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The structures and properties of materials are profoundly altered under high pressure due to a large change of atom spacing, chemical
bonding and Gibbs free energies. Therefore, materials with novel structures and properties can be created via a process known as pressure-
induced phase transition. Here we report the investigations of pressure effects on the elastic properties and the glass transition of Zr-, Pd-based
bulk metallic glasses (BMGs). The elastic constants and the Debye temperatures, of a Zrq; Tij4Cuyz sNijoBey; sC; and a PdsoNijoCusoPy;
BMGs are measured by using an ultrasonic technique, and their pressure dependence is exhibited. The equations of state (EOS) of the two
BMGs are established. The acoustic attenuation behaviors are also monitored with various pressure in the two BMGs, and a marked difference
between the two BMGs is revealed. The effects of pressure-induced structural relaxation on the glass transition of the PdagNijoCuzoPs;
BMG are investigated by a temperature-modulated differential scanning calorimetry technique. The pressure dependence of the reversible and

irreversible glass transition is explained.
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1. Introduction

Metallic glasses have been a subject of continued interest
for decades with their unusual properties such as high frac-
ture strength, excellent soft magnetic properties, good cor-
rosion resistance and anomalous electronic transport proper-
ties.!*> However, in comparison with crystalline, the under-
standing on glassy metallic state has been impeded by the in-
ability in preparing bulk metallic glasses (BMGs). Recently,
multicomponent Pd- and Zr-based BMGs with a larger ge-
ometry size have been developed by a conventional casting
process at a low cooling rate.*® The BMGs are of excellent
glass forming ability (GFA) and wide supercooled liquid re-
gions (SLR). Among the BMGs, ZrTi- and PdNi-based sys-
tems exhibit the best GFA and the highest reduced glass tran-
sition temperature up to 0.72. It is believed that the BMGs
have a considerable potential for both theoretical investiga-
tions and technological applications. So far, a number of in-
vestigations are carried out in various aspects including the
establishment of new alloy systems with high GFA, the devel-
opment of new materials from the BMGs such as nanocrys-
talline materials, the identification of intrinsic characteristics
of metallic glasses such as the mechanism of atomic trans-
port.” However, most results come from the measurement
at ambient pressure, not much work is performed on the be-
haviors and properties of the BMGs under high pressure, in
particular, on the understanding of microstructural configu-
rations under pressure. It is known that the structures and
properties of materials are profoundly altered under high pres-
sure due to a large change of atom spacing, chemical bond-
ing and Gibbs free energies. Therefore, materials with novel
structures and properties can be created via a process known
as pressure-induced phase transition.!®'? Atomic transport
can be suppressed under pressure during phase transitions,
and thus some structural features of metallic glasses have ac-

cess to be revealed under high pressure. In previously works,
we systematically investigate the phase transformation behav-
iors of conventional metallic glasses under high pressure.!3 14
The larger geometry of the BMGs will be more desirable to
further reveal the nature of amorphous state and the transition
between the supercooled liquid and glassy state. In the pa-
per, we report some recent results of Zr- and Pd-based BMGs
under high pressure. The pressure dependence of elastic con-
stants of a Zr41 Ti;4Cuys 5NijgBesn 5Cy and a Pd3gNijgCusgPo;
BMG is determined and their equations of state (EOS) are es-
tablished, respectively. The pressure-induced structural relax-
ation in the two BMGs is exhibited by the measurements of
ultrasonic attenuation. The effects of pressure-induced struc-
tural relaxation on the glass transition of the PdsgNijoCusoPs;
BMG are investigated.

2. Experimental

The acoustic velocities and their pressure dependence of
the BMGs were measured at room temperature by using the
pulse echo overlap method. The experimental details for the
acoustic velocity measurements were described in Refs. 15)
and 16). Upon pressure loading, the density and the length
of the ZI41T114CU12A5Ni10B622,5C1 and the Pd39Ni10CU30P21
glassy rods were modified with the Richard Cook method.!”
Elastic constants (e.g., Young’s modulus E, shear modu-
lus G, bulk modulus K, and Poisson’s ratio o) and Debye
temperatures @p were derived from the acoustic velocities
and the densities.!® The pressure effects on the glass tran-
sition of the PdsgNijoCusgP2; BMG was invesitgated by us-
ing a temperature-modulated differential scanning calorime-
try (TMDSC) technique. TMDSC measurements were per-
formed on a TA-2910 instrument at an underlying heating rate
of 2K/min. The time period for one sinusoidal temperature
oscillation was 60 s. The amplitude of the temperature modu-
lation was held constant at 1 K.
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Table 1 Acoustic velocities (longitudinal v;, transverse vg), Young’s modulus E, Shear modulus G, bulk modulus K, Poisson ratio o,
and Debye temperature @p of Zrg; Tij4Cuyz.5NigBezy 5Cy and PdigNijoCuseP2; bulk metallic glasses.

