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Free volume is one of the most important structural features closely associated with various glass phenomena
and properties. However, precise determination of how free volume evolves with external tuning poses a consid-
erable challenge. In this work, by using in situ high-pressure synchrotron x-ray diffraction in a diamond anvil
cell, we investigate the effect of pressure on free volume in a relatively soft La;s Alys metallic glass (MG). Our
investigation quantitatively compares the pressure-dependent principal diffraction peak position and peak width
variations with high accuracy between as-quenched and thermally annealed La;sAlys metallic glass samples
(each possessing different initial free-volume contents but under identical hydrostatic pressure conditions). The
differences in compression and decompression behaviors are elucidated and discussed within the framework of
free volume. It is revealed that free volume engages in the compression process with a linear, pressure-dependent
reduction below ~10 GPa, after which it reaches a saturated flat stage, maintaining a constant content up to 23.1
GPa. During decompression, an obvious hysteresis loop and permanent densification are observed. Although
under hydrostatic pressure conditions, both La;s Al,s metallic glasses exhibit an inevitable buildup of local stress
and/or strain once pressure is applied, and the annealed sample displays a notably faster rate of increase. Evident
residual local stress and/or strain persists in the annealed sample after pressure release. Our findings underscore
the complicated compression and decompression behavior in MGs if the pressure is high enough with respect
to the sample bulk modulus. These complexities unveil many details regarding glass structures, especially the
content and distribution of free volume, providing valuable insights to deepen our comprehension of free volume

in glass structures.
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I. INTRODUCTION

In principle, every substance can form a glass if its melt
can be rapidly quenched to bypass the regular rearrangement
of atoms and/or molecules required for crystallization. In a
simplified picture, a glass can be regarded as a rigid “frozen”
state of melt with viscosity increased by many orders of
magnitude over a narrow temperature range (glass transition
range) during melt quenching. The sharp increase of viscosity,
i.e., the glass formation, is believed to be closely associated
with the decrease of free volume below some critical value
when approaching the glass transition temperature [1]. The
free-volume concept was first proposed by Eyring in the 1930s
to understand the properties of liquids as “the liquid molecule
is thought to move in a box of length d where we can think
of d* as the free space per molecule” [2]. Since then, the
concept of free volume has been extensively developed and
sometimes defined differently in the literature [3,4]. Never-
theless, it always associates with the variable empty space
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between atoms and/or molecules and has provided a simple
theoretical framework to describe various liquid and glass
behavior and properties, such as diffusion [5,6], viscosity [7],
glass transition [8—11], relaxation [12—14], rejuvenation [15],
deformation [16-19], and glass structure [20,21]. However,
due to the complexity of the disordered glass structure, free
volume is structurally ill defined [22] and also challeng-
ing to be directly and accurately determined by experiments
[7,13,23-25], which remains a long-standing challenge in the
glass community [26].

Among various glasses, metallic glasses (MGs), char-
acterized by random close-packing atomic structures with
nondirectional metallic bonds, have been regarded as the sim-
plest atomic glass systems, making them an ideal model for
fundamental studies of glass-related problems [8]. Regard-
less of the packing details, the total volume of an MG can
be simply divided into two distinct components: the atomic
occupied volume (V) and the quenched-in free volume (V¢).
Vo comprises the volume occupied by the atomic cores and
their thermal vibrations. Vj is basically structure independent
and primarily influenced by thermal expansion and is typi-
cally considered to behave elastically under stress. In contrast,
V; is highly structure and/or state sensitive, which could be
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annihilated or reduced through thermal annealing below the
glass transition temperature (7;) by structural rearrangement
[27] and restored through heating above 7; or cryogenic ther-
mal cycling via atomic diffusion or nonaffine displacement
[28]. However, how V; is spatially distributed in glass is still
an open question.

