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" Department of Chemistry and Bioscience, Aalborg University, Aalborg, Denmark, 2Otto Schott Institute of Materials
Research, Friedrich Schiller University of Jena, Jena, Germany

Densification of oxide glasses at the glass transition offers a novel route to develop bulk
glasses with tailored properties for emerging applications. Such densification can be
achieved in the technologically relevant pressure regime of up to ~1 GPa. However, the
present understanding of the composition—structure—property relationships governing
these glasses is limited, with key questions, e.g., related to densification mechanism,
remaining largely unanswered. Recent advances in structural characterization tools and
high-pressure apparatuses have prompted new research efforts. Here, we review this
recent progress and the insights gained in the understanding of the influence of isostatic
compression at elevated temperature (so-called hot compression) on the composition—
structure—property relationships of oxide glasses. We focus on compression at tem-
peratures at or around the glass transition temperature (Tg), with relevant comparisons
made to glasses prepared by pressure quenching and cold compression. We show that
permanent densification at 1 GPa sets in at temperatures above 0.7 74 and the degree of
densification increases with increasing compression temperature and time, until attaining
an approximately constant value for temperatures above T,. For glasses compressed at
the same temperature/pressure conditions, we demonstrate direct relations between the
degree of volume densification and the pressure-induced change in micromechanical
properties such as hardness, elastic moduli, and extent of the indentation size effect
across a variety of glass families. Finally, we review the results on relaxation behavior of
hot-compressed glasses. In summary, all the pressure-induced changes in the structure
and properties exhibit strong composition dependence. The experimental results high-
light new opportunities for future investigation and identify research challenges that need
to be overcome to advance the field.

Keywords: glass, compression, structure-properties relationships, indentation, NMR spectroscopy, densification,
relaxation, review

INTRODUCTION

During the last century, oxide glasses are being increasingly used for decorative articles, optics,
architectural purposes (from windows to whole glass facades), glassware for chemical reactions,
consumer electronic devices, telecommunication applications, etc. The major advantage of glasses
is their ability to accommodate essentially any element from the Periodic Table in their amorphous
state, thus providing enormous flexibility to tailor and optimize their performances with respect
to different technological applications. This flexibility has consequently led to significant research
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efforts in the understanding of composition-structure-property
relationships in oxide glasses to advance the field of glass science
from simple trial-and-error approaches (Wondraczek and Mauro,
2009; Mauro and Zanotto, 2014).

Chemical composition variation and thermal treatments are
well-known methods for tailoring the glass structure and proper-
ties, but densification of glasses at high pressure presents a more
recent alternative. The application of pressure enables precise
tuning of the interatomic distances and bonding patterns in a
material, providing an additional degree of freedom compared
to varying composition or temperature alone. Moreover, from an
industrial perspective, high-pressure treatment of oxide glasses
at elevated temperature can induce permanent property changes,
which are preserved upon quenching to the ambient conditions
(Smedskjaer et al., 2014b). Furthermore, pressure-induced
changes in the structure and properties of silicate glasses and
glass-forming liquids are of significant interest to the geological
community. Understanding of the transport (e.g., viscosity and
diffusivity) and thermodynamic properties (e.g., configurational
entropy, heat capacity, activity coeflicient of silica, element parti-
tioning coeflicient) enhances the understanding of the chemical
and physical evolution of the Earth into its current stratified
structure from magma oceans in the early Earth history (Wolf
and McMillan, 1995; Poe et al, 1997; Lee, 2005; Mysen and
Richet, 2005; Allwardt et al., 2007; Lee et al., 2008; Spera et al.,
2009). High-pressure studies also improve the understanding
of geochemical processes involving magmas, such as melting,
migration, and emplacement of melts in the Earth’s surfaces and
interiors (Angell et al., 1982; Navrotsky et al., 1982; Kushiro, 1983;
Shimizu and Kushiro, 1984; Neuville and Richet, 1991; Bottinga
and Richet, 1995; Toplis et al., 1997a; Poe et al., 2001; Tinker et al.,
2003).

Permanent densification of glass is conventionally achieved by
cold compression at pressures above 8—10 GPa (Mackenzie, 1963a;
Champagnon et al., 2008; Martinet et al., 2015). This method
allows experiments to be performed in situ in the high-pressure
regime at room temperature and has led to interesting results on
pressure-induced structural changes in glasses (Grimsditch et al.,
1996; Lee et al., 2005a). However, only small sample specimens
canbe processed, and subsequent characterization of macroscopic
properties (e.g., mechanical properties) is often impossible (Sakka
and Mackenzie, 1969; McMillan, 2002). An alternative approach
to obtain permanent densification is by pressurization of glasses
at elevated temperature, which can be roughly divided into pres-
sure quenching (Lee, 2010) and hot compression (Mackenzie,
1964; Smedskjaer et al., 2014a) experiments. The former refers
to quenching a glass-forming liquid under high pressure, while
the latter involves heating the glass under high pressure up to
or around the glass transition temperature (7). Using pressure
quenching or hot compression, permanent densification is
achieved at much lower pressures compared to room temperature
experiments (Wondraczek et al., 2007a, 2010; Yue et al., 2007; Wu
et al., 2009), enabling the preparation of larger sized specimens.
In addition, structural characterization at ambient conditions
involves fewer assumptions as there are less spectroscopic uncer-
tainties compared to measurements performed in situ at extreme
conditions, such as temperature and pressure effects on infrared

(IR) absorption coefficients and Raman scattering cross-sections
(McMillan and Wolf, 1995) and anharmonic vibrations (Brown
etal, 1995; Daniel et al., 1995; Chen et al., 2011). The subsequent
discussion will focus on recovered oxide glasses that have been
compressed at temperatures ranging from sub-T; to T, at high
pressure, with relevant comparison made with other densification
methods.

The pioneering studies reporting the impact of compression
at temperatures at or above T, suggested a permanent (inelastic)
increase in density (Mackenzie, 1964), which prompted a number
of investigations to understand the influence of hot compression
on the structure and properties of glasses. Despite the importance
and significant efforts to understand the influence of pressure
(Mackenzie, 1964; Chason and Spaepen, 1988; Wondraczek et al.,
2007b; Wuetal., 2009; Chen etal., 2011; Smedskjaer etal., 2014a,b;
Aakermann etal., 2015; Svenson et al., 2016¢), our understanding
of the composition—structure-property relationships governing
these oxide glasses at high pressure and temperature is still at
a premature stage. This has resulted in considerable research
in the glass community in recent years, particularly related to
the structure of glasses quenched from high temperature and
those compressed at room temperature (Lee and Stebbins, 2003;
Allwardt et al., 2004, 2005a; Lee et al., 2005a; Lee, 2010; Martinet
et al., 2015). Recently, more studies have also focused on the
structure—property relationship in glasses compressed around
Ty, unveiling the detailed pressure-induced changes in the net-
work topology and properties of oxide glasses at high pressure
(Wondraczek et al., 2007b, 2010; Reibstein et al., 2011; Striepe
et al., 2013; Smedskjaer et al., 2014a,b; Aakermann et al., 2015;
Ostergaard et al., 2015; Bechgaard et al., 2016; Svenson et al.,
2016¢).

In this review, we summarize the recent progress in the analy-
sis of pressure-induced changes in the structure and properties
of oxide glasses. We do not attempt to provide an extensive
review of the structure of oxide glasses under pressure, as excel-
lent accounts of earlier studies on the structure of oxide glasses/
melts at high pressure can already be found in the literature
(Lee, 20105 Chen et al., 2011). First, we outline the experimental
conditions required for pressure generation. Subsequently, we
present the structures of oxide glasses at high pressure, focusing
on the pressure-induced changes in the short-range order (SRO)
and medium-range order (MRO). Then we discuss about the
pressure-induced changes in the macroscopic properties of the
glasses and the stability of these pressure-induced changes about
ambient pressure annealing. Finally, we discuss new opportuni-
ties for future research and identify specific research challenges
that need to be overcome to advance the field.