Sample v (km/s) vs (km/s) p (g/cm?) E (GPa) G (GPa) K (GPa) o @p (K)
Zr41Tij4Cuyy 5NigBess 5Cy 5.10 2.53 6.16 106.0 39.54 107.3 0.34 335
Pd39NijoCusePsy; 475 1.963 9.152 98.5 35.3 159.4 0.397 280

10’

3. Results and Discussion

- [ Conventional
3.1 Elastic properties g 10°

The longitudinal, transverse velocities v;, vs, and the den- ) [ MGs

Slty P of the ZI'41Ti14Cll12.5Ni9BCz’_>_5C] and Pd39Ni10Cll30P21 ﬁ r
BMGs at ambient condition are listed in Table 1 as well as the = 1 03
calculated E, G, K, o, and @p.'>19 It is known that o te- &~ ]
flects the relative change between the compressive and shear %D r
deformation of a solid. For the brittle oxide glasses, since the = 10" 3 BMG
bonding configurations is difficult and atoms can hardly rear- 8 I'
range themselves to shear strain, o is small and ranges from = [
0.15 to 0.25.1920 By contrast, the conventional MGs with 2 1F
poor GFA (the critical cooling rate, R, for glass formation, E 10 I .
which represents the GFA of a glass forming system, ranges ® !- Oxide glasses
from 10 to 107 K/s*-7-®) have higher values (>0.40),?" indi- aF . . . .
cating the ease of atomic rearrangement in these materials. 100.0 0.1 0.2 0.3 04 05

For the novel multicomponent BMGs with excellent GFA,
o is smaller than that of the conventional MGs, but bigger
than that of the oxide glasses. The BMGs have highly dense
random packed structure compared to the conventional MGs,
which makes the redistribution of atoms extremely difficult,
and leads to the relative small . On the other hand, the GFA
of the BMGs (the R, range from 1 to 100 K/s) is much better
than that of the conventional MGs and approaches that of the
oxide glasses whose R, is less than 0.1 K/s. The relation of
o and the R, of the oxide glasses, BMGs and conventional
MGs is shown in Fig. 1. It is clear that o has a close corre-
lation with the GFA of the glassy systems. The glasses with
smaller o has higher GFA, indicating close dependence of the
GFA on the microstructure of glass forming systems.

Figures 2 and 3 show the pressure dependence of the re-
duced longitudinal and transverse velocities, §v(P)/v(FPoy) =
(U(P) — U(Po))/v(Po), for the ZI'41Ti14culg_5Ni9B632.5C1 and
Pd39NijoCusoP2; BMGs at room temperature, where Py is the
ambient pressure, and v, is the velocity at Fy. The data are
reversible under P cycling though slight hysteresis effects are
shown in the Pd3gNijgCuszoP2; BMG. It can be seen that upon
loading, v; and vs roughly linearly increase. The BMGs have
similar pressure dependence of acoustic velocities to steel
and tungsten carbide.”” However, for the silicate glasses and
amorphous carbon, it is found that v, decreases with increas-
ing pressure.!? For the two BMGs, the longitudinal velocity
is more sensitive to the pressure variation than the transverse
one. The corresponding pressure dependence of elastic con-
stants Y (Y = E, G, K, and o) of the two BMGs calculated
from the velocities are shown in insets of Figs. 2 and 3. Y
is normalized by §Y /Yy = [Y(P) — Y(Py)l/ Y (Py), where
Yy is a normal modulus at ambiept pressure Py. One can see
that E, G, K, and o monotonically increase with increasing
pressure. The increase of elastic constants is attributed to the
denser packing microstructure and vibrational anharmonicity