It was believed that the rigid backbone or matrix of glass
mainly consists of Vy, while V; only exists as low-content
defects [5]. Therefore, glasses with identical composition but
different thermal histories (differences in the contents of V)
usually show identical thermal expansion coefficients [13],
and their compression behavior is also expected to be similar
(independent of thermal history) as controlled by the rigid
backbone [29]. However, MGs with different thermal histories
(as-quenched and annealed states) have been found to show
quite different bulk moduli [30,31]. Moreover, permanent
densification was claimed in MGs by the Archimedes den-
sity measurement method after high-pressure treatment, even
at room temperature, which was attributed to the pressure-
induced annihilation or reduction of free volume [32,33].
These results suggest that V; also engages in the compression
process besides the rigid V) and, therefore, is in line with the
popular heterogeneous structural model of MGs. That is, V¢
is not homogeneously distributed; instead, V¢ could aggregate
in loosely packed liquidlike soft (V) plus relatively more V;)
regions (their volume fraction could be as high as ~25%), em-
bedded in the densely packed solidlike hard (V} plus relatively
less V) regions (a natural consequence of the glass transition
during melt quenching based on the percolation model [8]).
Both regions respond to external stimuli and determine the
properties of MGs [18,19]. However, our recent in situ high-
pressure synchrotron x-ray diffraction (XRD) measurements
on a Zr-based MG did not observe any permanent densifi-
cation; instead, a reversible linear compression behavior of
V¢ was present and challenges our expectation based on the
prevailing structure models of MGs [31]. Clarifying whether
the reversible linear compression behavior is general for MGs
(valid for various MGs at broader pressure range) is crucial
to establish a more realistic structural model for MGs, which,
however, is still unclear. Further investigation on the behavior
of V¢ of MGs under external stimuli can not only help validate
and develop the free-volume theory but also uncover detailed
information on the glass structure and its relationship with
glass properties [31].

Among the techniques employed to characterize V; in MGs
[13,23,24,27,34], synchrotron XRD is one of the most accu-
rate and direct probes to monitor the relative change of V;
in MGs at the atomic scale compatible with various sample
environments [13,24]. Specifically, the principal XRD peak
position of MGs, ¢, in the g space (reciprocal space) can be
accurately determined with the resolution better than 10™*A
by using synchrotron XRD. Then, the relative change in spe-
cific sample volume (density) or averaged atomic spacing
tuned by temperature [13], stress [35], and pressure [36,37]
can be readily calculated by their simple relationships with
q:. Pressure is a clean thermodynamic parameter capable
of effectively modulating the density and structure of MGs
[38—42], therefore providing an ideal tuning tool for V; in MGs
[31]. Reaching extremely high pressures and simultaneously
maintaining good pressure hydrostaticity are challenging.

Therefore, in this work, instead of going to higher pressures to
validate the generality of the linear compression behavior of
Vt, we choose a much softer and simple binary MG sample,
LajsAlys, as a model system and employ an in situ high-
pressure synchrotron XRD technique with a diamond anvil
cell (DAC) to investigate the structural changes with differ-
ent free-volume contents (as-quenched and annealed states).
The compression and decompression behaviors between the
two samples are carefully compared, and the underlying
mechanism is discussed based on the framework of free
volume.

II. EXPERIMENTAL METHODS

A. Sample preparation

Master ingots with a nominal atomic composition of
La;sAlys were prepared by arc-melting high-purity (>99.9
at. %) elements in a Ti-gettered high-purity Ar atmosphere.
Each ingot was flipped and remelted six times to ensure
chemical homogeneity. As-quenched MG ribbons with a
thickness of ~30 um were produced using the single-roller
melt-spinning method at a wheel speed of ~50 m/s. The sam-
ple with a relatively lower free-volume content was obtained
by thermal annealing treatment of the as-quenched ribbons.
Specifically, the as-quenched ribbons were heated from room
temperature (20 K/min) to 453 K (~21 K below T, ~474 K)
and maintained there for 5 min, then cooled down to room
temperature under a flowing high-purity Ar atmosphere in a
differential scanning calorimetry (DSC) instrument (Perkin-
Elmer 8500).

