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ABSTRACT: During the decompression of plastically deformed glasses at room
temperature, some aspects of irreversible densification may be preserved. This
densification has been primarily attributed to topological changes in glass networks.
The changes in short-range structures like cation coordination numbers are often
assumed to be relaxed upon decompression. Here the NMR results for aluminosilicate
glass upon permanent densification up to 24 GPa reveal noticeable changes in the Al
coordination number under pressure conditions as low as ~6 GPa. A drastic increase
in the highly coordinated Al fraction is evident over only a relatively narrow pressure
range of up to ~12 GPa, above which the coordination change becomes negligible up
to 24 GPa. In contrast, Si coordination environments do not change, highlighting
preferential coordination transformation during deformation. The observed trend in
the coordination environment shows a remarkable similarity to the pressure-induced
changes in the residual glass density, yielding a predictive relationship between the
irreversible densification and the detailed structures under extreme compression. The
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results open a way to access the nature of plastic deformation in complex glasses at room temperature.

he densification of noncrystalline materials can be

achieved via the compression of liquids at high
temperature and subsequent quenching at high pressure. In
such a case, the structures of the quenched glasses represent
those of supercooled liquids at high pressure and at the glass-
transition temperature (Tg), where the melt structures are
frozen.! Alternatively, densified glasses can also be formed by
compressing glasses at room temperature without melting (i.e.,
cold compression). After the decompression of cold-com-
pressed glasses, most of their high-pressure structures revert
back to the ambient-pressure structures. Nevertheless, some
aspects of irreversible densification that occur upon cold
compression may be preserved after the release of the pressure,
manifesting as the remaining signatures of the high-pressure
characteristics (i.e., permanent densification at room temper-
ature). The nature of this densification has been primarily
inferred from the diverse changes observed in the thermody-
namic,” mechanical,’ and elastic properties of permanently
densified simple amorphous oxides, including SiO, glass.””
Densification in more complex oxide glasses accounts for their
plastic deformation under pressure,”” which is often
accompanied by increased hardness.” "’

Whereas the atomistic origins of such irreversible
densification are difficult to identify, the extent of deformation
and permanent densification in glasses has often been
attributed to topological changes in the glass networks, such
as changes in the bond angle and length and in the ring size
distribution,"'™"” and to structural rearrangements on an
intermediate-range scale beyond the second coordination
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environments (Supporting Information S1)."*7*® Therefore,
the detailed short-range structures, such as the coordination
environments around framework cations (e.g,, Si and Al), have
not often been considered to contribute to permanent
densification at room temperature.”*"*° Indeed, highly
coordinated cations, such as /B and ISi, transition back
into the coordination states prevalent at 1 atm (BIB and sj)
during decompression from 23 GPa for B,O; glass’”*® and
from 40 GPa for SiO, glass.”” ™' Molecular dynamics
simulations have shown that the coordination transformations
that occur at high pressure may not be quenched upon
decompression,*” resulting in reversion back to the coordina-
tion environments that are stable at 1 atm.>* In contrast, other
theoretical studies have shown that a portion of the [¢ISi that
is present at high pressure may be preserved upon
decompression if the peak pressure is sufficiently high.** The
irreversible densification of glasses is promoted under the high-
temperature conditions relevant to shock-induced dynamic
compression,35—38
high-pressure signatures. Structural studies at relatively low
pressures (~2 GPa) and near T, have revealed coordination

whereas postannealing often removes any
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changes.”*”*’ Whereas these changes are relatively minor, the
glasses compressed in this regime often show greater
permanent densification, with data confirming the effect of
composition. For example, a significant change in the cation
coordination numbers in densified Li-aluminoborate glasses
only up to 2 GPa was observed, accounting for the improved
crack resistance and the enhanced residual density.*’ There-
fore, the nature of the structural transformation in prototypical
aluminosilicate glasses that is expected to occur under much
higher pressure conditions (>20 GPa) at room temperature
needs to be confirmed because the ability of glasses to deform
is inextricably related to the changes in coordination numbers
that occur under extreme compression.”” ** The potential
changes in coordination environments under permanent
densification at room temperature also provide improved
insights into crack initiation and its propagation during the
indentation*' and ductile deformation of noncrystalline
materials at low temperature.>*