Poisson Ratio

Fig. 1 Relation of critical glass formation cooling rate and Poisson’s ratio
o for the oxide glasses, conventional MGs and BMGs. The correlation
between the o and the GFA of the three types of glasses is clearly seen.
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Fig. 2 Variation of longitudinal and transverse velocities of the
Zr41Tij4Cujn 5NigBess sC; BMG with pressure (v = vy, vg) at room tem-
peratue for the first pressure load and unload cycle, v is normalized by
Av/vg = (v — vp)/vo, where vg is a normal velocity at ambient pressure
po- The inset is the vatriation of elastic constants ¥ of the BMG (¥ = E,
G, K, o) with pressure, Y is normalized by AY /Yy = (Y —Yy)/ Yo, where
Y is a normal modulus at pg.
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Fig. 3 Variation of longitudinal and transverse velocities of the
Pd39NijoCuzgP2; BMG with pressure (v = vy, vs) at room temperatue.

of the BMGs.”" dK /dP and dG/d P of the two BMGs are
positive, indicating the modulus stiffness under hydrostatic
pressure.

Without phase transformation, the equations of state (EOS)
of the BMGs can be described in terms of the Murnaghan

form:2329
p_Ko (VO )K(I)—-l )
Ky [ \V(p)

where Ko and K| are the bulk modulus and its pressure
derivation at zero pressure, V are the volume at zero pressure.
From Figs. 2, and 3, we obtain linear pressure dependence of
K: K = 3.92P + 107.4 for the Zr4; Ti;4Cujs sNigBers 5C;
BMGand K = 6.28P+ 159.1 for the Pd39Ni10CU30P21 BMG.
Accordingly, the isothermal EOS of the BMGs in the elastic
region is described as:

Vo 3.92
P=273 -1 2
[(V(p)) ] @

Vo 6.28
P =254 ~11. 3
[(Wp)) } ®

Figure 4 shows the various pressure dependence of the vol-
ume change Vy/ V (P) of some amorphous materials and met-
als. Unlike other amorphous materials such as oxide glasses
and amorphous carbon,>> upon loading, smaller decrease in
volume is induced within the experimental range of pressure
in the Zr- and Pd-based BMGs with a smaller slope, as do
crystalline metals. It is seen that the compression curve of
the Pd-based BMG is close to those of crystalline Pd, Ni and
Cu curves,?® and interposed between them. An identical re-
sult can also be found in the Zr-based BMG. Clearly, the
compressibility of the BMGs exhibits an average behavior of
those of the three metallic components. It is known that the
compressibility of a solid is closely related to the nature of its
atomic bonding and atomic configurations,*® and thus Fig. 4
implies that the BMGs have analogous short-range structural
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Fig. 4 Comparison of volume compression curves of various materials. Vy
is the volume under ambient pressure.

configurations to those of their metallic elements, whereas the
existence of metalloid component P or C does not change the
nature of metallic bonding. For the Pds;oNi;oCuszoP,; BMG,
Pd, Ni, and Cu are known to be of cubic close-packed ar-
rangements, and thus it is reasonable to conclude that the
same atomic configuration dominates the short-range order
of the Pd-based BMG. The present results provide forceful
evidence that the PdsoNijoCusoP; BMG microscopically has
close-packed short-range atomic configurations. For the Zr-
based BMG, due to the complexity of the structure of compo-
nents, it is inferred that the atomic short-range configurations
are of diversity in the BMG.

3.2 Ultrasonic attenuation

Ultrasonic attenuation measurement is a powerful tool to
investigated the structural relaxation behavior in glassy sys-
tems, which is important to gain insight into the physical na-
ture of glass formation, since slight atomic rearrangements
can be monitored.?’??) The ultrasonic attenuation coefficients
of the longitudinal (¢;) and transverse (o) waves at 10 MHz
in the Zl'41Ti14Cu12,5Ni9B622_5C1 and Pd39Ni10Cu30P21 BMGs
are listed in Table 2 as well as those of the typical ox-
ide glasses and conventional metallic glasses. One can see
that the o and o for the BMGs are much larger than those
of the conventional metallic glasses’®>® and smaller than

Table 2 The attenuation coefficient of the longitudinal and transverse
(o1, o) and corrsponding ultrasonic velocities (v, vs) at 10MHz for
Z141 Ti4Cuyz 5sNigBe2, sC; and PdsgNijgCuseP2; BMGs, typical oxide
glasses, and conventional metallic glasses.

