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Hot isostatic compression is an interesting method for modifying the structure and properties of
bulk inorganic glasses. However, the structural and topological origins of the pressure-induced changes in
macroscopic properties are not yet well understood. In this study, we report on the pressure and
composition dependences of density and micromechanical properties (hardness, crack resistance, and
brittleness) of five soda-lime borosilicate glasses with constant modifier content, covering the extremes
from Na-Ca borate to Na-Ca silicate end members. Compression experiments are performed at pressures
<1.0 GPa at the glass transition temperature in order to allow processing of large samples with relevance
for industrial applications. In line with previous reports, we find an increasing fraction of tetrahedral boron,
density, and hardness but a decreasing crack resistance and brittleness upon isostatic compression.
Interestingly, a strong linear correlation between plastic (irreversible) compressibility and initial trigonal
boron content is demonstrated, as the trigonal boron units are the ones most disposed for structural and
topological rearrangements upon network compaction. A linear correlation is also found between plastic
compressibility and the relative change in hardness with pressure, which could indicate that the overall
network densification is responsible for the increase in hardness. Finally, we find that the micromechanical
properties exhibit significantly different composition dependences before and after pressurization. The
findings have important implications for tailoring microscopic and macroscopic structures of glassy

materials and thus their properties through the hot isostatic compression method.
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I. INTRODUCTION

Crystalline materials of the same chemical composition
can undergo first-order phase transformations at high
pressure into polymorphs with unusual chemical and
physical properties due to different short- and long-range
ordering and symmetries. Compression is thus an important
tool in the synthesis of novel crystalline materials, as
demonstrated, e.g., by the high-pressure synthesis of
new superconductors [1]. While the effects of pressure
on the structure and various macroscopic properties of
glasses (e.g., density and viscosity) have been extensively
studied [2], comparable breakthroughs in using compres-
sion as a method to prepare bulk silicate glassy materials
with novel performances on an industrial scale are still
largely lacking. This gap exists despite the fact that glasses
can also undergo an analogous phenomenon known as
polyamorphism [3,4]. Polyamorphism is observed in differ-
ent glass compositions, such as the low-density and
high-density glassy phases of water [5-8]. While such
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polyamorphic phases may exhibit interesting properties,
they usually form at very high pressures and/or temper-
atures. These conditions currently inhibit the preparation of
samples of large geometry, traditionally not reaching above
1 GPa for samples of 20 mm maximum diameter.
Furthermore, and to the best of our knowledge, so far
no definitive evidence for polyamorphism in silicate
glasses, which are the most important materials for the
glass industry [9], has been reported.

However, besides the first-order polyamorphic transi-
tions, glasses can exhibit continuous changes in short-
and intermediate-range order during pressurization.
Consequently, it is possible to tune the atomic bonding
and packing density of bulk glass samples and thereby alter
their macroscopic physical properties. Such compression
usually has to be done at elevated temperature (e.g., around
the glass transition temperature T ), since most structural
changes at room temperature are reversible upon decom-
pression at pressures below 5-10 GPa [10,11]. Isostatic
compression of bulk oxide glasses at pressures up to 1 GPa
around T, is found to increase density, refractive index,
elastic moduli, and hardness, whereas crack resistance
and fracture toughness decrease [12-18]. In order to
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design new glass compositions with novel property combi-
nations through quenching from the high-pressure—high-
temperature condition, detailed understanding of the
structural and topological origins of these changes and
their compositional dependences is required. Tuning the
mechanical properties of glasses is especially important
given the increasing demand for stronger, thinner, and more
flexible glasses in recent years [19-21].