Mg-bearing aluminosilicate glasses are technically important
optical and refractive glasses (ref 46 and references therein).
Because Mg, Si, Al, and O are among the most abundant
elements in the Earth’s mantle, Mg;ALSi;O,, (pyrope) glass
serves as a reference for the behavior of iron-free mantle melts
in the Earth’s interior and is a simplified model basaltic glass.
In particular, multicomponent basaltic glasses in subducting
cold oceanic crust may undergo an irreversible structural
transition during subduction and a subsequent rapid ascent at
relatively low temperature, potentially below its T,. Pyrope
glass, which consists of two major framework cations (Si and
Al), may allow us to reveal the element-specific densification
paths of an amorphous oxide undergoing permanent
densification. Whereas a preferential coordination trans-
formation in amorphous oxides has been proposed,47 a
systematic relationship between the transition pressure and
the types of cations in permanently densified glasses under
extreme compression remains to be established. High-
resolution solid-state nuclear magnetic resonance (NMR)
provides information on the cation coordination numbers and
the atomic configurations around O atoms bonded to Si and Al
(ie., bridging oxygen (BO)) and network modifiers (e.g.,
Mg**) (ie, nonbridging oxygen (NBO)) at high pressure
(Supporting Information S2).*~>*

The structural transitions in irreversibly densified pyrope
glass are manifested in multinuclear (70, *’Al, and *Si) NMR
spectra. Figure 1 (left) shows the *’Al MAS NMR spectra of
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Figure 1. (Left) ’Al MAS NMR spectra for irreversibly densified
Mg,ALSi;Oy, (pyrope) glasses with varying peak pressures as labeled.
(Right) *Si MAS NMR spectra for decompressed pyrope glasses after
cold compression up to 24 GPa, as labeled. Enlarged NMR spectra at
1 atm and 24 GPa are shown as an inset.
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Mg;ALSi;O;, glass at 1 atm and decompressed glass with
varying peak pressures up to 24 GPa. Under ambient pressure
conditions, the dominant peak is observed at ~60 ppm,
corresponding to four-coordinated Al (“IAD). Small features
corresponding to Al and Al (at ~30 and 0 ppm,
respectively) are also observed. As the decompression pressure
(i.e., the peak pressure at which the decompression starts)
increases, the [>SJAl peak intensity also increases above ~6
GPa, providing unambiguous evidence of the changes in short-
range structures in oxide glasses during permanent densifica-
tion. By contrast, the **Si NMR spectra of the glass show a
peak that is only due to [*ISi, regardless of the decompression
pressure, up to 24 GPa (Figure 1, right). The presence of [5ISi
species is negligible with a detection limit of ~1%. This
indicates that the permanent densification in aluminosilicate
glasses at room temperature primarily involves Al. The current
results confirm that some portion of *$Al is quenchable upon
decompression to 1 atm, making it a useful structural indicator
of the permanent densification in oxide glasses. To further
quantify the changes in the Al coordination transition, 2D *’Al
triple-quantum (3Q) MAS NMR spectra were collected,
revealing well-resolved peaks corresponding to [4561A1 (Figure
2). A noticeable fraction of %Al peaks can be observed in the
spectra of the glass decompressed from pressures above 5 GPa.
The [%¢JAl peak intensity drastically increases up to ~15 GPa.
Above 15 GPa, no additional changes in the Al coordination
environment are observed. Figure 2 (right) also presents the
isotropic projection of the Al 3QMAS NMR spectra. Here
the 2D NMR spectrum was further sheared to yield robust
estimates of the »>%JAl fractions (Supporting Information S3).
The projected spectra confirm that a drastic increase in the
fraction of [%°JAl species occurs only from ~S up to ~15 GPa.

