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In this study, we investigated pressure-induced changes in the structure and elastic properties of
XxALO3—-(100 — x)SiO, glasses (x = 29, 36, 43, 50, 60 mol%; referred to as xAS) by in situ high-pressure
pair distribution function measurement and sound velocity measurement. The 29AS and 60AS glasses
are regarded as Si-rich/Al-rich end-member compositions, and the 36AS, 43AS, and 50AS glasses
consist of the two end-member phases at the nanoscale. The 29AS glass shows gradual changes in the
intermediate-range order up to 9.3 GPa, similar to SiO, glass, while the 60AS glass exhibits a rapid
structural change at 7.4-8.4 GPa, similar to CaAl,O4 glass. This rapid structural change causes a kink in
the sound velocity—pressure trend near 8 GPa, as also observed in CaAl,O4 glass. In contrast, the Si-rich
end-member 29AS glass does not exhibit the velocity kink. The Poisson’s ratios of the five AS glasses
and the SiO, glass start to converge above ~11 GPa, finally reaching a constant value of ~0.32 at a
pressure of ~20 GPa. This result indicates that both the Si-rich and Al-rich end-members have a similar

rsc.li/materials-advances structure above ~20 GPa.

1. Introduction

Densely packed oxide (DPO) glasses synthesized by novel
techniques such as the containerless levitation method have
been attracting attention due to their enhanced functional
properties, including high elastic modulus and hardness,"?
high crack resistance,® and high refractive index.*” Such non-
conventional glasses consist of various coordinated polyhedra
(four-, five-, and six-fold units) that connect in various ways
(corner-, edge-, and face-sharing) to yield high packing density.°
This structure differs from that of conventional oxide glass,
which has a three-dimensional random network of TO, tetra-
hedra (T: network former cation) connected by corner-sharing.
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Al,05-5i0, (AS) is one of the known systems from which
DPO glasses can form. AS glass is a highly hard and tough?
advanced functional material, and, in geoscience, it serves as
an analogue for distinguishing the structural roles of Si and Al
in magmas under pressure.”® To discuss the relationship
between structure and composition in this binary system, it is
necessary to understand the structural differences between
single-component glasses: SiO, and Al,O; glasses. SiO, glass
is the representative network glass, which has a three-
dimensional Si-O network formed by the connection of
corner-sharing SiO,. The absence of network-modifier cations
in SiO, glass results in a large cavity volume of ~30%,’ which
leads to low packing density. Conversely, AI** does not behave
as a network former alone, and therefore, an Al,0; melt cannot
be vitrified by conventional melt-quenching techniques. Some
recent techniques, such as the sol-gel method, thin-film fabri-
cation, and anodization for metal Al, enable the vitrification of
Al,O3. Al,O; glass prepared by anodization contains ~60% Al
ions in five- or six-coordination modes, and ~19% of the Al-O
polyhedra exhibit edge-sharing connectivity.'”'! Coexistence of
the various structural units enables Al,O; glass to achieve high
packing density.

Binary AS glass is known to have a wide immiscibility gap,
where the glasses are composed of nanoscale Si-rich and Al-rich
domains."®™® For investigation of the local structure in each
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domain, Liao et al. (2020) analysed 50 mol% Al,03;-50 mol%
SiO, glass using electron energy loss fine structure spectro-
scopy conducted with a scanning transmission electron
microscope.'® Their analyses demonstrated that the Si-rich
domain has a structure similar to that of SiO, glass, with
corner-sharing (Si,Al)O, units that form a glass network. Con-
versely, ~60% of the Al ions in the Al-rich domain exist in
highly coordinated states (i.e., AlOs and AlOg), behaving as
network modifiers, which is similar to Al,O; glass. Although
the range of immiscibility in this system has not been well
constrained, the Al-rich end-member probably has a mullite-
like composition (approximately 60 mol% Al,03;-40 mol% SiO,,
60AS).">'® In addition, an NMR study on the 60AS glass showed
that it contains Al in 4-, 5-, and 6-fold coordination states in an
approximate ratio of 4:5:1."” The presence of highly coordi-
nated Al is consistent with the pioneering XRD, Raman, and
NMR measurements conducted on 60AS glass synthesized
using other novel techniques.'®?> Therefore, the Al-rich
domain formed in the immiscible region is considered to be
a densely packed structure similar to Al,O; glass.