B. Sample characterization

The amorphous structure of the as-quenched and annealed
ribbon samples was confirmed by synchrotron XRD and
transmission electron microscopy (TEM). For TEM measure-
ments, the two samples were prepared using a focused ion
beam (FEI, Versa 3D). High-resolution transmission elec-
tron microscopy (HRTEM) images and selected area electron
diffraction (SAED) images were obtained using a Tecnai
F20 (FEI) TEM. Synchrotron XRD measurements at am-
bient conditions were performed at beamline 15U1 at the
Shanghai Synchrotron Radiation Facility (SSRF), China. The
monochromatic x-ray wavelength was 0.6199 A, and the
exposure time for each sample was 30 s. The structural ho-
mogeneity at the nanoscale of the two samples was confirmed
by synchrotron small-angle x-ray scattering (SAXS) experi-
ments conducted at beamline 12ID-B at the Advanced Photon
Source (APS), Argonne National Laboratory (ANL), USA,
with an x-ray wavelength of 1.0332 A and exposure time
of 60 s for each pattern. Thermal properties of the samples
were characterized using the DSC instrument, with a typ-
ical heating rate of 20 K/min. Mechanical properties were
examined by nanoindentation experiments conducted on an
instrumented nanoindenter (G200, Keysight, USA) equipped
with a standard Berkovich diamond indenter. The sample sur-
faces for nanoindentation tests were meticulously polished to
achieve a mirror finish. The displacement-control mode was
utilized with a maximum load of 15 mN at a strain rate of 0.2
s~!. The hardness of the samples was determined by analyzing
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FIG. 1. Characterization of amorphous structure of the as-quenched and annealed La;s Al,s MG samples. (a) Synchrotron XRD patterns at
ambient pressure. The inset depicts an enlarged view of the principal diffraction peaks. (b) Synchrotron SAXS patterns. TEM characterization
of the (c) as-quenched and (d) annealed MG samples. The insets in (c) and (d) are their corresponding SEAD images. The scale bars are 5 nm

in the HRTEM images and 5 nm~! in the SAED images.

the load on the sample displacement into surface (P-%) curves
using the Oliver-Pharr method [43].

Furthermore, in situ high-pressure synchrotron XRD ex-
periments were performed at beamline 15U1, SSRF. To
ensure identical experimental conditions, the two samples
were loaded together into the same symmetric DAC with
an anvil culet of ~400 um. Helium was used as the best
pressure-transmitting medium to achieve high hydrostaticity
[44,45]. A tiny piece of gold foil was loaded along the sample
in the DAC as a pressure standard using the Au equation
of state [46] by XRD. The pressure was controlled by a
double-sided gas membrane system. The pressure in the sam-
ple chamber was carefully stabilized to make sure the pressure
change before and after each exposure was less than 0.1 GPa.
Background scattering signal from the high-pressure environ-
ment was collected at each pressure by shinning the x-ray
beam off the sample to only penetrate the pressure medium
and two diamond anvils. The x ray has a wavelength of
0.6199 A and a beam size of ~3 um x 2.5 um. The exposure
time was 30 s for each pressure point. The software DIOPTAS
[47] was employed to integrate two-dimensional images into
one-dimensional /(g) patterns (¢ = 4 sin 6 /A, where A is the
wavelength of the incident x ray and 20 is the scattering
angle) with the corresponding background scattering signal
subtracted for each pattern.

III. RESULTS

A. Characterization of the amorphous structure

Figure 1(a) shows the synchrotron XRD patterns of the
as-quenched and annealed La;sAl,s MG samples at ambi-
ent pressure. The absence of sharp Bragg diffraction peaks
over the entire g range indicates the fully amorphous nature
of the samples. The inset of Fig. 1(a) provides a closer
look at the principal peaks. The principal peak position (q;)
of the annealed sample exhibits a shift towards a higher ¢
value compared with the as-quenched sample, from 2.169 to
2.174 A" (increased by ~0.23%). Moreover, the peak width
of the annealed sample considerably narrows, reducing from
0.301 to 0.284 A~! (by ~5.65%). These results suggest that
the annealing treatment results in a denser and less disordered
atomic structure, namely, a state with less V; as expected [31].