The nature of permanent densification is also manifested in
the pressure-induced changes in the oxygen environments.
Figure 3 (bottom) shows the 7O 3QMAS NMR spectra for
decompressed Mg;Al,Si;0,, glass that has undergone cold
compression up to 24 GPa. The spectrum at 1 atm shows
oxygen peaks stemming from distinct NBO and BO species,
correspondin% to Mg—O—WSi (~—32 ppm in the isotro}]aic
dimension), $i—O—[*Al (~—36 ppm), and “Si—0-*lsi
(~—48 ppm). (See ref 46 and references therein.) A non-
negligible fraction of “JAI-O—[*Al species is also evident
(~—21 ppm in the isotropic dimension). The peak intensity at
~—43 ppm increases as the decompression pressure increases
(Figure 3 (top), isotropic projection of the spectra). This peak
corresponds to BO linking 41Si and P9IAl (ie, [“si-
O0—[5¢IA1)>*** In contrast, the intensity of Mg—O—[4]Si
decreases with increasing pressure. Therefore, the formation of
the [%¢JAl in the permanently densified aluminosilicate glass
(Figures 1 and 2) results from the annihilation of Mg—NBO
by forming Si—0—[5¢1A1%

We note that during the static compression of aluminosi-
licate glasses and melts, the [%®Al fraction gradually increases
over a wide range of pressures (>~30 GPa).”>~>° By contrast,
the coordination transformation during permanent densifica-
tion occurs within only a narrow pressure span of ~7 GPa
(Figures 1 and 2). Figure 4A shows that the (S61A1 fraction
increases with increasing decompression pressure from ~6%
(at 1 atm) to ~13% (at 6 GPa). Whereas the change in the
(Al fraction may be minor below S GPa, the [%9Al fraction
drastically increases with increasing decompression pressure
starting at ~6 GPa up to ~33% (at 10 GPa). Above 15 GPa,
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Figure 2. (Left) >’Al 3QMAS NMR spectra for decompressed Mg;ALSi;O, glasses after cold compression up to 24 GPa, as labeled. Contour lines
are drawn from 3—98% of relative intensity with a $% increment. (Right) Total isotropic projection of *’Al 3QMAS NMR spectra for
decompressed Mg;ALSi;O}, glasses after cold compression up to 24 GPa. Results of fitting with multiple Gaussian functions (thin black lines) to
the isotropic projection of ’Al 3QMAS NMR spectra for Mg;ALSi; O}, glasses are shown. The thick lines represent the experimental spectra. The
spectra were fitted using multiple Gaussian functions representing Al species.
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Figure 3. Total isotropic projection (top) and full 2D (bottom) 7O
3QMAS NMR spectra for decompressed Mg;Al,Si;O;, glasses after
cold compression up to 24 GPa. Contour lines are drawn from 3 to
98% relative intensity with a 5% increment.

the Al coordination apparently reaches a plateau (with [s61A]
fraction of ~38%) for pressures at least up to 24 GPa.

The changes in the Al coordination environment in the
irreversibly densified glass allow us to describe the nature of
permanent densification. Figure 4B presents the variation of
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the normalized **¢JAl fraction, X[”]Al(p) , with varying
decompression pressures. Here the difference between the
(4SSIA] fraction at a given pressure [X"/Al(p)] and that at 24
GPa [X"AL,cp,] is normalized with respect to that between
the 9JAl fractions at 1 atm [XAl,,.] and 24 GPa (i.e.,
[X"AI(p) — X" ALyygp, )/ [XAL i — X" ALyygp,]). At least
three distinct pressure ranges of structural transitions involving
Al coordination transformations are identified. In the initial
stage of densification (Region I), an increase in the
decompression pressure may not result in a major increase
in the [JAl fraction. The potential changes in the
coordination environments during compression, if any, are
also expected to be reversible (i.e., elastic), permitting
reversion to the 1 atm configurations. Region II is a transition
zone characterized by a dramatic coordination transformation
in an intermediate pressure range (from ~S to ~12 GPa, as
marked by shaded areas). The transition zone for pyrope glass
may start at the threshold pressure (~5 GPa), where the short-
range structures begin to change as part of permanent
densification (i.e,, undergo an elastic—plastic transition in the
coordination number). At the high-pressure boundary of the
transition zone (~12 GPa), the coordination change becomes
negligible. Region III spans from ~12 to ~24 GPa; in this
region, the change in the [S6JA] fraction is again negligible. We
find that the three-step paths in X[”]Al(p) can be well described
with the following model based on the complementary error
function (erfc) (Supporting Information S3)