HIGH-PRESSURE HIGH-TEMPERATURE
(HP-HT) DEVICES

High-pressure high-temperature devices have evolved over time.
In the early studies of oxide glasses compressed at different pres-
sures at T, or sub-T, temperatures, Mackenzie used the “Belt”
apparatus that can apply pressure up to 10 GPa and temperature
can reach up to 2273 K (Hall, 1960). Pyrophyllite and hydrous
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aluminum silicate are used as pressure-transmitting mediums,
and the sample is heated by passage of an electric current through
ametal or graphite tube containing the sample. In addition, multi-
anvil apparatuses (MAA) have been fundamental for progress in
high-pressure research. As for other techniques, the function of
MAA is based on the principle that pressure (P) is equal to an
applied force (F) divided by the area (A) over which it is applied.
Therefore, pressure can be increased by reducing the area over
which the force is applied. The anvils used in MAA are composed
of very hard materials [such as tungsten carbide (WC) or sintered
polycrystalline diamond or boron nitride (BN)] and are designed
to have a large surface area on one side and a relatively small
surface area on the side that contacts the pressurized volume. A
review of the developments and advances in MAA can be found
elsewhere (Ito, 2007). The octahedral anvil method has been used
in several studies involving pressure quenching and hot compres-
sion (Inamura et al., 2001), in which an octahedral assembly of
WC anvils can generate a maximum pressure up to 25 GPa at
temperatures up to 2,500 K. When operated using sintered dia-
mond anvils, it can produce pressures above 30 GPa (Lee, 2010).
Other studies have used the piston cylinder apparatus invented by
Boyd and England with talc, pyrophyllite, and BN as a pressure-
transmitting medium (Boyd and England, 1960; Guerette et al.,
2015). Piston cylinder devices generate pressure by compressing
a sample assembly inside a pressure vessel. The pressure vessel
is closed at one end by a rigid plate with a small hole for the
thermocouple to pass through, and the piston is advanced into
the cylinder from the other end. This experimental setup can be
used to generate a pressure of about 5 GPa at a temperature up to
2,023 K (Boyd and England, 1960).

Our recent studies on hot compression have made use of gas
chamber vessels to enable isostatic compression (Wondraczek
et al., 2007b, 2010; Wu et al., 2009; Smedskjaer et al., 2014a,
2015). This approach can use a vertically positioned, technologi-
cal gas pressure chamber with a relatively large internal diameter
above 5 cm (allowing crucible with working volume >20 cm?)
(Figure 1), similar to hot-isostatic pressure-sintering, which is a
common tool in the processing of ceramics. A multizone cylin-
drical graphite furnace is placed inside the gas pressure reactor,
and the temperature is monitored during experiments using ther-
mocouples, which are arranged along the furnace and coupled
with the input power control electronic systems. The pressure is
measured by manganin gages positioned in the low-temperature
zone of the reactor. This approach enables permanent densifica-
tion of bulk samples (e.g., 10 mm X 10 mm X 5 mm) at modest
pressures (1-2 GPa). Nitrogen is typically used as the compres-
sion medium, since its permeability in most oxide glasses is low
compared to, e.g., helium (Sato et al., 2011).

PERMANENT DENSIFICATION: ROLE OF
TEMPERATURE

To our knowledge, the first studies on compression of glasses at
room temperature were conducted around 1929 by Tammann
and Jenckel (1929). Compression of glasses at pressures around
8 GPa at room temperature or temperatures significantly below

Oil piston

Compressor

Nitrogen

Graphite

crucible Thermocouple

Glass

Graphite
samples

baffles

Thermocouple

FIGURE 1 | Schematic illustration of the gas pressure vessel method
for hot compression.

T, was found to result in elastic densification or a “metastable”
densification, where ambient pressure annealing at relatively
low temperatures can relax the glass to its precompressed state
due to the short relaxation times and lower activation energy
(Mackenzie, 1963a; Sakka and Mackenzie, 1969). For example,
upon room temperature densification of boron oxide glass, the
density decreases with time after pressure release (Mackenzie,
1963b). Glasses densified at elevated temperature (i.e., around Ty)
exhibit permanent (stable) densification if the compression dura-
tion is long enough for the glass to structurally equilibrate to the
high-pressure environment. Thus, densification of various oxide
glasses at room temperature can be unstable in comparison to
glasses compressed at higher temperatures. Furthermore, Yamada
et al. (2010) classified the temperature-dependent densification
behavior of Mg-silicate glass compressed up to 8.5 GPa at T, in
three different regions (Figure 2). Region 1 is the low-tempera-
ture region, where the pressure-induced changes in density are
elastic (reversible). Region 2 corresponds to a mid-temperature
region, in which the increase in temperature results in an abrupt
increase in the degree of densification. These pressure-induced
changes are inelastic upon decompression. Similarly, the high-
temperature region 3 exhibits an increase in the density of glasses
with temperature, but this increase in density is gradual compared
to the mid-temperature stage. Interestingly, the aforementioned
classification also agrees well with the densification behavior of a
sodium borosilicate glass investigated by Dstergaard et al. (2015)
(Figure 2).

In 1964, Mackenzie (1964) studied the temperature depend-
ence of permanent densification below T,, with densification
being directly proportional to the applied temperature at a given
pressure. This study was followed by others, investigating the
influence of temperature on the densification behavior of glasses,
focusing on v-SiO, (McMillan et al., 1984) and other silicate-based
glasses (Uhlmann, 1973). Uhlmann (1973) reported an increased
degree of densification with increasing temperature in alkali
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FIGURE 2 | Density of MgSiOs (T, = 766°C) and Na-borosilicate
glasses (T, = 567°C) as a function of pressure and temperature.
Dashed lines are guides for the eyes. Labeled numbers indicate the stages of
the densification. Data are taken from the studies by Yamada et al. (2010)
and Ustergaard et al. (2015).

silicate glasses and ascribed it to the decrease of relaxation time
as the temperature of the pressurization treatment approaches T,
However, permanent densification is also possible at temperatures
significantly lower than T, at which significant structural relaxa-
tion is not anticipated. Studies on pressure-induced changes in v-
SiO, at room temperature have shown that detectable changes can
first be seen at pressures beyond 8 GPa (Martinet et al., 2015), but
application of temperature of around 0.54-0.66T; (T, in Kelvin)
results in notable structural changes even at 4 GPa (McMillan
etal., 1984), with an accompanying pressure-induced increase in
density between 5.8 and 6.4% (McMillan et al., 1984; Poe et al.,
2004). Modest compression of inorganic melts slightly above T,
at pressures ranging from a few hundreds of MPa to ~ 1 GPa, and
the generation of glasses from these melts was considered in the
early 2000s (Wondraczek and Behrens, 2007; Wondraczek et al.,
2007a,b; Yue et al., 2007), following-up on similar experiments
that had previously been conducted on organic liquids (Atake
and Angell, 1979) to introduce the fictive pressure, p; (Gupta,
1988), as an addition to fictive temperature, Tj, in the description
of the potential energy of glasses.

Smedskjaer et al. (2014a) investigated the influence of com-
pression temperature between 0.75T, and T, on permanent den-
sity changes in an aluminosilicate glass. Permanent densification
at 1 GPa was observed at 0.75T,, even though the relaxation time
at this temperature is around 500 years. However, the increase in
density is larger at Ty, where the relaxation time is on the order
of 1 min. Hence, at higher temperatures, the kinetic processes
responsible for densification increase in frequency and might
to some extend be described by atomic rearrangements such
as viscous flow, whereas the finding of permanent densifica-
tion at lower temperatures suggests a non-viscous mechanism
to be partly responsible for densification during compression
(Smedskjaer et al,, 2014a). The influence of temperature on
pressure-induced changes in the structure of v-SiO, reveals that
the MRO of the hot-compressed sample is distinct from that of

the complementary cold-compressed one at room temperature
(Guerette et al, 2015). Furthermore, the high-temperature
compression gives rise to glasses with improved thermal and
mechanical stability in comparison to the glasses compressed at
low temperatures (Guerette et al., 2015). Thus, high temperature
enables different structural transformations to facilitate densi-
fication, which are not possible at room temperature (Guerette
et al., 2015; Martinet et al., 2015). This conclusion acknowledges
previous observations that revealed a decoupling of enthalpic and
volumetric effects (potential energy and density), i.e., relaxation
on different structural length scales, as a result of pressurization
(Wondraczek and Behrens, 2007). Besides the different struc-
tural densification mechanism, a higher temperature promotes
reorganization and relaxation of structures, thus minimizing the
stresses and leading to a more homogenous and stable structure
compared to that obtained at lower temperatures, which is usu-
ally strained (Martinet et al., 2015). For example, Martinet et al.
(2015) calculated the angular distribution angles for threefold
rings in the case of v-SiO,, which were found to be 2.4 + 0.3° for
pristine glass, 2.3 + 0.3° for hot-compressed glass, and 3.6 + 0.3°
for cold-compressed glass. This clearly shows that the threefold
rings are more strained in cold-compressed glasses in compari-
son to those compressed even at temperatures as low as ~0.93T.
Moreover, by increasing the temperature, the pressure below
which the structure changes are reversible upon decompression
decreases. For example, it is possible to obtain densified v-SiO,
with a density of 2.5 g cm™ through 5 GPa/1,023 K or 16 GPa/
room temperature compression (Martinet et al., 2015).

PRESSURE-INDUCED STRUCTURAL
CHANGES

Pressure treatment of glasses has been shown to drastically
affect the macroscopic properties, such as density, viscosity,
and mechanics (Yoshimoto et al., 1989; Toplis et al., 1997a;
Guerette et al., 2015). The effect of pressure on these properties
is influenced by how the atomic-scale structure of the glass
accommodates the overall network densification. Therefore,
understanding the atomic structure (e.g., coordination numbers
and degree of polymerization) of glasses upon compression
is essential for understanding the pressure dependence of
the macroscopic properties. The pressure-induced structural
changes that occur include changes in the next-nearest neighbor
(NNN) distributions and ring statistics (Lee, 2010; Sonneville
et al., 2013), number of non-bridging oxygen (NBO) (Xue and
Stebbins, 1993; George and Stebbins, 1996), atomic coordination
number of network-former cations (Smedskjaer et al., 2014b),
and network-former/modifier-oxygen bond distances (Xue and
Stebbins, 1993; Sonneville et al., 2013).