Additionally, Fig. 1(b) displays the synchrotron SAXS
patterns, which decay smoothly without any discernible fluc-
tuations. These data confirm the structural homogeneity at
the nanoscale, therefore ruling out phase separation in both
glass samples [48], which was further evidenced by HRTEM
results [Figs. 1(c) and 1(d), respectively]. In addition, as
seen in the insets of Figs. 1(c) and 1(d), the SAED images
exhibit diffused halos without any observable sharp Bragg
diffraction spots or rings. These results consistently suggest
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FIG. 2. Characterization of thermal and mechanical properties of the as-quenched and annealed La;s Al,s MG samples. (a) The DSC curves.
(b) The P-h curves from nanoindentation measurements. The determined hardness values are compared in the inset.

that, although annealing effectively reduces V;, both the as-
quenched and annealed samples possess a good amorphous
microstructure, which is important for further studies on V¢
variation and its effect on glass properties.

B. Characterization of V; contents

Besides the diffraction peak shift, DSC tests are more
generally employed to estimate the variation of V; in glasses.
Specifically, the exothermal signal observed prior to the glass
transition in a DSC curve, AH, signifies the annihilation
process of Vi via structural relaxation [25,27]. Hence, the
variation of V¢ can be estimated by the changes of AH values.
As shown in Fig. 2(a), the pronounced AH signal (—6.1 J/g)
of the as-quenched sample indicates its substantial quench-
in V;. In contrast, the AH signal of the annealed sample is
almost eliminated, while the characteristic temperatures of T,
(~475 K) and T (crystallization temperature) remain almost
unaltered. Therefore, scarce free volume is confirmed in the
annealed sample while retaining a good glassy state. It should
be emphasized that free volume is intrinsic for glass struc-
tures; the almost disappeared AH signal in the DSC curve
of the annealed sample does not mean complete annihilation
of free volume. Figure 2(b) shows the P-h curves of the two
samples obtained from nanoindentation measurements. The
maximum indentation depth in the annealed sample is smaller
than that in the as-quenched sample with identical load (i.e.,
a higher hardness of the annealed sample), a natural conse-
quence of an overall denser glass structure containing less V¢
in the annealed state [49].

C. Structural evolution of the two samples with different V;
contents under pressure

Besides thermal annealing, pressure could also tune V; in
glasses. With an identical hydrostatic pressure environment
for the as-quenched and annealed samples achieved in this
work [Fig. 3(a)], their different compression behavior can be
attributed to the intrinsic differences between the two samples,
i.e., their different contents of V;. Figures 3(b) and 3(c) de-
pict the in situ high-pressure synchrotron XRD patterns from
2.2 to 23.1 GPa during compression and decompression of

the as-quenched and the annealed MG samples, respectively.
No prominent sharp Bragg peaks are emerging in all XRD
patterns, which indicates the absence of pressure-induced
crystallization [40]. With increasing pressure, the principal
amorphous peaks of both samples shift towards higher ¢ val-
ues, as expected by the pressure-induced structural shrinkage.