X[5‘6]Al(p) =1- l*erfc(—p _ Po.s)
2 a

(1)
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Figure 4. (A) Variation of the proportions of four- (black rhomboids), five-, and six-coordinated Al (red rhomboids) in cold-compressed pyrope
glasses with varying peak pressures from 1 atm to 24 GPa. The blue shaded area indicates the pressure range of drastic coordination environments

for Al atoms from 4 to S and 6. (B) Variation of normalized #>®JAl fraction, X["]Al(p), with varying peak pressures (i.e., [X["]Al(p) — XAL,p./
[xUAL,,, — X[”]AIMGPQ]). Three distinct pressure ranges of structural transitions involving Al coordination transformation are labeled I, II, and III,
respectively. (See the main text.) (C) Variation of normalized residual density, p(p) (= (P(p) — Pram)/(Pmax — Pram)) With respect to varylng
pressures in oxide glasses. Dlsplayed glasses include SiO, glass (gray symbols: rhombohedron,”* square,” triangle,” circle,*® inverted triangle'*),
B,O; glass (green trlangle ©), anorthite glass (blue square’”), alkali silicate glasses (dark blue, rhombohedron (Na,0/SiO, 5:95), blue
thombohedron (Na,0/SiO, 15:85), and pale blue rhombohedron (Na,0/SiO, 30: 70)'?), and soda-lime-silica glasses (blue circle,® blue pale

circle®®). (D) Renormalized fractions of Al and residual X[S‘é]Al(p’) and p(p’) with normalized pressure p’ (= p/2p,s). (See the main text.) Red
rthomboids indicate normalized (%Al proportion to normalized pressure. Legends for other symbols are the same as panel C. Trend lines were
modeled using eqs 4 and S.

pP—p displays such changes in the normalized residual densities of

X [4]A1(P) = *erfc(Ts) ®) drvErse oxide glasse% with the decompression pressure.”' %%
Here we have normalized the residual densities of the

where py is the transition pressure at which X"/Al(p) reaches compressed glasses [p(p) = (p(p) = p lf‘““) /(P - P tatm) ]
such that they vary from 0 to 1 (Supporting Information S4).
Whereas the p(p) values show complex composition depend-
ence, the variation is similar to the trend observed in Figure
4B. Therefore, a similar model using the error function can be
used to describe the pressure-induced change in the residual

50% of its maximum value and « is a constant related to the
flexibility of the degree of amorphous network pressurization.*’
A larger a results in a structural transition over a broader
pressure range. We find that this model with a p, 5 of ~7.8 GPa
and an a of ~3 provides a good description of the observed Al

coordination transformation in pyrope glass. This trend density
indicates that the structural transitions that occur due to the 1, P~ Bys
permanent densification of glasses may originate from the p(p) =1~ 2 erf( o ) 3)
distribution of the transition pressures for coordination
transformation due to the intrinsic structural disorder that is where a’ is a constant similar to @ in eq 1 and describes the
prevalent in amorphous oxides.’**’ degree of change in the residual density upon decompression.
The onset of permanent densification in an oxide glass can The remarkable similarity between o and ', and thus the
be identified from an increase in the residual glass density.*® similarity in the overall pressure dependence, indicates that the
The change in the residual density upon decompression is observed Al coordination transformation mainly reflects an
nonlinear and is most notable within a relatively narrow increase in the residual density. The estimated pys and o’
pressure range (Figure 4C). For example, no residual values of the oxide glasses are summarized in Table S1. By
densification is observed for SiO, glass at decompression introducing the normalized pressure p’ (= p/2p,s) (here pys is
pressures up to ~5 GPa; the residual density then abruptly the pressure at which the residual density is 0.5%(pp —
increases at pressures up to 15 GPa, and no further changes in Plam)), We can determine the normalized residual density as a
densification have been observed up to ~30 GPa.” Figure 4C function of p’, p(p’), allowing us to compare the pressure-
2920 https://dx.doi.org/10.1021/acs.jpclett.0c00709
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induced changes in residual density that are observed for
diverse oxide glasses