Based on the knowledge of pressure-induced structural
changes in crystals, it is expected that pressure treatment of
glasses will involve changes in the coordination number of the
network formers (Sakka and Mackenzie, 1969; Lee, 2010), in
addition to other changes in short- and intermediate-range order.
The structure of densified glasses has been investigated using a
variety of experimental and theoretical tools. Magic angle spin-
ning (MAS) nuclear magnetic resonance (NMR) spectroscopy
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along with neutron and x-ray diffraction studies have been some
of the most powerful tools for identification and quantification
of changes in the SRO in glasses (Lee, 2010; Salmon and Zeidler,
2015; Salmon et al., 2016), whereas Raman and IR spectroscopy
have been successfully employed to understand the changes in
the MRO (Jin et al., 1994; Inamura et al., 2001; Mantisi et al., 2010;
Svenson et al., 2016b).

One of the initial studies investigating the influence of com-
pression on structure was performed by Mackenzie (1963a) on
v-SiO, at 8 GPa/848 K using IR spectroscopy. An ~18% increase
in density of glasses was observed without any notable changes
in the glass structure as probed by IR. A relatively large number
of more recent experimental studies and theoretical simulations
have resulted in considerable progress toward understanding the
influence of compression on the glass structure (Jin et al., 1994;
Wright et al., 2000; Allwardt et al., 2004, 2005a,b; Ghosh et al,,
2014; Bista et al., 2015). The majority of the studies focus on
pressure-quenching experiments (Allwardt et al., 2004, 2005a,b;
Lee, 2010), with a small fraction on hot compression (Zhang
and Soga, 1991; Wondraczek et al., 2007b, 2010; Wu et al., 2009;
Smedskjaer et al., 2014a,b; Bechgaard et al., 2016), but the types
of changes in the two related densification methods are in gen-
eral qualitatively identical. In general, compression at elevated
temperature leads to an increase in coordination number of the
network-forming cations. However, the extent of this change
depends on glass composition, where the concentration of NBOs
is identified as the key parameter (Allwardt et al., 2004; Du et al.,
2004; Lee et al., 2004; Chen et al.,, 2011). That is, it has been
suggested that in glasses with significant number of NBOs, the
application of pressure results in the formation of higher coor-
dinated cation with the displacement of following equilibrium to
the right (Du et al., 2004),

NBO +TO, =TO, , (1)

where T is the network cation initially in trigonal or tetrahe-
dral coordination and the subscript indicates the number of
coordinating oxygens. However, it is also important to note that
changes in boron and aluminum coordination are observed to
increase even in the case of NaAlSi;Os (Allwardt et al., 2005a;
Gaudio et al., 2015) and boron oxide glasses or melts (Brazhkin
et al., 2010), where little or no NBOs are present (although the
extent of coordination change is small compared to NBO-rich
systems). Moreover, NBO-free crystalline phases of SiO, and
B,O; transform to polymorphs with higher cation and anion
coordination, suggesting that different mechanisms could play a
role in generation of higher coordinated aluminum and boron in
some compositional and pressure ranges. One of the alternative
mechanisms involves the formation of NBOs through oxygen
triclusterrs, which are oxygen bonded to three instead of two
tetrahedrally coordinated network formers (Toplis et al., 1997b;
Allwardt et al., 2005a; Jaworski et al., 2016).

Boron Speciation

Boric oxide (B,O3) is widely used as a network-forming constitu-
ent in many high-tech glass materials owing to its contribution to
high glass-forming ability and low melting temperature and for its
favorable impact on thermal, mechanical, and optical properties

(Bray, 1985; Youngman et al., 1995). The basic building unit of v-
B,O; is BO; units, which are joined to form boroxol rings (Shelby,
2005). The initial introduction of oxygen from a modifier oxide
to v-B,Os causes boron to change its coordination from B to B
with no NBO formation, while further addition of oxygen leads to
the formation of NBOs. The structure of borate and borosilicate
glasses at both ambient and high-pressure conditions has been
relatively well studied and reviewed (Lee, 2010). However, the
permanent pressure-induced structural changes near T, have
only recently been revealed using diverse experimental tools
(Wondraczek et al., 2007b; Wu et al., 2009; Smedskjaer et al.,
2014a,b). The general mechanism for the densification of B,Os-
based glasses involves changes in both SRO and MRO (Lee et al.,
2005b).

The first study on the influence of hot compression on borate
glass structure dates back to 1963 when Mackenzie (1963a)
investigated the densification of B,O; glasses in the rigid state.
In 1988, Chason and Spaepen (1988) reported the pressure-
induced structural changes in v-B,O; compressed at 1-1.5 GPa
at 573 K for 30 min, resulting in ~10% densification. Based on
x-ray diffraction analyses, this densification was attributed to the
change in B-O-B bond angles and rotation around the B-O bonds
joining them. A structural model consisting of BOs triangles
forming a plain ribbon-like structure was proposed, suggesting
that densification occurs as a result of buckling of these ribbon-
like structures. In addition, pressure quenched (Brazhkin et al.,
2010) and cold-compressed (Lee et al., 2005a) B,Os glasses have
been studied using ''B MAS NMR and inelastic X-ray scattering,
respectively, presenting clear evidence of absence of coordination
change at low pressures (<4 GPa). However, Lee et al. (2005b)
have reported the presence of higher fractions of boron in four-
fold coordination in pressure quenched glasses. The origin of this
discrepancy has been attributed to the presence of an impurity of
a high-pressure crystalline phase and/or presence of water as an
impurity in the investigated glasses (Brazhkin et al., 2010).

Hot compression of modified borate and borosilicate glasses
typically results in an increase of the boron coordination
number (Wondraczek et al., 2007b). For example, Figure 3
shows an increase in the amount of fourfold boron (B"Y) units
upon 0.1-0.5 GPa compression at 983 + 5 K of a commercial
aluminoborosilicate glass (Wu et al., 2009). The "B MAS NMR
spectra clearly show that the fraction of tetrahedral to total boron
(N4) increases from 0.23 to 0.29 with increasing pressure (Wu
et al., 2009). Interestingly, the change in coordination number
is observed at much lower pressures (0.1 GPa) compared to
that in the pure B,O; glasses discussed earlier. This behavior is
presumably due to the presence of NBOs in the modified glasses,
which facilitate the structural transformation at much lower
temperature and pressure as discussed earlier. On the contrary,
an earlier study using IR and Raman spectroscopy (Zhang and
Soga, 1991) investigated a series of hot-compressed alkali borate
glasses revealing the pressure-induced partial conversion of
tetraborate to boroxol rings plus NBOs in low-alkali glasses and
to diborate groups in higher alkali glasses. Furthermore, Svenson
etal. (2014a) observed an increase in the amount of B'Y units from
70 to 77 at.% upon 1 GPa compression at T of sodium borosili-
cate glass. Recently, the nature of transition state for BOs to BO,
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FIGURE 3 | "B magic angle spinning nuclear magnetic resonance
spectra for isostatically compressed E-glass samples (14.1 T),
normalized to height of B" peak. Adapted from the study by Wu et al.
(2009), with the permission of AIP Publishing.

conversion has been investigated in situ at high pressure using ''B
MAS NMR spectroscopy, reporting that an elastic out-of-plane
displacement of B atom in the BO; units serves as a transition
state for the for BO;-BO, transformation (Edwards et al., 2014).
Furthermore, the pressure-induced change in boron coordina-
tion has been found to be higher for the hot-compressed glasses
at Ty in comparison to the pressure quenched glasses. Bista et al.
(2015) recently demonstrated that the transient pressure drops
during the pressure quenching lead to a significant reduction in
the recovered structural changes in glasses, i.e., pressure experi-
ments performed near T, minimize these losses in structural
changes.