In addition to the compositional effect, pressure is another
important factor in the formation of densified glasses. Under
room temperature compression, SiO, glass exhibits an almost
linear increase in density up to at least 20 GPa.>*** The density
change may result from multiple densification processes. It has
been reported that SiO, glass experiences collapse of the
silicon’s second shell into the first shell, which breaks local
tetrahedral symmetry, at the pressure region above 2.3 GPa.>®
After completion of this breaking of the local tetrahedral
symmetry, its nearest-neighbour Si-O coordination number
(CN) changes from 4 to 6 at ~10-40 GPa.>’*> These two
different structural changes result in distinct behaviours of
sound velocity. The breaking of local tetrahedral symmetry
yields an anomalous elasticity minimum under compression
around that pressure region,>**® while the Si-O CN increase
above 10 GPa causes a gradual increase in longitudinal wave
velocity (v.) and the transverse wave velocity (vr).>*® Such
pressure-induced densification is also thought to occur in DPO
glass. However, the structural changes may differ from those of
the network glass with large void volumes. For example, a study
on CaAl,0O, glass, which is a DPO glass, showed a pressure-
induced polyamorphic transition accompanied by a discontin-
uous increase in vy, and vy over the narrow pressure range of
8-10 GPa, driven by the disappearance of the large voids
between the Ca and O atoms.*® Similar to the CaAl,0, glass,
the highly coordinated Al ions in the Al-rich end-member in the
AS glass may play a role similar to that of the Ca ions in that
aluminate glass.

In this study, we have investigated the pressure-induced
changes in structure and elastic properties of xAl,03;-(100 —
x)SiO, glasses (x = 29, 36, 43, 50, 60 mol%,; referred to as xAS).
The AS glasses were prepared across the immiscible region of
the Al,0;-SiO, system. The 29AS and 60AS homogeneous
glasses are defined as the Si-rich and Al-rich end-members,
respectively, while the 36AS, 43AS, and 50AS glasses exhibit
nano-scale phase separation and are composed of the two
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end-members. To understand the high-pressure structural
changes in the Si-rich and Al-rich end-members, the structure
factor S(Q) and the pair-distribution function g{r) were deter-
mined for the 29AS and 60AS glasses. In addition, the sound
velocity and Poisson’s ratio of the five AS glasses under pressure
were determined. Based on the structural data and velocity-
pressure trends of the AS glasses, we conclude that the Al-rich
end-member undergoes a rapid structural change characterized
by a velocity kink near 8 GPa, followed by structural conver-
gence with the Si-rich end-member above ~20 GPa.

2. Experimental methods

2.1. Sample synthesis and chemical analysis

Five xAl,05-(100 — x)SiO, glasses (x = 29, 36, 43, 50, and 60,
referred to as 29AS, 36AS, 43AS, 50AS, and 60AS) were synthe-
sized using a containerless laser-heating levitation method. We
used the 50AS and 60AS glasses reported in ref. 3. In addition,
we synthesized three samples (29AS, 36AS, and 43AS glasses)
using an aerodynamic levitator with a 200 W CO, laser at GRC,
Ehime University. For the synthesis of the three glasses, SiO,
(quartz, 99.9%, ca. 4 pm, Kojundo Chemical Laboratory) and
Al O3 (>99%, Wako) powders were heated at 1473 K for 2 h in
air by an electric furnace to remove water. The dried powders
were weighed with the stoichiometric ratios of xAl,0;—(100 —
x)Si0, (x = 20, 30, 40) and were mixed in ethanol using an agate
mortar for 1 h. The powder mixtures were compressed to a
cylindrical shape by a pellet die (2 mm in diameter), which were
melted in the aerodynamic levitation furnace by laser heating.
After confirmation of total melting by a high-speed camera, we
turned off the laser for quenching the spherical melt sample to
form glass. Because of the evaporation of SiO, during melt
processing, the Al,O; contents in the synthesized glasses are
higher than those in the starting powders.'” Indeed, the composi-
tions of the 29AS (Al,O0; = 28.59 + 0.14 mol%, n = 20),
36AS (36.11 + 0.07, n = 20), and 43AS (42.92 £ 0.07, n = 30)
glasses—prepared from the starting powder compositions with
x =20, 30, 40—were determined by scanning electron microscopy
(JEOL JMS-6360) with energy-dispersive spectroscopy (Oxford
INCA energy 300) at Gakushuin University.