In this work, we investigate the effect of chemical
composition on the pressure-induced changes in density
and micromechanical properties of bulk borosilicate
glasses. Specifically, we investigate the effects of B,O;-
for-SiO, substitutions in soda-lime borosilicate glasses
with fixed modifier content, covering the extremes from
Na-Ca borate to Na-Ca silicate end members. The system is
interesting, since different structural and topological rear-
rangements are found to occur upon compression, such
as an increase of the average coordination number of B3,
while that of Si** is unaffected within this pressure-
temperature regime [15]. Moreover, this series contains
abundant topological and structural features, e.g., the
variation of boron speciation with chemical composition.
The present study sheds light on the structural units
responsible for the pressure-induced changes in macro-
scopic properties, which is further investigated through
supplementary nuclear-magnetic-resonance (NMR) mea-
surements. For example, we demonstrate a strong correla-
tion between the plastic compressibility and the initial
trigonal boron content in the soda-lime borosilicate glasses.
This compressibility feature of the trigonally coordinated
boron atoms has been directly applied in the design of a
recent commercial glass (Corning® Gorilla® Glass 3) [22].

II. EXPERIMENTAL

Glasses in the system (75— x)SiO,-xB,05-15Na,0-
10Ca0, with x = 0, 15, 37, 50, and 75 were investigated.
The three glasses with x =37, 50, and 75 were taken
from previous studies [17,23]. All of the glasses were
synthesized in PtoyRh;( crucibles using the melt-quenching
method with analytical reagent-grade raw materials (SiO,,
H;BOs3, Na,COj3, and CaCO3). The chemical compositions
of the final glasses were determined using inductively
coupled plasma and flame emission spectroscopy; the
results are reported in Table I. The high-B,0;-containing
samples (x = 37, 50, and 75) were kept in containers with
desiccant.

Prior to compression, the glasses were annealed for ~2 h
at their respective T, values to ensure uniform thermal
history. T, is determined using differential scanning calo-
rimetry at 10 K/ min (Table I). Glass samples with dimen-
sions of about 12 x 12 x 3 mm? were then cut and the flats
were optically polished. These samples were isostatically
compressed by loading individual samples into a vertically
positioned gas pressure chamber with an internal diameter
of 6 cm. As described in detail elsewhere [24], a multizone

TABLE 1. Analyzed chemical compositions, initial fraction of
tetrahedral to total boron (N,), and glass transition temperature
(T ) of the investigated glasses. Compositions are analyzed using
inductively coupled plasma and flame emission spectroscopy, Ny
determined using ''"B MAS NMR spectroscopy, and T, deter-
mined using differential scanning calorimetry at a rate of
10 K/ min. The errors in N, and T, are +2.5 at. % and
+2-3 K, respectively.

Chemical composition (mol %)

Glass ID SiO, B,0; CaO Na,0 Ny (at. %) T,(K)
SLS 756 .-~ 100 144 . 831
BIS 584 165 101  15.0 700 843
B37° 369 384 106  14.1 535 813
B50° 249 493 108  15.0 489 803
B75° o741 105 154 399 775

“Data from Ref. [23].