In another study by Bista et al. (2016), it was shown that the
field strength of the modifier cations influences the pressure-
induced B™-to-B" transformation. That is, higher field strength
cation promotes B"-to-B" transformation by stabilizing the
bonding between newly formed B" and neighboring network
cations such as Al and Si (Morin et al., 2014). In addition to
the dependence of boron coordination on the applied pressure,
the fraction of B increases with an increase in the compres-
sion temperature and duration of the sub-T; compression
(Dstergaard et al., 2015). However, the change in coordination
attains a saturation value with no further change upon further
increase in compression temperature and time (@stergaard
et al., 2015). Figure 4A shows the quantitative evolution of
N, in a sodium borosilicate glass with increasing compression
temperature and duration. While the NMR spectra (Figure 4B)
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FIGURE 4 | (A) Effect of compression duration (t) at 0.97, (756 K) and
compression temperature (7c) for 30 min duration on fraction of tetrahedral to
total boron (Na) in a Na-borosilicate glass, both at 1 GPa. The dashed line
represents the value of the as-prepared glass. Data are taken from the study
by Ostergaard et al. (2015). (B) ''B MAS NMR spectra for the as-prepared
glass (black dashed curve), glasses compressed at or below Ty (solid gray
curves) and the glass compressed at 1.1T, for 30 min (solid black line). The
inset shows the fitted spectrum of the as-prepared glass based on
contributions of different boron environments. From low to high frequencies,
these represent B (0B, 4Si), BY(1B, 3Si), B"(non-ring), and B"(ring).
Reproduced from the study by Ustergaard et al. (2015) with permission from
the Royal Society of Chemistry.

clearly showboron in threefold and fourfold coordinations, there
are two resolved B" sites in the boron structure in the glasses
due to variation in NNN. Thus, compression also induces an
increased shielding by increasing the contribution B-O-Si link-
ages and a simultaneous decrease in fraction of B-O-B linkages
(Ostergaard et al., 2015). This was also found in earlier work
on pressure quenched borosilicate glasses by Du et al. (2004),
who reported pressure-induced network ordering, attributed to
decrease in fraction of the energetically unfavorable B™-O-B"™
linkages upon conversion from B™ to B (Abe, 1952; Wang and
Stebbins, 1999). Moreover, compression results in an increase
in the fraction of B™ in non-ring sites with increasing compres-
sion temperature (Ostergaard et al., 2015). These results are
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comparable to the results obtained for cold-compressed (Wright
et al.,, 2000) and pressure quenched vitreous B,Os (Lee et al.,
2005a; Brazhkin et al., 2010), i.e., the breakdown of boroxol
rings upon compression.

Aluminum Speciation
In Al-containing glasses prepared at ambient conditions, the
structural configuration of aluminum depends on the relative
concentrations of the network modifiers and network formers
present in the system. For example, in the case of alumino-
silicate and boroaluminosilicate glasses, most of the Al** ions
are found in tetrahedral configuration when the molar per-
centage of modifier is higher than that of ALO;, i.e., [ALOs]/
([M,O] + [MO]) < 1, and in fivefold or sixfold coordination
when the molar percentage of modifier is less than that of
ALQOs, ie., [ALO;]/([M,O] + [MO]) > 1. However, not all the
Al-containing glasses behave accordingly, and there have been
several studies showing non-zero AlV and AI'! concentrations
in highly peralkaline aluminosilicate and aluminoborate
glasses (Malfait et al., 2012; Bechgaard et al., 2016; Januchta
et al., 2017). Furthermore, the behavior of aluminum is dif-
ferent when phosphate is present as network-forming species,
with octahedral species dominating at low alumina content
and tetrahedral species at high alumina content (Wiillen
et al., 2007). For example, significant amounts of Al and Al
were observed in a series of Al,O3-Na,O-P,Os glasses when
[P.Os] > [ALOs] = [Na,O], while Al'Y was the predominant
species when [P,Os] > [ALO;] > [Na,O] (Zhang et al., 2005).

Al MAS and triple quantum (3Q) MAS NMR spectroscopy
have been widely applied to understand the influence of compres-
sion on the Al coordination environment in oxide glasses. The
initial efforts to unravel the influence of pressure on Al coordina-
tion were carried out on pressure quenched NaAlO,-SiO, glasses
due to their good glass-forming ability and relatively low melting
point compared to other aluminosilicates (Kushiro, 1976, 1978;
Sharma et al.,, 1979; McMillan and Graham, 1980; Mysen et al.,
1980; Hochella and Brown, 1985). By using IR and x-ray spec-
troscopy, Velde and Kushiro (1978) reported a change in the Al
coordination from fourfold to sixfold in Na,O-ALO:;-SiO, glasses
upon pressure quenching the melts from 3 GPa. However, further
investigations using Raman and x-ray spectroscopy found no evi-
dence to support this increasing Al coordination in glass-forming
melts quenched from pressures up to 4 GPa (Sharma et al., 1979;
McMillan and Graham, 1980; Mysen et al., 1980; Hochella and
Brown, 1985).

More recent investigations on the pressure-induced changes in
Al coordination in partially depolymerized glasses show a change
in Al coordination upon compression at elevated temperatures at
pressures as low as 100 MPa (Allwardt et al., 2003, 2004, 2005a,b;
Wau et al,, 2009; Smedskjaer et al., 2014a; Bechgaard et al., 2016).
For example, Figure 5A shows NMR spectra of aluminoboro-
silicate glasses with NBOs compressed at 1.5 and 3 GPa near Ty
(Bista et al., 2016). These spectra show well-resolved multiple
coordination environments. Al" and Al'! are the predominant
species at 1.5 and 3 GPa, whereas at 1 atm, Al" is the predominant
Al species in the glasses (Bista et al., 2016). This effect of pressure
on Al coordination has also been found in related studies using
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FIGURE 5 | (A) 2’Al MAS NMR (18.8 T) spectra of Ca-aluminoborosilicate
glasses recovered from 1 bar, 1.5 GPa, and 3 GPa. Adapted from the study
by Bista et al. (2015) with the permission of AIP Publishing. (B) Fraction of
fivefold coordinated aluminum (Al) as a function of the calculated number of
non-bridging oxygens per tetrahedrally coordinated cation NBO/T for
as-prepared and compressed (at 1.0 GPa) Na-aluminosilicate glasses.
Reprinted from the study by Bechgaard et al. (2016), with permission from
Elsevier. (C) Pressure dependence of average aluminum coordination for Ca,
La, and Y containing aluminoborosilicate glasses. Adapted from the study by
Bista et al. (2015), with the permission of AIP Publishing.

extended x-ray absorption fine structure, IR, Al MAS-NMR,
and Raman spectroscopies (Li et al., 1995; Yarger et al., 1995;
Allwardt et al., 2003, 2004, 2005a,b, 2007; Kelsey et al., 2009;
Wu et al,, 2009; Bista et al., 2015, 2016; Bechgaard et al., 2016).
The increase in coordination number is a way for the glasses to
accommodate increasing densification under the applied pres-
sure. Based on studies of pressure quenched aluminosilicate
glasses, a mechanism for the formation of high-coordinated Al
species in non-charge balanced glasses/melts has been proposed
(Lee et al.,, 2004; Kelsey et al., 2009; Chen et al., 2011):

Si—NBO + 4"5i— 0 Al — 5M5; — Q-1 AL )

2Si—NBO + 4"8i — 0 - Al — 6™Si — 0 - Al (3)
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High-coordinated Al species are generated when sufficient
NBOs are present in ambient pressure glasses. Thus, the NBOs
present in the glass network are consumed by Al for charge com-
pensation, and this leads to reduction in the number of NBOs
in glasses. Figure 5B shows the variation in the fraction of Al"
as a function of NBO per tetrahedra (NBO/T) obtained from
quantification of Al MAS NMR spectra of Na-aluminosilicate
glasses hot compressed at 1 GPa (Bechgaard et al., 2016). The
average Al coordination number is higher in glasses with a higher
fraction of NBO/T. Moreover, glasses with a higher amount of
NBOs at ambient condition undergo a more pronounced change
in Al coordination upon hot compression. These results imply
that the degree of polymerization at ambient conditions plays an
important factor in controlling the response of Al coordination
to pressure (Yarger et al., 1995; Lee, 2004).

In addition to the content of NBO, the pressure-induced
changes in Al coordination are also strongly influenced by the
field strength of the modifying cations, which is also valid for
glasses prepared at ambient conditions (Morin et al., 2014). As
shown in Figure 5C, for the glasses recovered from 3 GPa, a
higher concentration of AlV and Al'" are observed in glasses con-
taining higher field strength modifier cations, and the increase in
Al coordination with pressure is more rapid in glasses with cation
with higher field strength. A similar effect of cation field strength
has been observed in previous studies on pressure quenched
Al-containing glasses (Kelsey et al., 2009; Wu and Stebbins, 2009).
This is likely because the higher field strength cations outcompete
the AP’* ions for the available nearby oxygen atoms, thus forcing
AP’* to bond with a greater number of oxygens with longer bonds,
therefore increasing its coordination (Bista et al., 2016).

Similar to the behavior of boron, the average Al coordination
number is higher in glasses recovered from hot compression
compared to glasses quenched from above the liquidus tempera-
ture. Gaudio et al. (2015) investigated albite glasses and melts at
pressure up to 7 GPa and reported a significantly higher Al coor-
dination in hot-compressed glasses than glasses quenched from
super liquidus temperatures. Similarly, a recent study of Na- and
Ca-aluminosilicate glasses and melts at 2 and 3 GPa, respec-
tively, reported considerably higher Al coordination in glasses
annealed near T, than those quenched from melts, such that two
Na-aluminosilicate glasses exhibited similar Al speciation when
quenched from 783 K at 1.5 GPa and 1473 K at 2 GPa (Bista et al.,
2015). However, an earlier study on Na-aluminosilicate glasses
compressed at 10 GPa has shown a contradictory behavior, i.e.,
glasses quenched from melts exhibit a higher amount of high-
coordinated Al species than glasses pressurized neat T, but it
has been attributed to incomplete structural relaxation of these
glasses upon compression (Allwardt et al., 2005a).