The analyses of the AS glass samples recovered after the
high-pressure ultrasonic measurements were performed using
a JEOL JEM 2100F field emission scanning transmission elec-
tron microscope (STEM) operating system equipped with a
JEOL JED-2300T energy dispersive X-ray spectrometer (EDS).
The EDS data were obtained and processed using a Thermo
Fischer Scientific Noran System 7. A thin foil of about 100 nm
thick was prepared using a focused ion beam (FIB) lift-out
technique using a Thermo Fisher Scientific Scios and Scios2
dual-beam FIB-SEM system.

2.2. In situ high-pressure pair distribution function
measurements

The structure factors, S(Q), of the 60AS glass under pressure
were obtained by in situ multiangle energy-dispersive X-ray

© 2026 The Author(s). Published by the Royal Society of Chemistry
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diffraction (EDXD) measurements in a Paris-Edinburgh press at
the beamline 16-BM-B of the APS. Details of the high-pressure
experimental setup at beamline 16-BM-B and the analytical
procedures have been reported previously.*®®” We used a
cupped-Drickamer-toroidal (CDT) cell, the same as that used
in a previous study on CaAl,0, glass.’® A piece of gold was
placed at the edge of the glass sample to avoid contamination
of its X-ray diffraction peaks into that of the glass sample. The
gold was used for the determination of experimental pressure
by the equation of state of gold.*® In the high-pressure multi-
angle EDXD measurements, we collected a series of EDXD
patterns of the 60AS glass sample at 20 angles of 3.0, 4.0, 5.0,
7.0, 9.0, 12.0, 15.0, 18.0, 22.0, 26.0, 30.0, and 35.0° at each
pressure point. The S(Q) was determined from the collected
EDXD patterns using the software packages hpMCA and aEDXD
developed in the 16-BM-B beamline.?”** The pair distribution
function g(r) was calculated from the Fourier transform of the
S(Q). The sample density (p) at high pressure (P) used in this
Fourier transform is estimated from the results of the high-
pressure sound velocity measurement using the ambient den-
sity (po) through the relationship:

4P
p=po+ J (VL2 — i1)—[2) 1)
A\ T3

where P, is the initial pressure (10~* GPa), v, and vy are the
longitudinal and transverse wave velocities, and 7 is the ratio of
the isothermal and adiabatic bulk moduli that is taken to be 1
for the samples at room temperature.

The S(Q) values of the 29AS glass were obtained by in situ
angle-dispersive X-ray diffraction (ADXD) measurements at the
BL15XU beamline in SPring-8. We used a pink beam at a
photon energy of 100.34 keV. Similar to the EDXD measure-
ments, we used a CDT cell in the Paris-Edinburgh press for the
high-pressure experiments, and gold was used as the pressure
scale.®® XRD patterns were collected at 20 angles between 0.4
and 16.8°. The details of the experimental setup and analytical
process of S(Q) and g(r) were reported elsewhere.® The density
of the 29AS glass was estimated from its sound velocity data,
similar to that of the 60AS glass.

2.3. In situ high-pressure sound velocity measurement

The sound velocities of the five AS glasses at high pressures
were determined by in situ X-ray and ultrasonic measurements
in a Kawai-type 1500 ton multi-anvil press (SPEED-1500) at the
beamline BL04B1 in SPring-8.""** The cell assembly used in the
study is shown in Fig. S1. The glass samples were shaped into a
cylindrical shape (1.5 or 2.0 mm in diameter and ~1 mm in
length) and placed at the centre of a MgO sleeve. Both sides of
the samples were polished using a 0.5 pm diamond polishing
mat. We placed an Al,O; buffer rod for transmitting elastic
waves from the WC anvil to the sample, and a backing material
(NaCl with 10 wt% gold) was placed at the back side of the
sample. Gold foil (2 um thickness) was inserted between each
interface (buffer rod/sample and sample/backing material) to
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enhance mechanical coupling for elastic wave propagation and
to mark sample interfaces for sample length measurement.
White X-ray radiography images were obtained using a
CMOS camera with a resolution of 1.31 um per pixel. The
sample length was determined from the distance between the
two gold foils on the top and bottom faces of the sample at each
pressure point.*"*® For pressure determination, energy-
dispersive X-ray diffraction (EDXD) measurements were con-
ducted for the backing material (mixture of NaCl and Au) at a
fixed diffraction angle of 5.9980° (29AS), 5.9988° (36AS), 5.9778°
(43AS), 6.0071° (50AS), or 6.0069° (60AS). The gold in the
backing material was used as a pressure scale.*® Ultrasonic
measurements were carried out at each pressure condition
using the pulse-echo-overlap method. The acoustic echo mea-
surements were performed at a frequency of 50-70 MHz for the
longitudinal waves and 30-50 MHz for the transverse waves.
The two-way travel time was analysed using an analysis
program,*® and the mean and standard deviation of the travel
times obtained from different frequencies are defined as the
best estimate and error, respectively. The errors of travel time
were up to 0.6% (longitudinal wave) and 0.4% (transverse
wave), respectively. The errors of the sample length analysis
were up to +6.7 pixels (£ 9 um, 1.2%). The overall uncertainties
of the longitudinal and transverse wave velocities (v, and vr,
respectively) were up to 1.2%. The numerical data of v, and vy
with their uncertainties are shown in Tables S1-S5 in the SI.

