Here, using an in situ high-pressure ultrasonic sound
velocity technique integrated with x-ray radiography and x-ray diffraction in a Paris-Edinburgh
cell, we accurately determined both the compressional and shear wave velocities of a polyamor-
phous CeggAl;gCuygCor, MG up to 5.8 GPa. We observed elastic anomalies of a MG with minima
(at ~1.5GPa) in the sound velocities, bulk modulus, and Poisson’s ratio during its polyamorphic
transition. This behavior was discussed in comparison to the elastic anomalies of silica glass and
crystalline Ce. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4984746]

A material can have multiple chemically identical but
structurally distinct phases, which is a phenomenon called
polymorphism. Polymorphism is common in crystalline sol-
ids and is often associated with symmetry breaking; diamond
and graphite are well-known examples. For glasses, which
are at the extreme end of structural disordering of solid mate-
rials, no identifiable structural symmetry exists. Is polymor-
phism in amorphous materials (i.e., polyamorphism) still
possible? Surprisingly, over the last few decades, with the
density change Ap as the relevant order parameter, pressure-
induced transitions between distinct amorphous states, namely,
polyamorphic transitions,' have been discovered in many net-
work glass systems, e.g., in amorphous ice,3 oxides,“_6 chalco-
genides,” silicon,® and germanium.” All these systems have
directional bonding and low coordination (<6) local environ-
ments under ambient pressure which can transform to more
densely packed structures with an increase in atomic coordina-
tion under high pressure. These polyamorphic transitions from
a low-density amorphous (LDA) state to a high-density amor-
phous (HDA) state have attracted intense research effort,
which has improved our fundamental understanding of the dis-
ordered glasses and their corresponding liquids." Moreover,
the study of polyamorphism can also lead to the development
of technologically useful glass materials with identical compo-
sition but dramatically different physical properties.'?

Recently, polyamorphic transitions have also been
observed in metallic glasses (MGs).''™'® This is interesting
because polyamorphism was thought to be impossible in
nondirectional, densely packed MGs that already have the
maximum coordination number (12—-14) of random nearest
neighbors.'” These unusual phenomena in MGs are mainly
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related to an electronic mechanism, such as the delocaliza-
tion of the 4f electrons under high pressure, which leads to
bond shortening.''™'? This type of polyamorphism is differ-
ent from the conventional structural polyamorphism in net-
work glasses that typically involves a coordination increase
often coupled with bond lengthening (e.g., the Si-O and
Ge-O bonds®) Although it shares the same mechanism of
pressure-induced 4f delocalization, in contrast to the sharp
volume collapse of the crystalline y-to-o cerium transition at
~0.9 GPa, which occurs almost without hysteresis,20 this
type of electronic polyamorphism in MGs exhibits a continu-
ous transition with a large hysteresis loop upon releasing
pressure.'" In this respect, it is similar to the structural polya-
morphism in network glasses, which involves the coordina-
tion rearrangement that characteristically occurs over a wide
pressure range and shows considerable hysteresis.*”!

The polyamorphism in MGs has been studied by various
techniques, such as in situ high-pressure x-ray diffraction
(XRD),“*17 pair distribution function analysis,l&22 extended
x-ray absorption fine structure,'’ x-ray absorption near-edge
spectroscopy,'® transmission x-ray microscopy (TXM),*!
inelastic x-ray scattering (IXS),'® and resistivity measure-
ments.'>** Sound velocity as property sensitive to structure
has been extensively used to study phase transitions in amor-
phous materials. For example, the polyamorphic transition in
silica glass was found to exhibit an interesting elastic anomaly
with sound velocities (both compressional and shear waves)
and bulk modulus minima at ~2-3 GPa.***> Therefore, an
interesting question is raised: Is there a similar elastic anom-
aly associated with polyamorphism in MGs?