Annealed
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FIG. 3. In situ high-pressure synchrotron XRD measurement on
the as-quenched and annealed La;sAl,s MG samples. (a) An image
of the DAC sample chamber with two samples loaded together for an
identical hydrostatic pressure environment. The scale bar represents
100 um. The in situ high-pressure synchrotron XRD patterns during
compression and decompression of the as-quenched and annealed
samples are shown in (b) and (c), respectively.
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FIG. 4. Analysis of the principal diffraction peak position and width variation with pressure of the as-quenched and annealed La;sAl,s MG
samples. (a) The g, values of as-quenched and annealed samples as a function of pressure. The inset shows the ¢g; values at ambient pressure
before compression (obtained separately) and after decompression. (b) The relative changes of average atomic volumes with pressure. The
dotted lines in (b) and (c) are the fitting curves to the third-order BM-EOS below 10 GPa. (c) The relative changes of ¢; difference between
the two samples as a function of pressure calculated from Aq;/q—anncaled = (§1-as—quenched — G1—anncaled )/ G1—anncaled- (d) The FWHM values of
the as-quenched and annealed samples as a function of pressure. Error bars are mainly from pressure variation and fitting uncertainty, which

are smaller than the symbol sizes in (a)—(c).

During decompression, the peaks return to lower ¢ values with
a seemingly elastic recovery behavior.

The synchrotron XRD patterns with a very high signal-to-
noise ratio allow us to accurately determine the amorphous
peak positions (g;) with the resolution better than 10~ A~
for a quantitative comparison, which is also well documented
in previous studies [35]. Figure 4(a) shows the g; values
obtained by fitting the principal amorphous peaks in XRD
patterns as a function of pressure using a Voigt profile and
a linear baseline (more details of the fitting can be found in
the Supplemental Material, Fig. S1 [50]). During compres-
sion, slight differences (e.g., Ag; = 0.004 Al ac22 GPa)
in g; of the two samples can be observed at low pressures;
specifically, the annealed sample shows slightly larger g, val-
ues than the as-quenched sample, which is consistent with
the characterization at ambient condition shown in Fig. 1(a).
However, the differences in g; between the two samples de-
crease quickly with increasing pressure and almost disappear
(e.g., Ag; = 0.0007 A~1at 23.1 GPa) above ~10 GPa. Upon
decompression, g; does not reversibly retrace the compres-
sion curves but consistently remains larger than the values
during compression, exhibiting a hysteresis for both samples.

Moreover, a closer look at the data in the inset of Fig. 4(a)
shows that the as-quenched sample initially with a higher
content of V¢ (smaller ¢;) presents obvious permanent den-
sification after complete pressure release, while the annealed
sample almost recovers its initial state. Specifically, the rela-
tive differences between the recovered ¢; and the initial ¢, are
0.16% and 0.03% for the as-quenched and annealed samples,
respectively.

It is well established that ¢; can be used to estimate the
change of average atomic volume in MGs using a simple
power-law relation, V, oc (1/¢;)” [51]. The power exponent
D was determined to be ~2.5 for La-based MGs under
high pressure [36,37]. Therefore, here we use the equa-
tion V(P)/V(0) = [¢1(0)/q1(P)]*> to estimate the relative
atomic volume change under pressure, V/Vj, as shown in
Fig. 4(b). The relative atomic volume change of the as-
quenched sample under pressure is slightly larger than that
of the annealed sample, which confirms that the as-quenched
sample with higher content of V; is indeed more compressible.
By fitting the pressure-dependent V/V; data (below 10 GPa)
to the third-order Birch-Murnaghan isothermal equation of
state (BM-EOS) [52], the isothermal bulk modulus (By) and
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the pressure derivative (B’g) can be obtained. For the as-
quenched sample, By = 44.11 £ 0.48 GPa and B’y = 3.01 +
0.14, while for the annealed sample, By = 45.15 £ 0.47 GPa
and By = 3.16 & 0.14, close to the previously reported bulk
moduli of La-based MGs obtained by the ultrasonic sound
velocity technique [53]. Considering their identical compo-
sitions but different bulk moduli corresponding to different V¢
contents, most likely, regions rich in free volume also sustain
a considerable portion of stress, participating in the compres-
sion process. The extra free volume in the as-quenched sample
accounts for the smaller bulk modulus and could be squeezed
out by pressure. Therefore, the as-quenched sample gradually
approaches the annealed state in terms of closer g; values (less
free volume), as shown in Fig. 4(a). Quantitatively, the rate at
which the extra free volume in the as-quenched sample was
compressed can be estimated by the change of the relative
difference in qi, i~e~: (q17asfquenched - q17annealed)/q17annealed»
as shown in Fig. 4(c). At the beginning, as pressure increases,
the relative difference in g; decreases linearly and quickly
approaches zero at ~10 GPa and remains around zero beyond
10 GPa. Upon pressure release, the relative difference in ¢
partially recovers but is still much lower than the initial values,
again suggesting permanent changes in their density differ-
ence (V; contents). Interestingly, the recovery of the relative
difference in g; also follows a linear relationship, suggesting
a general and robust trend for the changes of V; in MGs.