3. Results and discussion

3.1. Nano-texture in the AS glasses

Fig. 1 exhibits the annular dark-field (ADF)-STEM images of the
AS glasses recovered after the high-pressure sound velocity
measurements. The 60AS glass has a homogenous texture
(Fig. 1a), while the 50AS (Fig. 1b), 43AS (Fig. 1c), and 36AS
(Fig. 1d) glasses show nano-scale phase separation. The 50AS,
43AS, and 36AS glasses are composed of nano-scale Si-rich and

(a) 60AS (b) 50AS

.7

(d) 36AS

(c) 43AS

(e) 29AS

w

P,
&7 §r ]

Fig.1 ADF-STEM images of the (a) 60AS, (b) 50AS, (c) 43AS, (d) 36AS, and
(e) 29AS glasses recovered from in situ high-pressure X-ray ultrasonic
measurements. The top, middle, and bottom rows exhibit the ADF-STEM
images and the elemental mapping images for Al and Si in each sample,

respectively. The white particles on the ADF-STEM images are gallium (Ga)
deposition contamination formed during FIB processing.
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Al-rich domains (Fig. 1b-d and Table S6). The 50AS glass
exhibits binodal decomposition, in which the Si-rich domains
of ~10-20 nm in size are isolated (Fig. 1b), as observed in the
previous STEM analysis.'* In contrast, the 43AS glass has a
morphology of spinodal decomposition, where the nano-scale
Si-rich domains were interconnected in a similar way to the Al-
rich matrix (Fig. 1c). Compared to the 43AS glass, the connec-
tions between the Si-rich domains become more developed in
the 36AS glass (Fig. 1d). The transition boundary from the
spinodal regime to the binodal regime lies between 50AS and
43AS, which is consistent with previous thermodynamic
analysis."> The 29AS glass appears to show two textures in the
ADF-STEM image (Fig. 1e). However, the STEM-EDS analyses
show no compositional difference between the dark and bright
domains (Table S6). These results indicate that the 36AS, 43AS,
and 50AS glasses have a nano-scale phase separation texture,
while the 60AS and 29AS glasses can be regarded as homo-
geneous glasses composed of Al-rich and Si-rich end-members
within the investigated composition range, respectively.

3.2. Structure factor S(Q) and pair-distribution function g(r)
of AS glasses under compression

Fig. 2 exhibits the experimentally determined S(Q) and g(r) of
the 29AS (Si-rich end-member) and 60AS (Al-rich end-member)
glasses at high-pressure conditions from 0.4 GPa to 9.5 GPa. In
the 29AS glass, the intensity of the first sharp diffraction peak
(FSDP) decreases together with the shift of the peak position to
high-Q up to 9.3 GPa (Fig. 2a). The behaviour of the FSDP in the
29AS glass is similar to that of SiO, glass.>**®*> The FSDP in the
S(Q) of the 60AS glass also shifts to higher Q, but it does not

Ambient — 0.4 GPa 1.6 GPa |
2.4 GPa 3.2GPa 4.6 GPa
6.3GPa —7.9GPa —9.3GPa

.“n
ol
)/
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QA
2.0 ————————
(b) —24GPa  3.8GPa
51GPa  6.3GPa
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show a clear intensity reduction up to 7.4 GPa (Fig. 2b). Above
7.4 GPa, however, the intensity begins to increase, which is
similar to the observation in CaAl,0, glass.>®