Zhang et al.*® observed a negative pressure dependence
of both compressional and shear wave sound velocities up
to 0.5GPa in Ce,;pAl;oNij¢Cu;g MGs using a pulse-echo
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overlap ultrasonic technique in a piston-cylinder pressure
apparatus. This result was surprising because the MGs
typically show a positive pressure derivative of the sound
velocities.?” Further, Duarte er al.'® performed an in situ
high-pressure XRD on the Ce;oAl;(Ni;gCu;9p MG and con-
firmed that it has a pressure-induced polyamorphic transition
starting at ~2 GPa similar to those observed in other Ce-
based MGs."? Using an in situ high-pressure IXS technique
in a diamond anvil cell, Duarte et al.'® revealed a linear posi-
tive pressure dependence of the compressional sound veloc-
ity in the Ce;oAl;(Ni;oCu;9 MG from 5 GPa to 22 GPa and
extrapolated the sound velocity to almost ambient pressure
with another positive slope. Since the data points during the
transition pressure range (~0.5 to ~5 GPa) are missing, the
elastic properties associated with the polyamorphic transition
in Ce-based MGs remains inexplicable, which hinders our
comprehensive understanding of this type of polyamorphism
and MGs themselves.

In the present work, the sound velocities as a function of
pressure were accurately determined through the pressure-
induced polyamorphic transition in a CeggAl;oCuynCor, MG.
We revealed an anomalous sound velocity drop and then
increase during the polyamorphic transition. Furthermore,
the elastic moduli and Poisson’s ratio were derived through
the polyamorphic transition. Elastic anomalies with minima
in the bulk modulus and Poisson’s ratio under pressure were
observed in a MG.

MG samples with a nominal composition of CeggAl;q
Cu,(Co, were prepared by copper mold casting into rods with
a diameter of ~2mm.?® Master ingots were prepared by arc-
melting a mixture of commercial-purity Ce (99.5 wt. %) with
high-purity Al (99.99%), Cu (99.99%), and Co (99.99%) in a
zirconium-gettered high-purity argon atmosphere. They were
all remelted five times to ensure a homogenous composition.
The glass nature of the prepared samples was confirmed by
XRD and differential scanning calorimetry (DSC). The mass
density p = 6.79 g/cm3 at ambient conditions was determined
by the Archimedes principle on an analytical balance (Mettler
Toledo-XS205DU). Recently, phase separation was reported
in Ce-Al-Ga ternary MGS;29 however, no evidence to show
similar phase separation in this CeggAl;oCuygCo, MG by pre-
vious studies.”**°

To determine both the compressional (Vp) and shear
(Vs) wave velocities as a function of pressure through the
polyamorphic transition of the CeggAl;oCuygCo, MG, we
employed an in situ high-pressure ultrasonic technique inte-
grated with synchrotron radiation x-ray radiography and
energy-dispersive XRD in a Paris-Edinburgh (PE) cell at the
beamline 16-BM-B of HPCAT at the Advanced Photon
Source (APS), Argonne National Laboratory (ANL).3] The
as-prepared rod sample was carefully machined down to a
disk with a ~900 um thickness and a diameter of ~2mm.
Both ends of the rod were polished flat and parallel (final
thickness of 604 ym) using 1 yum diamond paste to maximize
the mechanical contact for elastic wave propagation. Then,
the sample was loaded into an x-ray transparent hexagonal
BN chamber in the PE cell.*? The sample assembly is shown
in Fig. 1(a). It should be noted that all the quantities needed
to calculate the sound velocities were directly measured
without any assumptions. The acoustic wave travel time (¢)
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FIG. 1. Sample assembly for the in situ high-pressure ultrasonic sound
velocity measurements. (a) A schematic illustration of the high-pressure cell
assembly. Different colors represent different materials used in the cell. All
the materials of the cell are quite transparent to the x-ray beam. The scale
bar represents 1 mm. The two-dimensional x-ray radiography image of the
MG sample loaded in the PE cell at 0.3 GPa (b) and at 5.8 GPa (c) with a
spatial resolution of 0.95 um/pixel. The black scale bar represents 200 pm.
The sample with heavy elements shows sharp contrast to the Al,O5 (top)
and NaCl (bottom). The sample length along ultrasonic wave travel path can
be directly obtained by fitting the interfaces between sample/Al,O3 and sam-
ple/NaCl in the radiography images.