Besides the principal diffraction peak position g;, the
peak width also carries rich information on glass structures.
Generally, a broader peak means a more disordered or het-
erogeneous glass structure [54,55]. As shown in Fig. 4(d), the
fitted full width at half maximum (FWHM) values of the prin-
cipal diffraction peak were determined during compression
and decompression for both samples. The initial FWHM of
the annealed sample is smaller than that of the as-quenched
sample, consistent with our expectation of a denser and more
ordered glass state after annealing. For the as-quenched sam-
ple, during compression, its FWHM increases at the beginning
and then quickly stabilizes at ~5 GPa. During decompression,
the FWHM mirrors the compression trend at higher pressures
before swiftly declining between 10 and 5 GPa. Ultimately,
the FWHM nearly reverts to its initial (prior to compression)
value.

In contrast, for the annealed sample, the FWHM varia-
tion is quite different from that of the as-quenched sample.
The FWHM increases sharply and continuously up to 23.1
GPa with a slight decrease of the increase rate at ~5 GPa.
At 23.1 GPa, the FWHM of the annealed sample overlaps
with that of the as-quenched sample. During decompression,
the FWHM also shows a hysteresis below ~10 GPa above
the compression trajectory. When pressure is released, the
FWHM exhibits noticeable, permanent broadening in the an-
nealed sample. Both samples seem to behave quite differently,
and the variation of FWHM is much more complex than that
of the peak position, providing extra information on the glass
structure in MGs.

IV. DISCUSSION

It is well accepted that an amorphous structure usually has
a lower overall packing density than its crystalline counter-

part. Pressure-induced structural permanent densification is
not a rare phenomenon in a wide range of glassy systems.
The pressure-induced permanent densification of SiO, glass
can be as high as ~21% after high-pressure treatment at room
temperature. This is attributed to the highly compressible open
network amorphous structure of SiO, glass, which enables
coordinate number increases by intertetrahedral angle varia-
tion [32]. In the case of MGs, their densely packed structure
with already very high nearest-neighbor coordination num-
bers (up to 12-14) at ambient conditions usually rules out the
possibility of having typical pressure-induced densification
by changing coordination numbers. Some previous studies
on MGs reported slight permanent densification after high-
pressure treatment at high temperatures [56—59], which was
attributed to possible local rearrangement of atomic structures
via thermally activated diffusion. Instead, during compression
at room temperature, the free volume can be compressed
elastically, but no permanent annihilation or reduction was
observed, suggesting a pretty homogeneous distribution of
free volume in a stiff matrix [31].