In addition to the changes in the FSDPs, the second peaks at
~3 A™* grow with increasing pressure. The second peak of the
29AS glass gradually grows over the experimental pressure
range (Fig. 2a). The development of the second peaks is likely
attributed to the breaking of local tetrahedral symmetry and an
increase in packing density of oxygen atoms, as reported in the
pressurised SiO, glass.>**%** Conversely, the second peak of
the 60AS exhibits no clear change in its intensity below 7.4 GPa,
and it abruptly increases between 7.4-8.4 GPa (Fig. 2b). Unlike
SiO, glass, the 60AS glass does not have the tetrahedral
symmetry due to the presence of the 5- and 6-fold Al ions.
The abrupt intensity increase observed in the 60AS glass can be
attributed to an increase in topological ordering due to a
transition to a more densely packed structure, as observed in
CaAl, 04 glass.36

Fig. 2c and d show the g{(r) of the 29AS and 60AS glasses,
derived from the experimentally determined S(Q) (Fig. 2a
and b). The first peak (r1) in the g(r) is assigned to the average
T-O bond distance (T = Al, Si). As the ionic radii of the 4-, 5-,
and 6-fold coordinated AI** (0.39, 0.48, 0.535 A) are larger than
that of the 4-fold Si** (0.26 A),*® the r1 shifts to higher r with
increasing Al,O; content. The r1 of the 29AS glass stays at
~1.64 A up to 9.4 GPa (Fig. S3). This behaviour is similar to that
of the SiO, glass, where the Si-O bond distance and CN start to
increase above ~10-15 GPa.>’*° Conversely, the r1 of the 60AS
glass is located at ~1.75 A below 7.4 GPa, and starts to shift
toward the high-r side at high pressures (Fig. S4). The result

Ambient — 0.4 GPa
1.6 GPa
3.2GPa

2.4 GPa
4.6 GPa
7.9 GPa

r(A)
3.0F (d) q
—2.4GPa 3.8 GPa
25 51GPa  6.3GPa|
7.4GPa —8.4GPa
20+ — 9.2 GPa 9.5GPa| 4
5 150 4
1.0+ / _
/
0.5 4
0F— 4
T2 3 4 5 6 7
r(A)

Fig. 2 Total structure factor S(Q) and pair-distribution functions g(r) for the 29AS and 60 AS glasses at high-pressure conditions. (a) The S(Q) of the 29 AS
glass obtained by the ADXD measurement at the BL15XU, SPring-8. (b) The S(Q) of the 60 AS glass obtained by in situ multiangle EDXD measurement at
the 16-BM-B, APS. (c) The g(r) of the 29AS glass determined from the S(Q) shown in (a). (d) The g(r) of the 60AS glass determined from the S(Q) shown in
(b). The typical size of the error in the EDXD measurements is indicated by the brown vertical bars for the S(Q) data at 9.5 GPa. The S(Q) and g(r) data with
offsets to avoid overlap of each pattern are provided in Figs. S2 and S3 in the SI.
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indicates that the average T-O CN of the 60AS glass starts to
increase from ~ 8 GPa. It has been reported that the T-O CN of
the 60AS glass reaches six at ~20 GPa, with a T-O bond length
of ~1.81 A®

The difference in g(r) between the two glasses becomes more
obvious in the long correlations. The unpressurised 29AS glass
is considered to be dominated by a network formed by corner-
sharing TO, tetrahedra, resulting in the development of two
peaks due to the correlations of O-O at ~2.6 A (the second
peak) and corner-sharing T-T (the third peak) at ~3.0 A
(Fig. 2c), same as SiO, glass (e.g., ref. 27). As the pressure
increases, the second and third peaks gradually converge,
eventually merging into a single peak (Fig. 2c). This is explained
by the decrease in the T-T distance, likely due to bending of the
T-O-T inter-tetrahedral angles upon compression, similar to
the observation in SiO, glass,?”*? which supports the structural
analogy between 29AS and SiO, glass. In contrast, the unpres-
surised 60AS glass contains various correlations due to O-O
bonds, corner- and edge-sharing T-T interactions, and the
second nearest-neighbour T-O in the r range between ~2.6 A
and ~3.4 A, even at ambient pressure.'>?® This results in a
broad peak without clear pressure dependence (Fig. 2d). This
static behaviour of the merged peak around 3 A is similar to
that of CaAl,0, glass, which is one of the DPO glasses.*
Interestingly, the 29AS and 60AS glasses show similar g(r) at
the highest pressure. This result implies that both the 29AS and
60AS glasses have a similar intermediate-range framework
above ~10 GPa.