for the compressional wave (30 MHz) and shear wave
(20 MHz) and the sample length (L) were measured simulta-
neously by the integrated ultrasonic (pulse overlap method*’)
and x-ray radiography [Figs. 1(b) and 1(c)] techniques.
Then, the sound velocity V was calculated from the equation
V=2L/t. The structure evolution of the sample was moni-
tored by the energy-dispersive XRD. We did not observe any
sign of crystallization during compression. The pressure was
directly determined from the energy-dispersive XRD of the
standard NaCL.%

Figures 1(b) and 1(c) show the x-ray radiography
images of the CeggAl;(CuyyCo, MG sample at 0.4 GPa and
5.8 GPa, respectively. The sample length shrunk significantly
during compression, but the top and bottom surfaces of the
rod sample remained parallel, which is critical for the precise
determination of Vp and Vy over the entire pressure range in
this work. Figure 2(a) presents Vp and Vg as a function of
pressure up to 5.8 GPa. Vp was approximate twice of Vg, and
Vp was more sensitive to pressure change than V. These fea-
tures are normal for solids and consistent with previous
reports on MGs under high pressure.’*** However, we
observed that Vp and Vg both decreased with pressure below
~1.5GPa. This is unusual when compared to the typical
behavior of MGs, which show positive pressure derivatives
for both Vp and Vg?° However, it agrees with the results
from the in situ high-pressure ultrasonic study on another
Ce-based MG (CepAl;oNi;oCu;g) below 0.5 GPa by Zhang
et al *® Nevertheless, above 1.5 GPa, both Vp and Vg returned
to a normal stiffening behavior with positive pressure
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FIG. 2. Ultrasonic sound velocities and the sample density of CeggAljg
CuyyCo, MG versus pressure. (a) The compression wave (V) and shear
wave (V) velocities as a function of pressure were measured up to 5.8 GPa.
Minima is observed in both V}, and V; at ~1.5GPa. Error bars are smaller
than the symbol size. (b) The density of CeggAl;oCuypCo, MG through its
polyamorphic transition obtained by calculations from sound velocities
(open black circles) and by the direct TXM measurement (solid blue dia-
monds). The dashed lines are the Birch-Murnaghan isothermal equation
of state of the LDA (black dashed line) and HDA (blue dashed line)
from Ref. 21. Arrows indicate the critical pressures of the polyamorphic
transition.

derivatives, which agrees with the in sifu high-pressure IXS
measurement on the Ce;(Al;oNi;(Cu;g MG above 5 GPa by
Duarte et al.'® Therefore, we observed both sound waves in
a MG showing anomalous velocity minima (at ~1.5 GPa). In
addition, Vp displays another weak kink at ~4.5 GPa which,
in contrast, is not obvious in V. This means Vp may be more
sensitive to polyamorphic transition than Vg in MGs. With a
linear approximation, the pressure derivatives of both Vp
(dVpldP) and Vg (dVg/dP) are —0.118km s 'GPa ' and
—0.008 kms~ ' GPa ' below 1.5 GPa, respectively. These val-
ues are close to the pressure derivatives (dVp/dP = —0.133
kms 'GPa ! and dV/dP =-0.007 km s~ ' GPa~ ') determined
by Zhang et al.*® on the Ce;Al;oNi;oCu;o MG below 0.5 GPa.
Above 1.5 GPa, both sound velocities V and Vg change much
faster with pressure, dVp/dP =0.201 km s 'GPa! and aVy/
dP=0.031km s 'GPa™".

Sound velocities are determined as a function of pres-
sure, so the density of a statistically isotropic material can be
derived from the density-sound velocity relationship™

Pml
Pp,. = Pp, T+ J (14 oyT)/ (V5 —4V3/3)dP, (1)

Py
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where pp is the density at pressure P, T is the temperature,
o is the thermal expansion coefficient, and y is the Griineisen
parameter. P, (n=0) is the ambient pressure. (14 ayT)
= (Cp/Cy ~1 is the ratio of the specific heat at constant pres-
sure and volume. Figure 2(b) presents the sample density cal-
culated using relationship (1) as a function of pressure up to
5.8 GPa and the density measured previously by the in situ
high-pressure TXM and XRD techniques.*' Both sets of den-
sity data show similar trends versus pressure demonstrating
an obvious polymorphic transition from LDA to HDA states
starting at ~1.5 GPa and ending at ~4.5 GPa. These critical
pressures of the polyamorphic transition coincide with the
critical pressures of sound velocities indicated by arrows in
Fig. 2(a). Hence, it suggests that the anomalous behaviors of
sound velocities in CeggAl;(CuygCo, MG are closely
associated with the pressure-induced polyamorphic
transition.