Sample o) (dB/cm) o5 (dB/cm) Refs.
Zr41Tij4Cuyz sNigBey 5sCy 1.72 1.71 This
Pd39NijoCusoP2; 2.74 0.6 works
Window glass 4.3 3.0 19)
Water-white glass 43 5.4 19)
Pdy9.5Si16.5Cus <0.1 ~0.1 32)
Pd79.5Si16.5A86 <0.002 ~0.002 33)
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Fig. 5 Pressure dependence of the longiudinal (a) and transverse (b) ultra-
sonic waves attenuation in the Zrq; Tij4Cujp sNigBeyy sC; BMG measured
at room temparature.

those of the oxide glasses.!®-3* This indicates that the BMGs
have larger acoustic absorption compared to the conventional
metallic glasses. It is known that the anharmonicity in a solid
gives rise to an acoustic attenuation via so called Akkieser
effect.3%3% The strong interatomic interaction (measured by
Grueneisen parameter y) results in the larger anharmonic-
ity, which has been observed in the oxide glasses.>® The ox-
ide glasses with the stronger atomic bonding interaction have
larger acoustic attenuation (amount to ~4.3). So, the ultra-
sonic attenuation behaviors are closely associated with the
bonding forms of these glasses, and the denser packed atomic
configurations of the BMGs>”-® may result in much larger
-acoustic attenuation comparing with the conventional metal-
lic glasses.

The pressure dependence of the o) and ¢ in the two BMGs
measured with a 10 MHz carrying frequency is shown in
Figs. 5 and 6, respectively. The data are reproducible under
pressure cycle. For the Zr4; Tij4Cuyz5sNigBess 5Cy, the value
of o) increases with pressure, a similar behavior has also been
observed in oxide glasses.!® A remarkable feature for o is
observed that the pressure dependence of o shows a non-
monotonically increasing tendency and reaches a minimum
at 0.42 GPa, which is rather different from o;. However, more
strikingly, the Pd3oNijoCuszoP2; BMG shows a completely
inverse case to the Zrsq;Tij4Cuys 5NigBeys sC; BMG in the
pressure dependence of «; and «;. For the Pd3gNijoCusoPs;
BMG, o monotonously and markedly increase with pressure,
whereas the pressure dependence of «; shows a minimum at
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Fig. 6 Pressure dependence of the longiudinal (a) and transverse (b) ultra-
sonic waves attenuation in the Pd3gNijgCuspPs; BMG measured at room
temparature.

about 0.36 GPa. Additionally, hysteresis effect can be ob-
served in the Pds;gNijgCuszoP2; BMG. On the contrary, no
hysteresis effect is exhibited in the Zrs; Ti;4Cuys sNigBess 5Cq
BMG. In general, the oxide glasses and the conventional
MGs have similar pressure and temperature dependence of
the longitudinal and transverse acoustic attenuation, where
a monotonously increasing tendency is often found.!?39
Moreover, the attenuation in the conventional MGs follows
a frequency-squared (f?) law, e.g., for Pd7o sCusSijss and
Pdy95Ag6Siiss MGs, o (dB/cm) ranges from ~0.7 x 1073 £2
to 1.4 x 1073 £2 393D The unique pressure dependence of at-
tenuation in the two BMGs may be related to the different ki-
netics behaviors of atomic configurations under pressure. The
pressure-dependent attenuation behaviors indicate the occur-
rence of a pressure-induced structural relaxation.

3.3 Pressure effects on the glass transition

The basic understanding of the glass transition is still an
unresolved problem.?®3” On one hand, many glass formers
display unusual thermodynamic properties near the glass tran-
sition such as entropy, enthalpy, and volume; on the other
hand, the transition process reflects the freezing-in of liquid-
like modes and is thus related to the slowing dynamics.38-41)
The newly developed TMDSC technique provides a powerful
tool to investigate the glass transition with two additional pre-
dominant features, one being that irreversible and reversible
heat flow can be separated from total heat flow, the other
that capacity can be accurately derived from the reversible
heat flow signal.***® Endothermic valleys are often shown
from irreversible heat flow curves upon glass transition. It is
known that the endothermic valleys reflect enthalpy recovery
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Fig. 7 The TMDSC curves of the unrelaxed Pd3gNijoCusgP2; bulk metal-
lic glass. HF, THF, and RHF stand for the total, irreversible and reversible
heat flow respectively.

processes, where the released heat during the preceding relax-
ation is recovered upon the glass transition when reheating the
samples.***> Thus, According to the recovery enthalpy, the
degree of the structural relaxation in a glass can be evaluated.