cylindrical graphite furnace is placed inside the gas pressure
reactor with nitrogen as the compression medium. The
samples were heated at a constant rate of 600 K/h to their
respective ambient pressure 7', values for each composition.
The system is kept at these conditions under high nitrogen
pressure (0.2, 0.4, 0.6, or 1.0 GPa) for 30 min. Afterwards
the furnace is cooled down to room temperature at a
constant rate of 60 K/min and the system is decompressed
with a rate of 30 MPa/min at room temperature. X-ray-
diffraction analyses of these samples showed no evidence of
crystallization due to the treatment. We note that the glass
transition temperature is a function of pressure [25], but the
obtained data are all for a constant applied pressure and the
value of viscosity at the compression temperature is thus
approximately a fixed value for the comparisons made.
Moreover, we make no assumptions about 7', as a function
of pressure in our analyses and have simply picked a
common temperature for the compression experiments.
Following compression, the samples are subjected to
different types of characterization. Density (p) is determined
using the Archimedes principle with water or ethanol as the
immersion medium. Each measurement of sample weight is
repeated at least ten times. Vickers microindentation
(Duramin 5, Struers A/S) is used to study the micro-
mechanical properties in air at room temperature using a
dwell time of 15 s. Crack resistance is determined by
performing indentations at different loads of 0.098, 0.25,
0.49, 0.98, 1.96, 2.94, 491, 9.81, and 19.6 N. Thirty
indentations are performed at each load. The number of
radial corner cracks is then counted. The crack resistance of
the glasses is quantified as the load resulting in an average of
two out of four radial cracks at the corner of the indentations
[26]. Vickers hardness (Hy) and the crack-to-indent size
ratio (c¢/a) are measured at a load of 9.81 N, where c is the
indentation crack length (distance from indent center to
crack tip) and « is the indent’s half diagonal. The average
values of Hy and c/a from thirty indents are reported.
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"B and ?’Na magic-angle-spinning (MAS) NMR
experiments on the borosilicate glass with x =15 (as-
prepared and compressed at 1 GPa) are conducted at 16.4 T
using a commercial spectrometer (VNMRS, Agilent) and
MAS NMR probes. Resonance frequencies for ''B and
ZNa at this external magnetic field strength are 224.51
and 185.10 MHz, respectively. Samples are crushed using
an agate mortar and pestle, packed into 3.2-mm zirconia
rotors and spun at frequencies of nominally 20 kHz. ''B
and 2*Na MAS NMR spectra are collected using short
radio-frequency pulses (0.6 us, equivalent to z/12 tip
angles), relaxation delays of 5 s and signal averaging of
1000 to 2000 acquisitions. Data are frequency referenced to
aqueous boric acid at 19.6 ppm and aqueous NaCl at 0 ppm
for ''B and >*Na, respectively. ''B MAS NMR spectra are
fit using DMFIT [27] to reproduce B and B!V line shapes,
and N, values are determined from the integration of these
resonances. N, values for the three as-prepared glasses with
x =37, 50, and 75 are taken from the previous study [23].

The soda-lime silicate glass (x = 0) compressed at | GPa
is also subjected to isothermal annealing (relaxation)
experiments at ambient pressure. The glass is annealed
at 765 K (corresponding to 0.927 ;, where T, is the value
prior to compression) by placing it in a preheated electric
furnace. After the predetermined annealing time, the
samples are rapidly quenched from the heated furnace.
Density and hardness of the sample are then determined
ex situ and the same sample is further annealed at the same
temperature. The reported annealing time (between 2 and
5000 min) thus represents the sum of all the annealing
intervals.

III. RESULTS

Figure 1(a) shows "B MAS NMR spectra of the as-
prepared and compressed (at 1 GPa) borosilicate glass with
x = 15. These spectra are characterized by a broad peak
centered around +15 ppm, corresponding to trigonal boron
(B sites, and a relatively narrow peak centered around
0 ppm, corresponding to tetrahedral boron (B'Y) sites. The
fraction of tetrahedral to total boron (N,) is found through
simulation of the spectral line shapes and subsequent
integration. The values of N, for the glasses prior to
compression are reported in Table 1. The ''B MAS
NMR spectra and the quantification of N4 for the three
glasses with x = 37, 50, and 75 prior to compression have
already been reported in Ref. [23]. We note that these
previously published values of N, are uncorrected for
overlapping satellite transition from the B!V sites. To
maintain consistency with these values, we also here report
the uncorrected values of N,, but note that our fits and
analyses show that they are around ~2 at. % too high
compared to the corrected values.