Silicon Speciation

The basic building unit of silicate glasses is the SiO, tetrahedron,
which can be connected to neighboring SiO, tetrahedra via
Si-O-Si bonds. Each oxygen atom is shared between two silicon
atoms, which occupy the centers of linked tetrahedra. These
tetrahedra are commonly referred to as Q" (n = 1, 2, 3, 4) units,
where n describes the number of bridging oxygens connected to
the tetrahedron (Mysen, 1988). Even for integer average values of

n, multiple Q-species have been shown to exist. For instance, if
n =3, Q@ will not be the only Q-species present in the structure,
as there will also be Q* and Q7 species present (Brawer and White,
1975, 1977; Murdoch et al., 1985; Brandriss and Stebbins, 1988;
Zhang et al., 1997).

Vitreous SiO, and related SiO,-based glasses have been
the object in numerous high-pressure studies in the literature
(Mackenzie, 1963a; McMillan et al., 1984; Guerette et al., 2015).
The majority of the initial work focused on understanding the
influence of pressure on the structure of v-SiO, (Mackenzie,
1963a; McMillan et al., 1984). Network densification in silica or
silicate-based glasses is typically accommodated through changes
in bond angle distribution, ring statistics, and silicon coordina-
tion number (McMillan et al., 1984; Sato et al., 2011). These
pressure-induced structural changes have been investigated by
various techniques such as Raman, MAS NMR, neutron diffrac-
tion, and MD simulations (McMillan et al., 1984; Poe et al., 2004;
Gaudio et al., 2008; Martinet et al., 2015). At room temperature,
densification occurs through a process involving alteration of
bond angles and the dihedral angle of glass network (Kato et al.,
2011), whereas breakage and subsequent reformation of bonds
(e.g., Si-O) is an important structural control of viscous flow and
densification at temperatures at and above T, (Naji et al., 2015).

Bridgman and Simon (1953) investigated the densification of
silica glass upon compression at room temperature, but the initial
studies on v-SiO, compressed at room temperature reported no
significant changes in the Si coordination number. However, con-
sidering a significant broadening and weakening of the IR absorp-
tion bands, Cohen and Roy (1965) attributed densification of SiO,
to the increase of bond angle distributions, occurring as a result of
the pressure-induced random packing of tetrahedral units. Later,
McMillan et al. (1984) used Raman spectroscopy to investigate
v-SiO; densified at 3.95 GPa and ~0.54T, and highlighted that the
structure of SiO, compressed at elevated temperature is similar
to that of compressed at room temperature at much higher pres-
sure. Furthermore, they reported a pressure-induced decrease in
the average bond angle and buckling of fourfold siloxane rings,
resulting in a decrease in the average ring size. On the contrary,
Poe etal. (2004) observed no substantial changes in ring statistics
for v-SiO, compressed up to 8 GPa at ~0.66T,, attributing it to
the relatively low compression temperature at which Si-O bond-
breaking and bond-making would be unlikely. They thus con-
cluded that at such elevated temperatures and pressures, which
are insufficient to affect the Si coordination and Si-O bonding, the
most favorable mechanism for densification is the change in the
bond angle distribution and Si-O bond length without any change
in ring statistics. Furthermore, Inamura et al. (2001) investigated
the structural response of v-SiO, compressed up to 7.4 GPa at
~0.66Tg, revealing changes in the MRO caused by deformation of
sixfold ring structure manifested by the changes in the structural
factor S(q). Similar changes in the MRO have been observed is a
recent study by Guerette et al. (2015) for v-SiO, compressed up to
8 GPa at ~0.93T,. Figure 6 shows the total X-ray structure factor
S(g) of recovered hot-compressed v-SiO, samples. The position
of first sharp diffraction peak is related to the intermediate-range
order of silica and shifts toward higher g values with increase in
pressure, clearly demonstrating that pressurization affects the
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FIGURE 6 | Total X-ray structure factor S(q) of silica glass hot-
compressed under 2, 4, 6, and 8 GPa at 1373 K, compared to that of
pristine silica glass. Reproduced from the study by Guerette et al. (2015),
with the permission of Nature Publishing group under CC-BY license (https://
creativecommons.org/licenses/by/4.0/).

MRO of v-Si0.. Several experimental and simulation studies have
concluded similar results, i.e., densification in v-SiO, is achieved
by a reduction in ring size and collapse of void space (Devine and
Arndt, 1987; Jin et al., 1994; Inamura et al., 2001; Trachenko and
Dove, 2002, 2003).

Several MD simulation studies have also been performed
to understand the pressure-induced change of ring statistics in
v-Si0O, (Davila et al., 2003; Huang and Kieffer, 2004). Some MD
simulation studies show that pressurization causes an increase
in number of larger rings at the expense of smaller rings (Huang
and Kieffer, 2004), whereas a relative decrease in fraction of
fivefold and sixfold rings and increase in fraction of threefold
and fourfold rings along with an increase in number of larger
rings (greater than sevenfold rings) upon compression has been
reported by Davila et al. (2003). In line with the simulation results
of Huang and Kieffer (2004), compression of the v-SiO, at 5 GPa
and ~0.93T, (Martinet et al., 2015) has been found to result in no
change in concentration of threefold rings, which was attributed
to the temperature-induced reorganization during pressuriza-
tion, resulting in the formation of large rings at the expense of
smaller ones. This formation of large rings is enhanced at higher
pressures, whereas the ring size distribution is not affected, i.e.,
possibly some smaller rings are formed simultaneously. Moreover,
compression of v-SiO; at elevated temperatures results in a more
homogenous MRO as a result of the elimination of pores or empty
spaces (Guerette et al., 2015).

Stebbins and Mcmillan (1989) and Xue et al. (1989) have
revealed the formation of pressure-induced fivefold and sixfold
coordinated silicon in alkali silicate glasses quenched from high-
pressure melts. Later, in a comparative study of Na,Si,0; glass,
Farber and Williams (1996) found major differences between the

Raman spectra of two Na,Si,Os glasses compressed via different
routes, with the structure of a hot-compressed glass at 8 GPa
and ~1.1T, being equivalent to that of a cold-compressed glass
at 11 GPa. The Raman spectra indicate the formation of high-
coordinated Si species as a result of both compression methods,
but the Q* species disappear at lower pressure in glasses com-
pressed at elevated temperature (Farber and Williams, 1996). The
mechanism responsible for the formation of fivefold and sixfold
coordinated Si has been investigated in pressure quenched glasses
by Allwardt et al. (2004). Higher Si coordination number is pre-
ferred when NBOs are present in ambient pressure glasses, i.e.,
similar to the case of aluminum and boron. The reaction can be
written as:

NBO + 4BO — 58" —0-Si". (4)

2NBO + 4BO — 6Si"Y —0-Si"". (5)

Furthermore, the formation of higher coordinated silicon
is also influenced by the rate of decompression of glasses com-
pressed at elevated temperature (Gaudio et al., 2008). Gaudio
et al. (2008) have reported the formation of Si¥ and Si'! in the
glasses recovered from ~0.74T; at 10 GPa, showing that rapidly
quenched glasses exhibit a higher proportion of high-coordinated
silicon than more slowly decompressed glasses, which exhibit no
spectral evidence of Si". In contrast, in pressure quenched K,Si,O
glass, Si¥ concentration increases at the expense of Si¥! during
slow decompression (Allwardt et al.,, 2004). This behavior has
been attributed to the higher degree of polymerization exhibited
by the K,Si:0s glass, stabilizing the Si¥ species.

The presence of aluminum in silicate glasses complicates
understanding of the response of these glasses to densification as
both Al and Si can increase their coordination number. Studies of
compression on crystalline materials suggest that higher coordi-
nated Al is formed at much lower pressure compared to Si (Waff,
1975). This has been confirmed by recent MAS NMR studies in
boroaluminosilicate glasses (Wu et al., 2009), showing that the
presence of NBOs facilitates the coordination change in boron or
aluminum ahead of silicon, where *Si MAS NMR spectra show a
slight shift in the peak position attributed to a change in Si-O-Si
bond angle (Wu et al., 2009).