P IGPa

Fig. 8 Dependence of the relaxation pressure on the irreversible recov-
ery enthalpy AHyr involved in the glass transition of the relaxed
Pd39NijoCuzpP,; bulk metallic glass. The irreversible heat flow (IHF)
curves are shown in the inset.

Figure 7 shows a typical TMDSC result of an unrelaxed 1.0 R

Pd3oNijoCusoP2; BMG with a total heat flow curve and its o9t gl G?SS _ Tlhqua - Costaline

irreversible and reversible components. The glass transition TLoEl T T ™ 4.45GP

is observed near 560 K, around which a small endothermic 0sls 4.0GPa

valley in the irreversible heat flow curve and a drop of heat = S o 4.45GPa

flow in the reversible curve are exhibited, respectively. From < o7t SR N B 40GPa

the irreversible endothermic valley, the irreversible enthalpy g T 356GPa
v ! - 2 540 560 580 600 620 640 ' ... 2.67GPa

A Hyyp is determined to be ~1.4 J/g. This value corresponds o 0.6 TIK — Unrelaxed

to the recovery enthalpy, which is equivalent to the released 0.5

heat during relaxation (relaxation enthalpy). Compared to ’

the remarkable crystallization enthalpy of ~32.2 J/g obtained 0.4

from the subsequent crystallization peak, the relaxation en-

thalpy is rather small. This is ascribed to the occurrence of 0.3 L L L 1 1 1

atomic short-range ordering during relaxation, different from 540 560 580 600 620 640

the atomic long-range rearrangements.!:?” One can see from TIK

Fig. 7 that an irreversible and a reversible transition processes
are simultaneously involved in the glass transition of the unre-
laxed BMG, whereas the subsequent remarkable crystalliza-
tion behavior, as we know, is just irreversible.

Figure 8 exhibits the pressure dependence on the irre-
versible contribution to the glass transition in the relaxed sam-
ples. The irreversible heat flow curves are shown in the inset
of Fig. 8. The shade regions in the inset manifest the irre-
versible endothermic behaviors in the differently processed
samples. For the relaxed samples, the irreversible recovery
enthalpy should mainly originate from the released heat dur-
ing the isothermal relaxation at high pressure. It can be seen
in Fig. 8 that A Higr increases with the relaxation pressure,
which indicates that increasing pressure induces deeper re-
laxation. It is inferred that more frozen-in enthalpy in the
glassy samples is released after the relaxation at higher pres-
sure, and then lower enthalpic states are attained. Within the
experimental pressure range, an approximately linear correla-
tion between A Hiygg and pressure can be well described with
a slope of ~0.37 J/g*GPa.

The specific heat capacity C, curves, which are derived
from the reversible heat flow curves, of the differently pro-
cessed PdsgNijoCusgPz; BMG samples are shown in Fig. 9,

Fig. 9 Specific heat capacity C,, curves of the differently processed sam-
ples as a function of relaxation pressure. The reversible heat flow (RHF)
curves are shown in the inset.