It is seen from Table I that N, increases with an
increasing Si0O,/B,0;5 ratio for the as-prepared glasses,
as it has been previously found [28]. For the glass with

(a)

as-prepared: N, = 70 at. %

—— compressed: N, = 77 at. %

30 20 10 0 -10
"B NMR Shift (ppm)

(b)

—— as-prepared
—— compressed

30 20 10 0 -10 -20 -30 -40 -50

#Na NMR Shift (ppm)

FIG. 1. (a)!'B MAS and (b) 2Na MAS NMR spectra at 16.4 T
of the as-prepared and compressed (at 1 GPa) borosilicate glass
with x = 15. The uncertainty of N, is +2.5 at. %.

x = 15, isostatic compression at Ty and 1 GPa causes an
increase of N, from 70 to 77 at. %. For the glass with
x =75, we have previously found that N, increases from
39.9to41.1 at. % following isostatic compression at T, and
0.57 GPa [17]. These changes in boron speciation due to
pressurization are comparable with literature results for
similar pressurization conditions [18].

2Na MAS NMR spectra show an increase in the
frequency shift upon compression for the glass with
x = 15 [Fig. 1(b)]. 2?Na 3QMAS NMR studies have also
been conducted on the as-made and compressed B15
glasses, providing a means to determine if these changes
to the MAS NMR line shape are due to isotropic chemical
shift (di,) or quadrupolar coupling product (Py).
Evaluation of the 3QMAS NMR data, using the center
of gravity in both the MAS and isotropic shift dimension,
indicates that compression leads to a change in J;, only,
with P relatively unchanged (2.08 vs 2.03 MHz) in the
B15 glass. This behavior is consistent with a shortening
of Na—O bond length with pressure, and likely without
any change in sodium coordination number [15,29,30],
which is also consistent with other studies of sodium in
glasses compressed at much higher pressures [31].
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FIG. 2. Density of the five investigated glasses as a function
of the applied isostatic pressure (p) at ;. Errors associated with
the density results are smaller than the size of the symbols. The
dashed lines represent linear fits to the data (R> > 0.97). Data for
the B75 glass are from Ref. [17].

The pressure dependence of density is shown in Fig. 2.
Densification of the five glasses exhibits a linear depend-
ence on pressure in the investigated pressure region, as
previously found for other oxide glasses [13]. Likewise,
Vickers hardness increases linearly with the applied iso-
static pressure (Fig. 3), i.e., as the network densifies, a
higher load is required to cause a given indent size. The
rates of change in both density (dp/dp) and hardness
(dH\y /dp) with pressure exhibit a composition dependence
that will be discussed later.

The effect of pressurization on cracking behavior is
displayed in Figs. 4 and 5. Figure 4(a) shows the percentage
of radial cracks initiated by the sharp Vickers diamond
for the SLS glass with different isostatic pressures. Similar
crack-initiation-probability curves are collected for the
other glasses. An increase in crack-initiation probability
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FIG. 3. Vickers hardness of the five investigated glasses as a
function of the applied isostatic pressure (p) at T;,. Hardness is
reported for an applied indentation load and dwell time of 9.81 N
and 15 s, respectively. The dashed lines represent linear fits to the
data (R*> > 0.70). Data for the B75 glass are from Ref. [17].
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FIG. 4. (a) Crack-initiation probability as a function of the

applied indentation load for the silicate (SLS) glass compressed
at different isostatic pressures. (b) Pressure dependence of the
crack resistance, which is calculated as the load that causes the
crack-initiation probability to reach 50%. Data for the B75 glass
are from Ref. [17].

as a function of applied indentation load and isostatic
pressure is seen for all glasses, in agreement with previous
findings for other glasses [17]. The indentation load at
which the crack-initiation probability would be 50% is
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FIG. 5. Ratio of crack length to half diagonal of the indent

(¢/a) for applied indentation load of 9.81 N as a function of
the isostatic pressure (p) of the five glasses. Data for the B75
glass are from Ref. [17].
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referred to as the crack resistance, and its composition
and pressure dependence is shown in Fig. 4(b). An overall
decrease in crack resistance with increasing pressure is
seen for the five glasses. Figure 5 shows the ratio of crack
length to half diagonal of the indent (c¢/a) as a function of
isostatic pressure for the five glasses. ¢ and a are deter-
mined shortly (<20 s) after indentation (P = 9.81 N) to
minimize subcritical crack growth. c/a generally increases
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FIG. 6. Relaxation of density and hardness of the silicate
(SLS) glass compressed at 1 GPa. Dependence of (a) density
and (b) hardness on annealing time (7,) at 0.927; (765 K) under
ambient pressure. (c) Annealing time dependence of the relax-
ation function (M) for density and hardness. M is defined in
Eq. (1). The dotted lines represent fits to Eq. (2).

with increasing isostatic pressure, which is indicative of
increased brittleness [32].