Network Modifiers

In addition to pressure-induced changes in the SRO and MRO of
network formers, compression can also influence the modifier-
oxygen bond length and bond angle, but only studies on Na have
been reported to our knowledge. This is presumably because *?Na
MAS NMR is an effective probe for studying the Na-O distance
distribution on the basis of known correspondence between Na-O
bond distance and *Na chemical shift. Figure 7 shows the *Na
MAS NMR spectra for Na-borosilicate at 1 atm and recovered
from hot compression at 1 GPa (Svenson et al., 2014a), reveal-
ing a distinct change in Na environment upon compression.
Such peak shifts to a higher frequency with pressure are found
in fully polymerized and partially polymerized borosilicate and
aluminosilicate glasses (Dstergaard et al., 2015; Svenson et al.,
2016¢). In addition, 3Q MAS NMR has been conducted on the
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FIGURE 7 | 2Na magic angle spinning nuclear magnetic resonance spectra for Na-borosilicate at 1 atm and 1 GPa. Reprinted figure with permission
from Svenson et al. (2014a). Copyright (2014) by the American Physical Society.

same set of glasses to understand the origin of the frequency shift ~ number of network formers do not follow the same p-T-t-path
(Svenson et al., 2014a). Evaluation of 3Q MAS NMR data, using  as macroscopic properties, which are typically associated with
the center of gravity in both the MAS and isotropic shift dimen-  longer-ranging structural parameters, e.g., free volume and den-
sion, indicates that compression leads to a change in chemical  sity. Subsequent considerations therefore concerned the evolu-
shift (i) only, with the quadrupolar coupling product (Pg)  tion of structural heterogeneity on the Boson scale, assuming that
remaining relatively constant. This implies that the average Na-O  variations in melt pressure directly affect dynamic heterogeneity
distance decreases with pressure, accompanied by a reduction in ~ of the melt. While the evolution of the Boson peak with varia-
the partial molar volume of Na,O, but likely without any change  tions in fictive temperature is still debated (Chemarin et al., 1997;
in sodium coordination number (George and Stebbins, 1996; Lee Shimodaira et al., 2005), it was shown that the structural homo-
and Stebbins, 2003; Wu et al., 2009). This is also consistent with ~ geneity of glasses increases with increasing melt pressurization
studies of sodium environment in glasses compressed at much ~ (Champagnon et al., 2009; Mantisi et al., 2010; Reibstein et al.,
higher pressures (Lee, 2010). On the contrary, a later study on ~ 2011). This seems to reflect the preferential compaction of regions
Na-aluminosilicate glass using *Na 3Q MAS NMR revealed that ~ with lower elastic modulus versus more rigid areas, on a length
changes in P, with compression are significant and account forat ~ scale of 1-2 nm. It was suggested that the accompanying reduc-

least a part of the shift in the MAS peak position (Svenson et al.,  tion in light scattering may be of interest for low-loss optical fiber.
2014b). Changes in Pq are sensitive to the symmetry around the ~ In addition, potential relations to non-isostatic compaction such
Na* site, and compression tends to enhance the symmetricbond-  as that occurring locally during mechanical contact and damage
ing environment of Na* (Svenson et al., 2014b). Furthermore, infliction remain to be elucidated (Wondraczek et al., 2011).

pressure-induced changes in the chemical shift are found to be

directly proportional to the applied pressure (Wu et al., 2009;
Smedskjaer et al., 2014b). PRESSURE-INDUCED CHANGES IN

PROPERTIES

Intermediate-Range Order

Following the observations of decoupling of pressure- and ~Extent of Densification

temperature-induced property changes (Wondraczek and  Compression offers a new route to balance different properties
Behrens, 2007; Wondraczek et al., 2007b), ongoing efforts have ~ when varying composition and pressure/temperature, which may
been focused on elucidating the effect of pressure-freezing on ~ have important practical implications. The extent of change in
structural order, on intermediate length scale. That is, it was found ~ the properties of densified glasses is expected to be controlled by
that short-range structural features such as the coordination  the extent of densification and degree of structural changes. To
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compare the extent of pressure-driven densification in different
glass compositions and at different applied pressures, we here
refer to the irreversible plastic compressibility (B) (Smedskjaer
et al., 2014b),

1 dv

B:__ -

vV dp’ ©

where V is the initial volume of the glass before densification
and dV is the volume change measured after decompression to
ambient conditions.

When a homogeneous isotropic solid such as glass is subjected
to hydrostatic pressure, the change of dimensions should be a
function of the pressure and temperature only, if the solid is per-
fectly elastic (Sakka and Mackenzie, 1969). Generally, the plastic
compressibility of glasses increases with increasing temperature.
However, an earlier study has reported a decrease in plastic
compressibility with an increase in temperature in case of fused
silica (Birch and Dow, 1936). Like any other property in glasses,
plastic compressibility is also influenced by the composition.
Weir and Shartsis (1955, 1956) showed a decrease in the plastic
compressibility with addition of modifiers in alkali silicate, alkali
borates, and alkaline-earth borate glasses. This is likely due to the
filling up of the network interstices of the glasses. In comparison
to the alkaline-earth cations, alkali-containing glasses exhibit
lower compressibility because, at equimolar compositions, there
are also twice the numbers of alkali ions than alkaline-earth ions,
which fill up the interstices faster.

The so-called mixed modifier effect (MME) has also been
found to affect the plastic compressibility in SiO,-AlO;-Na,O-
MgO-CaO glasses that have been compressed at T, (Smedskjaer
et al., 2014a). This manifestation of MME has been discussed
based on localized network relaxation, facilitating the exchange
of cationic sites among Ca’* and Mg** ions. In addition to the
influence of modifier ions, plastic compressibility is correlated
with the pressure-induced increase in the coordination number
of the network-forming cations (Striepe et al., 2013). However,
it has been shown that the change in the speciation of network
formers alone cannot account for the complete density change.
For example, Wu et al. (2009) have estimated that the boron
coordination change in compressed E-glass contributes only
about 15% to the overall density difference, due to relatively
small difference in the partial volume of BOs and BOj structural
groups. Although there are no clear trends in the composition
dependence of plastic compressibility, some of the factors that
should influence plastic compressibility include density, atomic
packing fraction (APE, which is the ratio minimum theoretical
volume occupied by the ions and corresponding molar volume of
the glass), and content of NBOs. In a series of Na-borate glasses,
Striepe et al. (2013) observed a negative correlation between
the plastic compressibility and density or APF of the ambient
conditions glasses. On the other hand, the initial density of the
glasses does not appear to influence the plastic compressibility
(Aakermann et al., 2015), i.e., a glass with a higher density can
possess higher plastic compressibility than a glass with lower
density. This has been reported to be positively dependent on
the APF of the glasses (Aakermann et al., 2015). However, one
cannot always consider APF as the controlling parameter, since

plastic compressibility has also been reported to be positively
correlated to NBO/T in the case of aluminosilicate glasses. Thus,
the aluminosilicate glasses with a higher number of NBOs have a
greater ability to undergo densification (Bechgaard et al., 2016).

Elastic Moduli

Elastic moduli quantify the resistance of materials to elastic
deformation. In the case of oxide glasses, high elastic moduli
are often desirable, e.g., for the production of thinner and stiffer
sheets for windows in cars and buildings, substrates for thin film
electronics, cover screens for smartphones, light-guide plates for
edge-lit displays, and substrates for high-speed magnetic memory
disks (Rouxel, 2007; Rosales-Sosa et al., 2015).

The effect of pressure on elastic moduli of binary PbO-SiO,
glasses has been investigated by Yoshimoto et al. (1989). A posi-
tive correlation between elastic moduli and applied pressure was
reported, and the elastic moduli were found to be more sensitive
to temperature variation upon densification. A similar scaling
of elastic moduli with pressure has been observed for a series of
borate glasses by Hirao et al. (1991). Later Striepe et al. (2013)
discussed the influence of compression on the elastic moduli of
borate glasses by hot compressing the glasses at 0.1 to 0.57 GPa
using Brillouin scattering. The elastic moduli of the Na-borate
glasses were found to be positively correlated with the applied
pressure (Figure 8A) (Striepe et al, 2013), even at pressures
as low as 100 MPa. Aakermann et al. (2015) have reported a
similar increase of elastic moduli with compression in a series
of hot-compressed alkali aluminosilicate glasses. In the densi-
fied glasses, the elastic moduli exhibit linear dependence on the
[K20]/([Na;O] + [K:O]) ratio, whereas a non-linear composi-
tional scaling is observed in the as-prepared glasses due to MME.
Furthermore, the positive correlation between the extent of den-
sification and elastic moduli also holds for densification achieved
for cold and hot compression of silica glass (Guerette et al., 2015).
Interestingly, below 20% density increase, hot-compressed silica
glass has higher elastic moduli than cold-compressed silica for the
identical extent of densification. The difference in elastic moduli
between the two types of densification decreases with increasing
extent of densification above 20% (Guerette et al., 2015).

An approximately linear relationship has been observed
between the plastic compressibility and the pressure-induced
increase in elastic moduli across a variety of glass families, irre-
spective of the structural transformations during compression
that these glasses exhibit owing to their dramatically different
chemistries (Figure 8B) (Svenson et al., 2016a). This implies that
the pressure-induced changes in elastic moduli are not governed
by the specific structural changes resulting from isostatic hot
compression of the various glasses up to 1 GPa, but rather by
the overall degree of network densification, which is a combined
effect of changes in SRO and MRO (Svenson et al.,, 2016a). On
the other hand, a study by Deschamps et al. (2014) found that the
variation in the elastic moduli is dependent on the compression
path taken to reach permanent densification.