In a previous study of MGs without polyamorphic tran-
sitions, the density data calculated from ultrasonic sound
velocities using relationship (1) and directly measured by
TXM measurements agreed with each other very well.!
However, as shown in Fig. 2(b), the density data from ultra-
sonic sound velocity calculations are obviously underesti-
mated compared to the direct density measurement data
from TXM (smaller by ~3% at 5.8 GPa), two sets of data
started to diverge above 1.5 GPa. Relationship (1) actually is
only valid with an assumption that a sample does not have
structural transformation and irreversible densifications dur-
ing compression.*! Through the polyamorphic transition of
the CeggAl;oCuspCo, MG, although the transition is continu-
ous, the sound velocities are changing sharply. With discrete
data points rather than continuous curves measured, consid-
erable errors could be accumulated in the integration of
sound velocities using relationship (1) through the transition
region. This can be evidenced by the density discrepancy
emerging at ~1.5 GPa and saturating at ~4.5 GPa when the
transition is almost completed. Therefore, it means that we
should be very careful to calculate density from the ultra-
sonic data using relationship (1) if a polyamorphic transition
exists in MGs.

With both the density (from TXM) and sound velocities
as a function of pressure obtained, for an isotropic homoge-
nous material such as a MG, bulk modulus K, shear modulus
G, Young’s modulus E, and Poisson’s ratio ¢ of the
CeggAl;oCuyyCoy MG under pressures can be derived using

the following equations:*>
4

Kp<V§§V3>, @)
G = pV?, (3)

(v;-2v2)
R (e Rumrarel “

2(V; =)
E=2G(1+o0). (5)

Figure 3 shows the elastic moduli and Poisson’s ratio as a
function of pressure up to 5.8 GPa covering the pressure range
for the polyamorphic transition in CeggAl;oCuygCor, MG.
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FIG. 3. Elastic moduli and Poisson’s ratio of the CeggAl;(CuygCor MG as a
function of pressure. Minima at ~1.5 GPa and weak kinks at ~4.5 GPa are
observed in both the bulk modulus (K) and Poisson’s ratio (¢). A change in
slope occurs at ~1.5 GPa in the shear (G) and Young’s (E) moduli. Arrows
indicate the critical pressures of the polyamorphic transition.

The bulk modulus and Poisson’s ratio both decrease initially
with pressure and then increase, showing minima
at ~1.5GPa and a weak kink at ~4.5 GPa. In contrast, the
shear and Young’s modulus increase over the entire range of
compression but only show a substantial slope change at
~1.5GPa. These critical pressures [as indicated by the
arrows in Fig. 3] in the elastic moduli and Poisson’s ratio are
consistent with the transition pressures of the polyamorphic
transition in the CeggAl;oCuygCo, MG [Fig. 2(a)]. These
results below 0.5 GPa agree with those reported previously
by Zhang et al.,”® showing the negative pressure dependence
in K and o but the positive pressure dependence in G and E.
The Poisson’s ratio ¢ as a density-independent parameter is
believed to be sensitive to atomic structure.>® The similarity
between the bulk modulus and Poisson’s ratio curves in
Fig. 3 indicates their anomalous behavior is mostly caused
by the structural softening rather than density change below
~1.5 GPa, which, in contrast, does not induce an anomaly in
shear modulus and Young’s modulus.