The SLS glass isostatically compressed at 1 GPa is
annealed under ambient pressure at 0.92T, (765 K) for
various durations (¢,). This annealing causes a decrease of
density [Fig. 6(a)] and hardness [Fig. 6(b)] with increasing
annealing duration, i.e., these properties of the compressed
glass are relaxing towards those of the glass prior to
compression. To describe the relaxation process of density
and hardness of the compressed glass quantitatively, a
relaxation function (M) is defined as the fraction of the
property (P) unrelaxed at time ¢,

M(t,) is then described by the Kohlrausch stretched
exponential relaxation function [33],

M(1,) = exp {— G)ﬁ] , (2)

where 7 is the characteristic relaxation time for the decay
and 0 < <1 is the dimensionless stretching exponent.
The relaxation function decays from an initial value of
M(0) =1 to M(oo0) = 0 in the limit of infinite time. The
upper limit of f =1 corresponds to simple exponential
decay, while lower values of f are indicative of a more
complicated nonexponential relaxation process [34]. The
fitted and experimental values of M(z,) are shown in
Fig. 6(c) for relaxation of both density and hardness.
Because of the relatively large error range and small
changes in absolute values of the hardness data, no detailed
discussion can be done based on the values of 7 and f
for hardness. However, it is clear that the relaxation time for
hardness is significantly lower than that for density. For
density relaxation, the fitted value of f is equal to 0.57,
which is close to the Phillips value of 3/5 [34], in
agreement with previous findings [16,24].

IV. DISCUSSION

To compare the extent of the density increase due to
compression in the different glass compositions, we cal-
culate the irreversible plastic compressibility, defined as
—(1/V)(dV/dp). This is the volume change measured
after decompression to ambient pressure, i.e., the real
compressibility would also contain an elastic (reversible)
contribution, which we do not measure. Figure 7 illustrates
the dependence of plastic compressibility on the concen-
tration of B units in the as-prepared glasses. Plastic
compressibility is calculated from the slopes of the linear
fits to density vs pressure in Fig. 2, whereas the concen-
tration of trigonal boron is calculated based on the analyzed
compositions and N, values from ''B MAS NMR mea-
surements in Fig. 1(a) and Ref. [23]. We note that the
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FIG. 7. Plastic (irreversible) compressibility plotted as a func-
tion of the concentration of trigonal boron units in the silicate
(SLS), borate (B75), and three borosilicate (B15, B37, B50)
glasses. Plastic compressibility is calculated from the slopes of
the linear fits to density vs pressure in Fig. 2, whereas the
concentration of trigonal boron is calculated based on the
analyzed compositions and N, values from !'B MAS NMR
measurements. Inset: plastic compressibility as a function of the
total concentration of B,Oj5. The dashed lines represent linear fits
to the data.

concentration of trigonal boron plotted in Fig. 7 is that at
ambient pressure prior to isostatic compression, since this
value represents the number of species most disposed for
structural modification during compression. The linear
correlation between plastic compressibility and [B™] has
R% = 0.998, which is thus a stronger correlation than that
between plastic compressibility and total B,O; content
with R? = 0.973 (inset of Fig. 7). To the best of our
knowledge, no detailed studies on the structural changes of
borate glasses at <1 GPa and Tg have been conducted, but
the main densification mechanism of these glasses at higher
pressures has been suggested to consist of changes in the
ring structures of the borate network [35-38]. The boron
units disposed toward densification are therefore best
represented by the amount of trigonal boron present in
the as-prepared glass. These are also the boron units which
are susceptible for coordination number change upon
compression. Establishing the correlations among plastic
compressibility and different structural units may be help-
ful in the design of new damage-resistant glass composi-
tions [22,39], as the pressure-induced deformations during
mechanical load lead to structural and topological rear-
rangements that are important to understand for clarifying
fracture origins.