Indentation Hardness
Permanent densification of glasses can be achieved by compress-
ing the glass at pressure ranging from below 1 GPa to above
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10 GPa. Hydrostatic stress of similar intensity develops in glasses
under sharp contact loading such as Vickers hardness testing
(hardness is a mean value of the contact stress and is typically on
the order of a few GPa). Therefore, high-pressure experiments are
important for getting insights into the mechanism of the inelastic
indentation deformation observed in glasses. Furthermore, as
discussed in the preceding sections, high-pressure treatment of
glasses can result in changes in the structure of glasses, which
should directly affect the mechanical properties of glasses such
as hardness, since hardness is sensitive to the local bonding and
atomic packing behavior of the constituent atoms and presence
of, e.g., NBOs (Bechgaard et al., 2016).

Apart from a few studies in the early 1990s (Yoshimoto et al.,
1989; Hirao et al.,, 1991; Zhang et al., 1995), there has recently
been a surge in the studies related to understanding the influ-
ence of hot compression on the pressure-induced changes in
the mechanical behavior of oxide glasses (Striepe et al., 2013;
Smedskjaer et al., 2014a; Bechgaard et al., 2016). High-pressure

experiments generally suffer from basic technological problems,
most importantly that the pressure limit decreases with increasing
diameter of the pressure chamber, traditionally reaching 1 GPa
for no more than 20 mm diameter. This has largely hindered the
exploration of industrially relevant mechanical properties, but
technological advances have enabled employing larger glass sam-
ples (~cm?), which is essential for reaching a reasonable accuracy
for some characterization methods like microindentation. In
1989, Yoshimoto et al. (1989) reported an increase in hardness
upon 6 GPa compression at 0.757T in a series of PbO-SiO, glasses.
Hiraoetal. (1991) later observed a similar increase in the hardness
upon compression in a series of alkali borate glasses prepared by
applying hydrostatic pressure up to 6 GPa near Tg. The increase in
hardness was attributed to the decrease of interstitial voids and the
increase in fraction of two-dimensional structural groups in the
glass network. In addition, to change in hardness, hot compres-
sion also facilitates the change in the indentation morphology of
the glasses (Zhang et al., 1995). For example, densification around
T, resulted in an increased hardness of a sodium trisilicate glass,
along with the easier development of radial cracks (Zhang et al.,
1995).

Figure 9A shows the variation in hardness of Na,O-CaO-B,0s
glasses compressed at different pressures (Striepe et al., 2013).
Hardness linearly increases with increasing pressure, but the
slope of change in hardness with isostatic pressure (dH./dp) is
observed to be a function of the glass composition (Figure 9A).
Hardness is governed by the degree of network connectivity of
the glasses through the average number of rigid bond stretch-
ing and bond bending constraints (Smedskjaer et al., 2010). The
pressure treatment will change the number of constraints due to
increasing network-former coordination numbers, and there will
be a greater number of constraints per unit volume. In general,
the pressure-induced increase in hardness (dH./dp) is higher
in glasses with greater plastic compressibility, i.e., easier ability
to densify. For example, in the case of Na,O-CaO-B,O; glasses
(Striepe et al., 2013), dH,/dp is lower for glasses with a higher
amount of [Na,O] (Figure 9A), which is attributed to the higher
initial concentration of B" units. Thus, a high initial concentra-
tion of B™ units facilitates a higher degree of densification by
transforming B™ to B" upon compression and thus an increase
in hardness. In a recent study, the significance of the presence
of NBOs in glasses for the pressure-induced change in hardness
was reported (Bechgaard et al., 2016), with a positive correlation
between the pressure-induced hardness change and NBO/T
ratio in glasses. In general, the composition dependence of dH,/
dp can be explained by the plastic compressibility of the glasses
irrespective of other structural factors, as shown in Figure 9B.
This suggests that an overall network densification is responsible
for the increase in hardness.

In addition to composition, the hardness of a densified glass
also depends on the temperature and time of compression
treatment. Ostergaard et al. (2015) found that the hardness of
a Na-borosilicate glass increases with increase in temperature
and time duration of compression after reaching some threshold
value (Figure 10A). The data suggest that a critical increase in
density is required before the increase in hardness can take place.
Interestingly, the hardness changes observed after compression
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are influenced by various factors, and dH./dp can be positive or
negative depending on the chemical/thermal treatment of the
glasses before or after compression and the compression route
followed to densify the glasses. In the case of chemically strength-
ened glasses subjected to compression, a decrease in hardness as a
function of compression temperature was observed, presumably
due to the simultaneous relaxation of the compressive stress (CS)
generated by the chemical strengthening (Svenson et al., 2014b).
The change in hardness also depends on the path taken to densify
the glass, such as annealing versus hot compression (Smedskjaer
et al.,, 2015; Svenson et al., 2016c). The volume change brought

on the hardness (Smedskjaer et al., 2015).

Compression influences the extent of the indentation size
effect (ISE), which is the decrease in hardness with increasing
indentation load or size. The origin of the ISE has been widely
discussed and variously attributed to, e.g., surface energy
(Bernhardt, 1941), friction (Li et al., 1993), subsurface cracking
(Swain and Wittling, 1996), and dislocations (Nix and Gao, 1998).
The extent of ISE can be quantified using the empirical relation by
Bernhardt (1941). Following this approach, the ratio between the
indentation load (P) and the indent diagonal length () is plotted
as a function of [,

7)

P/l =a,+ a,x |,
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where a; is a measure of the extent of the ISE and a, is a measure
of the load-independent part of hardness. In a recent investiga-
tion, Smedskjaer (2014) compared the qualitative change in a; as
a function of plastic compressibility of glasses for various glass
systems. The glasses with high plastic compressibility exhibit a
larger a, term (Figure 10B), implying a more pronounced ISE.
The plausible reason for this behavior was attributed to the fact
that glass with higher plastic compressibility will have larger shear
band density under pressure, thus will consume more energy
in the form of surface energy due to the creation of additional
surface and interface.

Viscosity

Understanding the changes in the melt viscosity at high pressure
is of great interest to geologists as the viscosity of igneous melts
is one of the most important physical properties controlling the
evolution of magmatic systems. The viscosity greatly influences
processes such as the ascent of melts in the Earth’s mantle and
crust, differentiation processes in magma chambers, and the
behavior of volcanic eruptions. Hence, there is a fundamental
interest in geoscience in predicting viscosities of magmatic
systems at various conditions such as high pressure and high tem-
perature. While the compositional and temperature dependence
of viscosity is widely established, studies exploring the pressure
dependence of viscosity for inorganic glass melts are relatively
scarce. In addition, the majority of the studies are performed at
high temperature (low viscosity) region, while very few studies
have been directed toward the high viscosity regime, i.e., tem-
perature region of T

Early efforts to understand the pressure dependence of vis-
cosity in the high viscosity region were made using a centrifuge-
assisted falling sphere method, where a high-temperature furnace
isbuiltinto a centrifuge (Dorfman etal., 1996, 1997). This method
enabled determination of viscosities up to 10® Pa s at pressures up
to 1 GPa. However, the applicability of this technique was limited
due to the time scales involved in the measurement, resulting
in crystallization in many of the geological relevant melts. To
overcome this problem, Schulze et al. (1999) developed a parallel
plate viscometer operational in internally heated pressure vessels
at pressures up to 0.35 GPa and temperatures up to 1,173 K. The
range of viscosity, which could be measured using this setup, is
10%°-10"~ Pa s. In a pioneering study on the pressure effect on
viscosity near Ty, Schulze et al. (1999) performed compression
from 0.35 to 0.50 GPa and found an increase in viscosity for diop-
side and DGG1 (standard soda-lime-silica glass) systems with
increasing pressure. This effect of pressure on viscosity is more
pronounced in the high viscosity range than in the low viscosity
range. For example, when pressure increases from ambient to
0.4 GPa, the viscosity of diopside glass-forming liquid increases
one order of magnitude at 1,016 K, but only 0.1 log units around
1,800-2,100 K (Behrens and Schulze, 2003).

Furthermore, it was shown that the pressure coeflicient
increases monotonically with the degree of melt depolymeriza-
tion, from a negative value for glass-forming albite to a positive
value for glass-forming diopside (Behrens and Schulze, 2003).
Moreover, the pressure dependence of viscosity of haploandesite
melt in the high viscosity region changes from neutral to slightly

negative for anhydrous melts and positive for hydrous melts with
a water content >1.06 wt% (Liebske et al., 2003). Del Gaudio et al.
(2007) investigated the pressure dependence of viscosity near Ty
up to 0.4 GPa in water-bearing float glass, reporting a negligible
effect of pressure on the viscosity of quasi-dry (0.03 wt% H,O)
and water-bearing (2.14% H,O) float glasses. A comparative
study using an indirect method of viscosity interpretation from
hydrous species reaction at 0.4 GPa found excellent agreement
with measurements obtained using parallel-plate viscometer
(Hui et al., 2009). Furthermore, Del Gaudio and Behrens (2009)
investigated the pressure dependence of alkali- and alkaline-
silicate melts. The results indicate that the pressure dependence
of viscosity is primarily determined by the melt polymerization
degree rather than the chemical composition of the melt, an
assumption that was confirmed indirectly also for the case of
naturally occurring vitreous silica (Krolikowski et al., 2009).