The minimum observed in the bulk modulus K of the
CegsAl1oCuypCor, MG is analogous to the elastic anomaly
extensively discovered in the silica glass with minima at
~2-3GPa.>” Most materials become stiffer under pressure
as a result of the constituent atoms being squeezed together.
Therefore, it is surprising that silica glass and the CeggAljq
Cu,oCo, MG both soften under compression at low pressures
(below ~2GPa). Theoretical’” and experimental38 studies
interpreted the sound velocity and bulk modulus anomaly in
the silica glass as a localized reversible structural polyamorphic

Appl. Phys. Lett. 110, 221902 (2017)

transition, which is similar to the transition in f-to-o cristoba-
lite. During compression of silica glass, an abrupt rotation of
the Si-O-Si bonds occurs, affecting the network ring geometry
and thereby the elastic response of the structure to imposed
mechanical constraints.®” For CeegAl1oCuygCor MG, it also
has a polyamorphic transition. It has been reported that the 4f
electrons of Ce in the Ce-based MG can inherit the pressure-
induced delocalization transition from crystalline Ce, which
causes bond shortening, volume collapse, and structural soft-
ening during compression.13 Regarding the transition process,
the y-to-o phase transition caused by the 4f electron delocali-
zation in crystalline Ce is an abrupt iso-structural transition,””
but due to the fluctuations in the local stress fields, the 4f elec-
tron of each Ce atom in the MG matrix may delocalize spo-
radically at different pressures even starting at very low
pressures. Consequently, the global properties of the glass
structure only change gradually over a wide range of pressure.
During the y-to-o phase transition in crystalline Ce, anoma-
lous minima in both V, and bulk modulus K were also
observed at ~0.75 GPa. The V), and K curves versus pressure
of the crystalline Ce even exhibit highly similar shapes with
those of CeggAl;oCuyCos MG.* These results suggest that
the elastic anomaly of the CeggAl;gCuypCo, MG originates
from the pressure-induced transition.

In contrast to the similarity of V,,, K, and ¢ between the
CeggAl;oCuyyCoy MG, crystalline Ce, or silica glass, their Vg
and G show remarkably different behaviors during compres-
sion. For example, in the CeggAl;gCuy0Cor MG, its shear
wave velocity V, decreases initially with pressure until
reaching a minimum at ~1.5 GPa and then increases almost
linearly. In crystalline Ce, its V remains almost constant
below and above the phase transition pressure of 0.75 GPa
with a sudden jump in between of them. This indicates that
V, may be more sensitive to structural difference in terms of
ordering/disordering between the crystalline and correspond-
ing amorphous forms. On the other hand, Vp of the
CeggAloCuypCor, MG could exactly inherit the behavior of
crystalline Ce regardless of their structural difference.

In silica glass, the sound velocities Vp and Vg change
with the close rate (dVp/dP=—0.48km s 'GPa ' and
dVsdP =—0.25kms ' GPa~' below 2 GPa);*> however, Vp
changes much faster than Vg during compression in the
CegsAl oCuygCoy MG (dVp/dP =~ 15 dV/dP below 1.5 GPa).
Consequently, the shear modulus K in silica glass also
decreases with increasing pressure; in contrast, the shear
modulus K in the CeggAl;oCu,0Co, MG shows positive pres-
sure dependence. These differences could be caused by the
different types of bonding and packing between the silica
glass and MG.

In summary, using the in situ high-pressure ultrasonic
sound velocity techniques integrated with synchrotron radiation
x-ray radiography and XRD, we precisely determined the
sound velocities during the compression of a CeggAl;oCuynCo,
MG through its polyamorphic transition. Combining the sound
velocity data with previous density data obtained by TXM, the
elastic anomalies with minima at ~1.5 GPa in compressional
and shear wave sound velocities, the bulk modulus and
Poisson’s ratio were observed in a MG. Compared with the
compression behaviors of the silica glass and crystalline Ce,
we conclude that the elastic anomaly is closely associated with
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the pressure-induced polymorphic transitions, and the shear
sound velocities are very sensitive to the bonding/structural dif-
ference between these materials. Moreover, compared to kinks
in diffraction peak position versus pressure in XRD stud-

ies,"' ™! the elastic anomalies obtained by sound velocity meas-

urements can also be another powerful and sensitive indicator
to search for and study more polyamorphism in MGs.
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