Both density (Fig. 2) and hardness (Fig. 3) correlate
linearly with the applied isostatic pressure, in agreement
with previous findings [17,18]. In addition, a linear
correlation between the slope of the hardness vs pressure
(dHy /dp) and plastic compressibility can be seen (Fig. 8),
suggesting that the overall network densification is respon-
sible for the increase in hardness upon compression. This
correlation during mechanical densification does not apply,

2.0 ,
2 _ ///
= 154 R=0987 .
o i
S o
o /%
o 1.04 i P
Q .
Ko 7
T 05 % <
-o
0.0 +- : : :
0.02 0.03 0.04 0.05

Compressibility (GPa™)

FIG. 8. Dependence of the slopes of the curves (dHy/dp) in
Fig. 3 on the plastic compressibility for the silicate (SLS), borate
(B75), and three borosilicate (B15, B37, B50) glasses. Plastic
compressibility is calculated from the slopes of the linear fits to
density vs pressure in Fig. 2.

however, during subsequent thermal relaxation (annealing).
Here a decoupling between hardness and density relaxation
is found for the compressed SLS glass [Fig. 6(c)] and
previously also for a borate glass [18]. Changes in glass
properties with densification have previously been found
to exhibit different dependences on density, depending on
whether densification is achieved by thermal or mechanical
treatment [40]. This result indicates that identical densities,
achieved either by thermal or mechanical treatment, may
not necessarily result in identical glass structures. However,
the fact that the density and hardness values of the
thermally relaxed glass approach those of the as-prepared
glass suggests the existence of structural similarities
between the two. Previously, thermal relaxation of a
mechanically densified sodium borosilicate glass has been
suggested to be viscosity driven [16], with intermediate-
range recovery governing macroscopic density relaxation
[41]. That is, intermediate-range structures may be similar
in the thermally relaxed and the as-prepared glasses. During
thermal relaxation of a compressed borate glass at 0.97,
the tetrahedral boron fraction and sodium environments
(i.e., short-range ordering) have, however, been found to
remain constant during thermal density relaxation [18],
viz., the relaxed and as-prepared glasses have different
glass  structures, despite having similar density.
Unfortunately, these findings do not allow for an identi-
fication of the structural origins of the decoupling between
density and hardness during thermal relaxation [Fig. 6(c)],
since intermediate-range ordering is found to be correlated
with density, whereas short-range ordering is expected to
remain constant during hardness and density relaxation at
0.92T , [18]. However, the finding that density changes can
occur without a corresponding hardness change [see
longest annealing times in Fig. 6(c)] is a surprising result,
and the potential isolation of key structural features
governing macroscopic properties may be possible by
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further structural studies of these types of density
modifications.

The mechanical properties (hardness, crack resistance,
and brittleness) exhibit different dependences on compo-
sition and pressure [Figs. 9(a)-9(c)]. Hardness and c/a
both increase following compression for all glass compo-
sitions, but they display extrema at different SiO,/B,0;
ratios. For all the as-prepared samples, crack resistance and
¢/a both exhibit minimum values for the composition with
approximately equal concentrations of SiO, and B,O5, but
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FIG. 9. Dependence of the mechanical properties on compo-
sition and pressure (0.1 MPa, 0.4 GPa, and 1.0 GPa). (a) Vickers
hardness from Fig. 3. (b) Ratio of crack length to half diagonal of
the indent (c¢/a) from Fig. 5. (c) Crack resistance from Fig. 4(b).