"—1/2
p(p’) =1- %*erfc(u)

a (4)
Similarly, X[s’é]Al(p’)can be described as follows
—— - 172
X[5’6]Al(p/) =1- l*erfc(ip / ]
2 a ()

Figure 4D shows the variation of p(p’) for diverse oxide
glasses, confirming that the trend of the permanent
densification in oxide glasses can be well described by eq 4.

The mole fractions of Al (X ["]Al(p’))in the current study are

also shown. The trends in p(p’) and X[S’é]Al(p')are similar,
indicating that the three-step paths (Figure 4B), and thus the
changes in both the structures and the properties described in
eqs 1-35, are also prevalent in diverse irreversibly densified
oxide glasses. Whereas the effect of the composition on the
nature of the permanent densification and residual density of
these glasses remains to be investigated, the observed trend
shown in Figure 4B—D is expected to hold, in general, for
oxide glasses, accounting for bonding changes in numerous
glass-forming oxide materials during their plastic deformation
under extreme compression. Previous studies have explored
relationship structural transitions in the permanently densified
glasses and their bulk density under low-pressure conditions up
to 2 GPa and under elevated temperature conditions near T,
revealing that the changes in the coordination environment
may partially contribute to the changes in the bulk
density.”*"*>®* In contrast, the current study revealed the
relations between residual densification and structural
compaction at much higher pressure conditions above 20
GPa and room temperature. The detailed changes in the
fraction of structural units and the residual density in the
permanently densified glasses under extreme compression can
both be described with the simple analytical model (eqs 3 and
5). This conceptual advance allows us to quantify the degree of
permanent densification in glasses under extreme compression
above 20 GPa.

We note that the change in glass density upon compression
is reported to correlate well with structural compaction, in
particular, oxygen packing density.*> Recent high-pressure
studies of glasses under static compression confirmed that the
average O—O distance reduction accounts for the increase in
the bulk density of the glasses.**°® The evolution of the glass
density of compressed glasses has also been modeled using the
differences in partial molar volumes of each distinct
coordination polyhedron (e.g,, AlO, and AlOy).%

The current results allow us to trace the structural changes
in two distinct framework cations (i.e., Si and Al) during
compression and subsequent decompression, demonstrating a
distinct difference in the responses of Si (>24 GPa) and Al (~5
GPa) under varying decompression pressures (Figure 4A).
Whereas the Si coordination environment may change upon
compression up to 24 GPa,***® the lack of any observed
change in the Si coordination environment indicates that (¢!
may transform back into 'Si during decompression and that
the Si coordination transformation into [¢!Si is partially
suppressed during compression. This preferential coordination
transformation of Al over Si and the distinct threshold pressure
for each cation arise from the difference in their electronic
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structures. Specifically, the transition pressure for the
significantly more contracted electron distribution in Si,
which has an atomic radius of 1.1 A, is higher than that in
Al with an atomic radius of 1.26 A at ambient pressure.”” The
atomic radii of the framework cations in oxide glasses
determine the nature of permanent densification. Whereas
experimental confirmations of element-specific threshold
pressures for other complex oxide glasses are left for future
work, complex glasses may exhibit similar trends in terms of
irreversible structural transitions.