3.3. Sound velocity-pressure trends of the AS glasses up to
24 GPa and their structural significance

Fig. 3 exhibits the v, and vy of the five AS glasses under
compression to 24.3 GPa, determined by in situ high-pressure
ultrasonic measurements at the BL04B1 beamline, SPring-8.
The velocity-pressure trends of the SiO, glass determined from
the previous ultrasonic measurements are also shown.>*® The
SiO, glass shows a rapid decrease in vy, and vy up to ~2-3 GPa,
followed by a linear increase up to at least ~20 GPa. The 29AS
glass (Si-rich end-member) exhibits v;-P and v—P trends, as
well as changes in S(Q) and g(r), similar to SiO, glass (Fig. 2).
However, the pressure at which the velocity minimum is found
increases to a higher pressure of ~5 GPa (5.1 GPa for v, and
4.6 GPa for vy) (Fig. 3 and Table S1). In addition, the v, and vy
values of the 29AS glass are higher than those of SiO, glass.
This indicates that the 29AS glass is stiffer than SiO, glass
because the bulk and shear moduli increase with increasing
Al,O; content in the binary aluminosilicate glasses.?

On the other hand, the v;-P and v—P trends of the 60AS
glass (Al-rich end-member) are similar to those of CaAl,0, glass
up to 24 GPa (Fig. 3). The velocity minima are observed at
7.7 GPa for both v;, and vy, and then the velocities rapidly
increase up to 11.3 GPa, followed by a linear increase at higher
pressure (Fig. 3 and Table S5). As a result, the 60AS glass shows
kinks in the dv;/dP and dvy/dP slopes (hereafter, ‘“velocity
kink”) in the 8-11 GPa pressure region. In addition to the
velocity kink, this glass also exhibits a rapid reduction of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Longitudinal wave velocity (v.) and (b) transverse wave velocity
(v1) of the five AS glasses (this study), SiO» glass,***® and CaAl,O,4 glass®®
determined by the ultrasonic method under compression. The sound
velocities at atmospheric pressure (10~* GPa) are estimated from the
previously measured data.®> The numerical data of the AS glasses are
shown in Tables S1-S5 in the SI.

sample length in this pressure region (Fig. S5). These elastic
anomalies in this pressure region are also observed in CaAl,0,
glass.*® Above ~11 GPa, however, both the two end-member
glasses exhibit a linear increase in velocity with almost the
same slope (29AS: dv/dP = 0.1279(13), dvy/dP = 0.0496(9); 60AS:
dv;/dP = 0.0987(20), dvr/dP = 0.0416(9); Table S7). The gradual
velocity increase in the 29AS and 60AS above ~11 GPa likely
reflects the gradual increase in average T-O CN, which is also
observed in Si0,***® and CaAl,0,%° glasses.

The onset of the velocity kink for the 60AS glass is observed
at a pressure where the FSDP and second peak in S(Q) increase
in intensity (Fig. 2a), and the r1 in g(r) starts to shift to high r
(Fig. 2c and Fig. S4). Therefore, the 60AS glass, which has a
densely packed structure even at ambient conditions, trans-
forms into a more densely packed state at ~8 GPa. Interest-
ingly, the NMR spectroscopic studies of the Al,O; and
Mg;Al,Si;0;, glasses cycled to high pressure demonstrated that
the irreversible increase of the Al-O CN progresses only in the
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Fig. 4 Poisson's ratio (¢) of the five AS glasses (this study), SiO, glass, 3¢

and CaAlZO436 calculated from the sound velocity data. The numerical
data of the AS glasses are shown in Tables S1-S5 in the SI.

~6-10 GPa region, and that the fraction of high-coordinated
AP’" ions preserved in the decompressed samples does not
change above ~12 GPa.’®"” Therefore, the structural changes
accompanied by the velocity kink around 8 GPa may cause the
irreversible densification. Indeed, it has been confirmed that
CaAl,0, glass recovered following exposure to 16 GPa (~6 GPa
higher than the end point of velocity kink) undergoes irrever-
sible densification.?