the compositional trends of these properties are signifi-
cantly changed following compression. Furthermore, it
should be noted that the SLS glass only exhibits minor
changes in hardness and ¢/a but large change in crack
resistance upon compression. These differences in the
composition and pressure dependence of the mechanical
properties suggest they have different structural origins.
Hence, the hot isostatic compression method offers a way
to balance different mechanical properties when varying
composition and pressure, which may have important
practical implications. For example, the introduction of
small amounts of B,Oj; in the silicate end-member glass
significantly increases hardness at ambient pressure, which
is further increased upon compression (Fig. 3). However,
the introduction of B,O; also causes an increase of
brittleness upon compression, which is avoided in the
silicate end-member glass (Fig. 5).

The compositional dependence of Vickers hardness
of soda-lime borate [42] and soda-lime borosilicate [23]
glasses has previously been successfully predicted using
temperature-dependent constraint theory. According to this
model [42], hardness is proportional to the number of
network constraints in excess of 2.5, with an unknown
proportionality constant (dHy /dn):

() = (G

where n(x) is the number of room-temperature constraints
(two-body bond length and three-body bond angular) for
the composition x. The pressure treatment will change the
number of constraints due to network-former coordination
number changes. Hence, an increase in n is only expected
to be the result of an increasing fraction of tetrahedral boron
(viz., BYY contributes more constraints than B"). By using
the ''B MAS NMR data from Fig. 1(a), the calculated
increase in hardness due to the change in boron speciation
for the B15 glass is a maximum of 0.2 GPa [23]. This
increase is less than half of the observed value (Fig. 3).
Furthermore, the change in boron coordination number has
previously been found to be decoupled from the pressure-
induced change in hardness [18]. These results indicate that
the network densification also changes the scaling factor
(dHy/dn) in the model of Eq. (3), i.e., there is a larger
increase in hardness per constraint for a densified than
as-prepared glass structure.

The pressure-induced structural changes suggested to
occur in borate and silicate glasses within the pressure
regime below 5 GPa include changes in the silica and
borate ring networks [15,43,44], an increase in the number
of silicon first neighbors surrounding tetrahedral boron [45]
(with the “tetrahedral boron avoidance” principle as a good
approximation in pressurized borosilicate glasses [45]),
a reduction in the number of nonbridging oxygen on silica
tetrahedra accompanying the conversion of B to B!V [45],

) in(x) - 2.3]. 3
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and a compression of Na-O bond lengths [15,18]. These
topological changes may affect the rigidity of the network
constraints and accordingly affect the mechanical proper-
ties. However, the same topological description used to
describe the composition dependence of hardness cannot
be applied to the other mechanical properties (brittleness
and crack resistance), since they follow other compositional
and pressure dependencies (Fig. 9).

V. CONCLUSIONS

Isostatic pressure-induced changes in density and micro-
mechanical properties of soda-lime borosilicate glasses
exhibit pronounced composition dependence. Plastic com-
pressibility is found to be strongly correlated with the B,O3
content, particularly with the content of trigonal boron units
present in the as-prepared glass. This dependence may arise
because the trigonal boron units are the structural elements
most prone to densification during compression. A linear
correlation between pressure-induced hardness and density
changes is also found. On the other hand, these properties
are found to be decoupled during subsequent thermal
relaxation at ambient pressure, which may be because
thermal and mechanical structural modifications operate
through different mechanisms. Finally, the micromechan-
ical analyses show that hardness, crack resistance, and
brittleness exhibit significantly different pressure and
composition dependences, indicating their different struc-
tural origins. The presented hot isostatic compression
method thus offers wide versatility in terms of tailoring
a combination of glass properties that are suitable for a
particular composition or application based on the intended
function. Understanding the response of glasses to high
pressure is also important for clarifying fracture origins
during mechanical load, as the pressure-induced deforma-
tions lead to structural and topological rearrangements.
Establishing correlations between plastic compressibility
and different structural units may thus be helpful in the
design of new damage-resistant glass compositions.
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