Chemical Strengthening

Chemical strengthening or ion exchange strengthening is a post-
treatment method to enhance the damage resistance of glasses by
creating a near-surface compressive stress (CS) region. To do so,
glass is immersed in an electrically heated molten salt bath (e.g.,
KNO:s) at temperatures well below T,. An ion exchange between
the host alkali ions of the glass and cations from the salt occurs.
If the ions entering the glass from the salt bath are larger than the
host ions already present in the glass, then the resultant stuffing in
a near-rigid atomic network of glass leads to the development of
surface compression resulting in an increase in damage resistance
(Varshneya, 2010).

Svenson etal. (2014b) studied the ion exchange characteristics,
i.e,, magnitude and depth of the CS layer, of a commercial Na-Mg-
aluminosilicate glass (T, = 925 K) subjected to compression at an
elevated temperature before and after KNOs ion exchange treat-
ment. The K* concentration profile of the glasses ion exchanged
after compression is shown in Figure 11. Compaction of glass
at elevated temperature hinders the interdiffusion of Na and K
ions, leading to a decrease in depth of diffusion and increase in
CS due to increasing network dilation coefficient (B), where B is
defined as the linear strain of the glass per unit change in alkali
concentration. A decrease of alkali diffusivity with network com-
paction, caused by application of hydrostatic pressure, has also
been previously reported (Charles, 1962). However, compression
at temperatures at or below 0.7 T, prevented the subsequent ion
exchange from effectively increasing the hardness of the glass.
In contrast, compression of glasses after ion exchange treat-
ment results in an increase in the penetration depth of the K*
ions and decreases the CS of the glass. The plausible reason for
this is the thermal annealing during the isostatic compression,
which causes inward diffusion of K* ions due to the concentra-
tion gradient of the across the sample, which simultaneously
decreases the network dilation coefficient. Furthermore, Svenson
et al. (2016¢) performed a comparative study to understand the
influence of different densification methods on the Na-K interdif-
fusivity. The interdiffusivity was found to increase with increas-
ing ion exchange temperature and decrease with the degree of
densification. It is noteworthy that this change in diffusivity is
independent of whether the density increase has been obtained
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FIGURE 11 | K.O concentration profiles of isostatically compressed
samples at different temperatures and pressures (see labels) and
then ion exchanged. Reprinted with permission from the study by Svenson
et al. (2014b). Copyright (2014) American Chemical Society.

through annealing or compression at elevated temperatures. The
activation energy for the densified glasses increases approximately
linearly with density irrespective of densification method, since
diffusion is governed by the overall network compaction, rather
than the specific structural changes facilitating densification dur-
ing annealing or hot compression.

Chemical Durability

Chemical durability expresses the resistance of a glass surface
toward attack by aqueous solutions and atmospheric agents.
Chemical durability of glass is typically estimated by making
dissolution experiments by immersing the glass samples in given
quantity of fluid and then observing the quantity of materials
leached from glass by weight loss measurements or by elemental
analysis of the leachate. Such leaching behavior depends on
the diffusion ability of the ions in the glass, which primarily is
determined by the ionic field strength and structure of the glasses.

Densification of glass results in a decrease in the void volumes
and changes in SRO and MRO as discussed above. Few studies
have reported the influence of densification on chemical durabil-
ity of glasses. For example, the corrosion behavior of compressed
Na-silicate and Na-borate glasses have been investigated by
Zhang et al. (1991a,b). In Na-silicate glass, compression up to
5 GPa at T, results in a decrease of the Na* release rate due to a
decrease in the void volume available for water migration into
reactive sites. However, the hydrolysis reactivity is observed to
increase after compression, as deformation due to compression
results in the formation of unstable bonds, which tend to hydrate
easily, resulting in higher hydrolysis activity (Zhang et al., 1991b).
In the case of binary Na-borate glasses, pressurization results in
a decrease in the dissolution rate. This change in dissolution rate
upon compression is not uniform for all the compositions and is
dependent on the structure and topology of the borate units in the
glasses (Zhang et al,, 1991a), i.e., glasses with a minimum amount
of Na;O exhibit the maximum change in dissolution rate, which
decreases with the further addition of Na,O.

RELAXATION BEHAVIOR OF DENSIFIED
GLASSES

The pioneering study on the relaxation behavior of densified
oxide glass was done by Bridgman and Simon (1953) on densi-
fied vitreous silica that is subjected to ambient pressure anneal-
ing at 703 K. A decrease in the density from 2.61 to 2.40 g cm™
upon annealing of compressed SiO, glass was observed, while
no relaxation effects were observed on SiO, glass annealed for
1 week at 873 K (Cohen and Roy, 1961, 1965; Roy and Cohen,
1961). Mackenzie showed that heat treatment of cold-compressed
SiO; glass for 1 h at temperatures ranging from 473 to 1,173 K
was sufficient to achieve complete density relaxation (Sakka and
Mackenzie, 1969). The relaxation rate was observed to be directly
proportional to the annealing temperature and the initial density
of the sample. Mackenzie concluded that the apparent stability of
the densified silica glass investigated by Cohen and Roy is due to
the different thermal history of the investigated glasses.

In comparison to silicate glasses, cold-compressed borate-
based glasses exhibit pressure relaxation at much lower tem-
peratures, and pure B,O; glass was observed to relax even at
room temperature (Mackenzie, 1963a,b). Glasses compressed at
elevated temperatures generally exhibit greater stability against
subsequent annealing compared to the glasses compressed at
room temperature. However, the pressure-induced densification
is reversible upon heat treatment near T, and the consequent
relaxation is viscosity driven (Wondraczek et al., 2010). Despite
the relaxation of various properties of compressed glasses upon
annealing, the coordination number of boron and Na-O bond
length have been reported to be stable upon annealing at 0.9,
in a hot-compressed soda lime borate glass (Smedskjaer et al.,
2014b), although this effect has been found to be composition
dependent (Svenson et al., 2016d). Hence, this result suggests that
the pressure-induced macroscopic changes are not exclusively
due to the SRO change, but also due to the overall atomic pack-
ing density and MRO structures in the glasses (Smedskjaer et al.,
2014b). In addition, hot-compressed glasses have been found to
remain partly densified even if other properties such as hardness
(Neely and Mackenzie, 1968; Kato et al., 2010) exhibit complete
relaxation, which is unlike what is found for glasses densified at
room temperature.

SUMMARY AND OUTLOOK

The effects of high pressure at room temperature and in the
liquid state on oxide glasses have been relatively well investigated
in comparison to pressure experiments at temperatures ranging
from sub-T, to T,. However, the understanding of the pressure-
induced changes at T, is important for developing an in-depth
understanding of the influence of pressure on the structure and
properties of glasses. The present paper has reviewed studies in
the open literature, which have investigated the influence of hot
compression on the composition-structure—property relation-
ships in oxide glasses. Existing works provide a good understand-
ing of the pressure-induced changes in the structure of the glasses
compressed in the rigid and non-rigid state, although advanced
studies might reveal unexpected behaviors. Comparatively fewer
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efforts have been directed toward understanding the pressure-
induced changes in the glass properties. Here, we have shown that
permanent densification of glasses can be achieved at elevated
temperatures and at pressures much lower than cold-compressed
glasses. Furthermore, such permanent densification at pressure
around 1 GPa sets at temperatures above 0.77, and the degree
of densification increases with increasing compression tempera-
ture and time, until attaining an approximately constant value
for temperatures above T,. For glasses compressed at the same
temperature/pressure conditions, direct relations between the
degree of volume densification and the pressure-induced change
in micromechanical properties exist, such as hardness, elastic
moduli, and extent of the ISE across a variety of glass families.
Despite this recent progress, many unanswered questions and
challenges remain, which should be addressed in order to develop
quantitative relationships between macroscopic properties and
structures of oxide glasses at high pressure. While experimental
evidence for the short-range chemical order have been revealed
for the glasses at both ambient and high pressure, several aspects
of the chemical disorder are largely unknown at high pressure.
The pressure-induced changes in the structural speciation of dif-
ferent network-modifying cations are not well understood, since
majority of studies focused on Na-containing glasses due to the
»Na NMR structural probe. Moreover, revealing medium-range
structural changes and nanoscale-heterogeneities in oxide glasses
at high pressure and correlating them with property changes is
another challenge that should be addressed in future work.
Furthermore, our knowledge of the pressure-induced changes at
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