The experimental verification of the coordination trans-
formations occurring in amorphous oxides undergoing
permanent densification has remained challenging in the
study of the physical chemistry of glasses. In this study, we
report multinuclear NMR results for aluminosilicate glass
undergoing permanent densification. The unambiguous
evidence of the presence of high-energy, short-range structures
and their transformation with a narrow pressure window allow
us to microscopically constrain the multiple irreversible
deformation paths of diverse amorphous materials.”*®
Permanently densified Mg-bearing aluminosilicate glass may
have implications for the deformation of noncrystalline silicates
in the subducting oceanic crust because the temperature of the
slab is much lower than that of the normal mantle.”” The
noncrystalline basalts may convert to crystalline phases in
contact with hydrothermal fluids. Therefore, although
speculative, the observed structural changes of such amorphous
materials may be useful for tracking the irreversible
compression—decompression pathways of the subducting
crust. Further studies of the structural transitions occurring
in natural amorphous phases constrain the details of such
irreversible phase changes. Finally, the permanently densified
structure depends on the path taken to reach ambient pressure
and room temperature because we studied the irreversible
structural transitions occurring in a metastable phase. Because
the structural transition at high pressure and the subsequent
decompression are kinetically broadened, the kinetics of
structural relaxation under decompression may be responsible
for the remarkable resemblance between the residual density
and the Al coordination change with a pronounced plateau
(Figure 4). An additional kinetic study of structural relaxation
after decompression remains. Whereas this study focuses on
the structural transitions in short-range structures, the nature
of the pressure-induced changes in medium-range structures
that are responsible for the densification during extreme
compression and subsequent decompression remains to be
considered.

B MATERIALS AND METHODS

Sample Preparation. Mg;ALSi;0;, (pyrope) glasses were
synthesized from mixtures of Al,O;, MgO sintered at 1300
°C for 2 h, and 40% '"O-enriched SiO,. We added ~0.2 wt %
cobalt oxide to increase the S/N ratio of the NMR spectra by
reducing the relaxation time of nuclear spins. The powder
mixtures were melted at 1625 °C in an Ar environment for 1 h
in a tube furnace. The melts formed in a Pt crucible were
quenched into glasses. The composition of the glass is
expected to be close to the nominal pyrope composition, as
also inferred from a negligible weight loss (~1 wt %) during
synthesis. (See ref 46 and references therein.) The glass sample
was loaded and then sealed in a Pt capsule. The '"O-enriched
pyrope glass was loaded in a scaled-up Kawai-type multianvil
cell (Okayama University, Japan). A 14/6 (octahedron edge
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length of the cell/truncated edge length of the anvils) assembly
was used to compress the glass up to 24 GPa at room
temperature for 1 h,”" which was then decompressed with an
approximate rate of 0.5 GPa/h. Whereas the decompression
rate may affect the overall structures of recovered glasses, the
time scale of structural transition is still expected to be much
faster than the decompression rate. In addition, an 18/11 cell
assembly was used to compress the glass to 6—15 GPa pressure
at room temperature for 1 to 12 h,’%”" which was then
decompressed at the same rate. Structural relaxation may occur
after decompression; however, the change may be very minor.
The relaxation effect remains to be explored. The density of
the glasses is not measured because the density measurement
of compressed glass with a limited sample volume is currently
challenging. Further efforts to independently constrain the bulk
density of the glasses are necessary.

NMR  Spectroscopy. The multinuclear NMR spectra of
pyrope glasses were collected using a Varian solid-state NMR
400 spectrometer (9.4 T) at 104.23 MHz (*’Al), 54.23 MHz
(*0), and 79.4 MHz (*°Si) with a 3.2 mm Varian double-
resonance probe (Seoul National University, Korea). Al MAS
NMR spectra were collected with a recycle delay of 1 s, an 1f
pulse length of 0.3 us (~30° for solids), and a spinning speed
of 18 kHz and referenced to a 0.1 M AICl; solution. *’Al
3QMAS NMR spectra were collected using a fast-amplitude
modulation (FAM)-based shifted-echo pulse sequence (con-
sisting of hard pulses (3.0 ¢ and 0.7 ys) and an echo delay of
~500 us, followed by a soft pulse (15 us)). (See ref 72 and
references therein.) °Si MAS NMR spectra were collected
with a single 30° pulse of ~0.6 s, a recycle delay of 30 s, and a
sample spinning speed of 11 kHz. The spectra were referenced
to external tetramethylsilane solution. 'O 3QMAS NMR
spectra were collected using a FAM-based shifted-echo pulse
sequence with a recycle delay of 1 s and a spinning speed of 14
kHz and were referenced to tap water as the external reference.
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