In principle, there are no equivalent atoms and/or
molecules in glasses due to the lack of strict symmetry [28].
Therefore, even under hydrostatic pressure, although the over-
all compression or deformation is homogeneous, the local
elastic deformation could be slightly inhomogeneous and
nonaffine. Above a certain threshold, irreversible structural
rearrangement could occur even at temperatures far below 7.
This scenario could rationalize what we observed in Fig. 4(c).
Below ~10 GPa, the linear behavior of V; reduction is similar
to the case of the CuyeZrscAlg MG [31], in which the non-
affine deformation might still be recoverable. Once pressure is
high enough (with respect to the bulk modulus of the sample),
the V; reduction (deformation) may resemble “plastic-like de-
formation” of V; with a constant content above 10 GPa. At
this stage, the compression or annihilation of V; is locally so
severe, becoming partially irreversible upon decompression.
These results reveal the existence of a critical pressure re-
quired to trigger the permanent pressure-induced densification
in MGs, which was not achieved in the previous reports on
the Cuy6ZrssAls MG up to 30 GPa, probably due to its rela-
tively high bulk modulus [31]. According to the extensively
proposed simplified heterogeneous structural model of MGs
with soft liquidlike (containing relatively more V;) domains
embedded in a hard solidlike matrix (containing relatively less
Ve) [18,19], at the beginning of compression, stress will be
mainly sustained by the rigid matrix of the solidlike regions.
Therefore, we will expect a critical pressure to reach a highly
compressible stage; i.e., when the stress increases beyond the
instability limit of the solidlike matrix, the soft liquidlike
regions or domains start to engage in the deformation with
enhanced compressibility [the data in Fig. 4(c) should show
a larger slope at high pressures], which, however, contradicts
the linear compression followed by a saturation behavior of
Vt as seen in the current work. Therefore, a structural model
with more homogeneously mixed V,, and V; over a large length
scale seems more reasonable [31].

Regarding the diffraction peak width, the decreased
FWHM value after annealing is in line with our typical ex-
pectation that annealing annihilates free volume (reducing the
soft liquidlike regions) and therefore homogenizes the glass
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structure [60]. However, under high pressure, although we
also expect free-volume annihilation, the FWHM values of
both samples do not decrease as in the annealing case but
increase consistently, which indicates that besides densifica-
tion considerable local stress and/or strain is also built up
during compression. Intriguingly, the pressure dependency of
the FWHM of the annealed sample is much more pronounced
than that of the as-quenched sample. Based on the scenario of
the local elastic heterogeneous model, the as-quenched sam-
ple with a relatively high content of V; could more easily cease
the local stress and/or strain accumulation due to a relatively
low “yielding pressure” to trigger the plastic deformation of
V, e.g., showing a steady state (saturation) of FWHM above
5 GPa. In contrast, the annealed sample relatively lacks easily
deformable V; (soft liquidlike regions); therefore, local stress
and/or strain continuously builds up during compression up to
23.1 GPa, leading to persistent diffraction peak broadening.
Under substantial local stress during compression, additional
irreversible nonaffine structural rearrangements might occur,
potentially leading to the entrenchment of permanent peak
broadening. These results could bring new structural insights
into the unusual compression-induced rejuvenation and re-
laxation dynamics anomaly at room temperature observed in
Ce-based MGs [33,61,62].

V. SUMMARY

In summary, our study employed in sifu high-pressure
synchrotron XRD to explore the compression and decom-
pression behaviors of the two La;sAlys binary MGs with
distinct free-volume contents. Our experimental approach al-
lowed a precise determination of differences in diffraction
peak position and peak width between the two samples un-
der high pressure, offering detailed insights into the glass
structure based on the free-volume framework. A linear com-
pression behavior of the free volume followed by a saturation
stage above 10 GPa is confirmed in the La;sAl,s MGs.

Thermal annealing below the glass transition temperature re-
duces free volume and structural heterogeneity in terms of
density fluctuation. In contrast, while pressure typically leads
to a reduction of free volume elastically, compressing beyond
a critical pressure could also induce permanent reduction of
free volume. Even hydrostatic pressure also causes a buildup
of local stress and/or strain in both MG samples due to intrin-
sic local heterogeneity in mechanical properties. The MG with
a higher free-volume content displays more significant perma-
nent densification but surprisingly less pronounced pressure
sensitivity in local stress and/or strain buildup. These results
could help to validate prevailing structural models based on
the free-volume concept and inspire more realistic models
that capture the intricate complexities of glass structure, par-
ticularly regarding spatial heterogeneity and its thermal and
mechanical responses.
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