indicating their pressure dependence. The reversible heat flow
curves are given in the inset of Fig. 9. It is found that the
relaxed samples show a slightly but monotonously increase
in the capacity of the supercooled liquid when the relax-
ation pressure is above ~3 GPa. Roughly, after the sample
is relaxed at 4.45 GPa, the capacity of the supercooled liquid
increases by ~5% relative to that of the unrelaxed sample.
This indicates that the relaxation processes under high pres-
sure bring about the detectable thermodynamic change in the
reversible transitions. So far, the cause responsible for the
pressure-induced increase of the capacity of the supercooled
liquid is not clear. Structural changes upon the glass transi-
tion may be involved among the samples relaxed at the dif-
ferent pressures, and then the supercooled liquids with differ-
ent enthalpic states are attained. We argue that the relaxation
at high-pressure (above ~3 GPa) may cause the deviation of
the glass transition from the glassy states to an ergodic super-
cooled liquid state in the BMG.
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Fig. 10 Pressure dependence of the onset and end temperatures in the irre-
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The onset and end glass transition temperatures in the irre-
versible and reversible processes are marked in the two insets
of Figs. 8 and 9 to demonstrate the pressure effect on the ki-
netics of the glass transition of the BMG. Tjyp), Tyryr, are
referred to as the onset temperatures in the irreversible en-
thalpy recovery and the reversible transition respectively, and
T3t Tor as the end temperatures. Figure 10 shows the
pressure dependence of these characteristic temperatures. For
the relaxed samples, no marked pressure effect is seen on the
characteristic temperatures within the measurement error, and
Tetury Torary Tor and T, roughly keep constants of
548, 560, 576, and 576 K, respectively. It is known that when
heating, the glass transition is a relaxation process towards a
metastable supercooled liquid from a glassy state, which de-
pend on the crossing of an experimental time scale and the
time scale for relaxation.*®*% And thus, the magnitude of the
transition interval is a result of the competition between the
two aspects. In view of the identical heating rate during the
measurements, it seems that the pressure-induced structural
densification does not impede the relaxation rate towards the
supercooled liquid in the differently processed samples. In
addition, two significant features are found in Fig. 10. First,
the irreversible enthalpy recovery always takes place about
12K earlier than the reversible transition. This indicates that
the enthalpy recovery begins when the samples still remain
glassy states. Consequently, the enthalpy recovery processes
can be divided into two parts, the beginning relaxation to-
wards the metastable glassy state and the subsequent one to-
wards the metastable supercooled liquid. Below Tg"(‘,‘mp) of
about 560 K, the enthalpy recovery is dominated by the ap-
proach to the metastable glass. The second feature is that the
irreversible and the reversible process end simultaneously at
about 576 K in the relaxed samples, which indicates the com-
plete arrival at the metastable suprecooled liquid.

Comparing the two figures, it is clear that the pressure de-
pendence of the capacity of the supercooled liquid is out of
step with that of the irreversible recovery enthalpy. Only
when the degree of the relaxation is high enough, it can cause
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the change of the reversible transition behavior. The pressure-
induced increases of the irreversible recovery enthalpy and
the capacity of the supercooled liquid confirm that the relax-
ation at high-pressure thermodynamically changes the glass
transition of the BMG. Besides, it is observed from Fig. 10
that within the experimental pressure range, the relaxation
processes does not bring about marked changes in the time
scales for the irreversible enthalpy recovery and the reversible
transition. Considering the relatively pronounced increase in
AHmr and Cp with pressure, it is possible that the kinet-
ics of the glass transition in the Pd3gNijoCusgP2; BMG has
a weak dependence on the pressure-induced thermodynamic
changes.

4. Summary

(1) A link of the elastic properties with the GFA and the
microstructural characteristics of metallic glasses is estab-
lished on the basis of the elastic properties measurements of
the ZI'41Ti14C1112_5Ni9Be'_>2_5C1 and Pd39Ni10Cll30P21 BMGs.
The positive pressure derivatives dX /dp and dG/dp indi-
cate the pressure-induced modulus stiffness. The equations of
state of the two BMGs are established. It is revealed that the
atomic short-range configurations in the BMGs are dependent
on the atomic configurations of their metallic components.

(2) The Zl‘41Ti14Cll12,5Ni9B€22,5C1 and Pd39Ni10C1130P21
BMGs show higher acoustic loss than that of the conven-
tional MGs, which is ascribed to larger anharmonicity. The
two BMGs exhibit completely different pressure dependence
of the ultrasonic attenuation in longitudinal and transverse
waves.

(3) The pressure dependence of the irreversible enthalpy
recovery and the reversible transition is exhibited upon the
glass transition of the Pd3gNijoCusoP2; BMG. Within the ex-
perimental pressure range from ~2.7 to ~4.5 GPa, the irre-
versible recovery enthalpy approximately linearly increases
with the relaxation pressure. Above ~3 GPa, the relaxation
at high pressure causes the increase of the capacity of the su-
percooled liquid. However, the relaxation processes do not
produce marked changes on the kinetics of the irreversible
and reversible transition.
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