The velocity-pressure trends of the 36AS, 43AS, and 50AS
glasses, which have nano-scale phase separation textures,
exhibit a velocity kink and reduction of sample length at
~7-11 GPa (Fig. 3 and S5). Based on the presence of the elastic
anomalies, the pressure-induced structural changes that
occurred in the three glasses are more similar to the 60AS glass
than to the 29AS glass. Moreover, the velocity kink becomes
unclear with decreasing Al,O; content (corresponding to an
increase in the Si-rich domain) (Fig. 3). As the three phase-
separating glasses contain Al-rich domains (Fig. 1b-d and
Table S6) that can behave similarly to the 60AS glass, their
velocity kinks are considered to be caused by rapid structural
changes in these domains.

3.4. Structural convergence of the AS glasses above 20 GPa

Poisson’s ratio (o) is calculated using the measured v;, and vy by
the following equation:

_ sz — 2VT2
=3 ) (@)
Poisson’s ratio is known to increase with increasing atomic
packing density (C,), and the C, correlates with the glass
network dimensionality (e.g., ref. 48). For example, SiO, and
Si-rich silicate glasses that have a three-dimensional random
network with a large fraction of free volume exhibit small
Poisson’s ratios (o <0.2). On the other hand, the DPO glasses,
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such as Al-rich aluminosilicate and aluminate glasses contain-
ing various structural motifs (network modifier 5- and 6-fold
AI*", edge-sharing AlO, polyhedra), lose their fully polymerized
three-dimensional networks even at ambient conditions, which
leads to their high Poisson’s ratios and C,.** Consequently, in
the Al,0;-SiO, system, the Poisson’s ratio of the unpressurised
glasses ranges from 0.190 for the SiO, glass to 0.274 for the
60AS glass.” This reflects the progression of the densely packed
state due to the addition of Al,O;. In the initial stage of
pressurisation below ~5 GPa, the Poisson’s ratio of the 29AS,
36AS, and 43AS glasses exhibits negative pressure dependence,
while those of the 50AS and 60AS glasses exhibit positive
pressure dependence (Fig. 4). Above 5 GPa, all of the AS glasses
show positive pressure dependence (Fig. 4). At ~5-8 GPa, the
increased rate of ¢ change increases with Al,O; content, result-
ing in the o of the 29AS glass being larger than those of the
36AS and 43AS glasses.

After the completion of the velocity kink at ~11 GPa, the
difference in the ¢ values among the AS glasses becomes small,
and they finally converge to ~0.32 at ~20 GPa (Fig. 4). This
result implies that both of the Si-rich and Al-rich end-members
of our study have a very similar atomic packing state at that
pressure. The converged value of 0.32 is comparable with those
of metallic glasses (¢ = 0.3-0.4).">° Metallic glasses have a
zero-dimensional cluster-based network.*® Therefore, both the
Si-rich and Al-rich end-member glasses are considered to have
such a weakly correlated network at >20 GPa.

Conclusions

We conducted in situ high-pressure pair-distribution function
and sound velocity measurements on AS glass samples. The
29AS glass, a Si-rich end-member glass within the investigated
composition range, exhibits a gradual change in the
intermediate-range order up to 9.3 GPa, similar to that
observed in SiO, glass. In contrast, the 60AS glass, an Al-rich
end-member glass, shows changes in both the intermediate-
and short-range orders only at 7.4-8.4 GPa. The sound velocity
data indicate that the densification process of the AS glasses is
divided into three distinct pressure regions: (i) the low-
pressure region up to the velocity minimum; (ii) the middle-
pressure region, where vy, and v quickly increase (the velocity
kink); and (iii) the high-pressure region with a gentle and
linear gradient. In region (i), the variation in the velocity-
pressure trends of the AS glasses likely arise from the differ-
ences in the C, values of the initial structures. In region (ii),
the velocity kink becomes distinct with increasing Al,O;
content, indicating that the Al-rich end-member undergoes a
rapid structural change at ~7-11 GPa, resulting in the velocity
kink. In region (iii), the Poisson’ ratios of the five AS glasses
and SiO, glass converge, and finally become the same within
error. This result indicates that at >20 GPa, both the Si-rich
and Al-rich end-member phases are considered to have a
weakly correlated network, such as the zero-dimensional
cluster-based network observed in metallic glasses.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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