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ABSTRACT: Glass exhibits a significant change in properties when subjected
to high pressure because the short- and intermediate-range atomic structures of
glass are tunable through compression. Understanding the link between the
atomic structure and macroscopic properties of glass under high pressure is an
important scientific problem because the glass structures obtained via quenching
from elevated pressure may give rise to properties unattainable under standard
ambient pressure conditions. In particular, the chemical strengthening of glass
through K+-for-Na+ ion exchange is currently receiving significant interest due to
the increasing demand for stronger and more damage-resistant glass. However,
the interplay among isostatic compression, pressure-induced changes in alkali diffusivity, compressive stress generated through
ion exchange, and the resulting mechanical properties are poorly understood. In this work, we employ a specially designed gas
pressure chamber to compress bulk glass samples isostatically up to 1 GPa at elevated temperature before or after the ion
exchange treatment of a commercial sodium−magnesium aluminosilicate glass. Compression of the samples prior to ion
exchange leads to a decreased Na+−K+ interdiffusivity, increased compressive stress, and slightly increased hardness.
Compression after the ion exchange treatment changes the shape of the potassium−sodium diffusion profiles and significantly
increases glass hardness. We discuss these results in terms of the underlying structural changes in network-modifier environments
and overall network densification.
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■ INTRODUCTION

The application of pressure enables precise tuning of the
interatomic distances and bonding patterns in a material. In
crystalline solids, compression can lead to phase trans-
formations, producing structures with unusual chemical and
physical properties.1 A classic example is the pressure-induced
transformation of soft graphite with sp2 C−C bonding into
hard diamond with sp3 C−C bonding.2 More recently,
advances in experimental and theoretical techniques at high
pressure have enabled the synthesis of new superconductors3,4

and the discovery of metal-to-semiconductor transitions.5 For
crystalline materials, compression has thus become an
important tool in the synthesis of new materials via phase
transformations.1,6,7 However, comparable breakthroughs in
attainment of unique properties for glassy materials through
compression on an industrial scale are still lacking.
When a glassy material is subjected to sufficiently high

pressure, significant changes can take place in the short- and
intermediate-range structures and thereby alter the macroscopic
physical properties.8−10 Although these structural changes
under high pressure are still not well understood, topological
changes facilitating densification have been found to include

changes in the coordination number of network-former ions,11

volumetric compaction of network-modifier sites,11 and
changes in intermediate-range atomic order.11,12 Permanent
densification of glass is conventionally achieved by cold
compression in diamond anvil cells at pressures above 8−10
GPa.13 This method allows experiments to be performed in the
high-pressure regime and has led to interesting results on
pressure-induced structural changes in glass.12 However, only
small sample specimens can be processed,14 and subsequent
characterization of macroscopic properties (e.g., mechanical
properties) is often impossible. By performing compression
experiments at elevated temperature, permanent densification is
obtainable at much lower pressures,15,16 enabling processing of
larger sized specimens. If novel glass properties can be obtained
through such experiments, this approach has the potential to be
industrially relevant. Mild compression at elevated temperature
has been shown to affect a range of properties of glasses
including hardness,17 optical properties,16 and elastic mod-
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uli,18,19 as well as short-range network structure.16 In this study,
isostatic compression experiments are performed using a
specially designed gas pressure chamber with large inner
volume (up to 100 mm), enabling simultaneous application of
high pressure (up to 1 GPa) and high temperature (>1000 °C).
Improvements in strength and damage resistance have

proven to be vital attributes for enabling new advanced
applications of glass.20−22 Various methods of glass strengthen-
ing (e.g., thermal tempering, ion exchange, and surface
crystallization) are utilized for commercial glasses.23 Chemical
strengthening through ion exchange has the capability of
introducing high compressive stress in thin plates without
optical distortion, leaving it as the leading candidate for
strengthening of cover glasses. This chemical strengthening is
achieved by the exchange of a small alkali ion (Na+) with a
larger one (K+) in the glass surface by interdiffusion upon
submersion in a liquid salt bath (KNO3). This results in the
formation of a compressive stress at the surface and
enhancement of the strength and damage resistance of the
glass. However, the effective increase of damage resistance
achievable by this method is limited by compositional and
topological restrictions pertaining to the given glass.23,24 In
addition, understanding the basics of the alkali interdiffusion is
of critical importance for optimization of this strengthening
approach.
In this work, we investigate the ion exchange characteristics

(magnitude and depth of the compressive stress layer) of
samples subjected to isostatic compression before or after the
ion exchange treatment. The experiments are performed on a
commercial sodium−magnesium aluminosilicate glass.25 This
provides information on the pressure-induced changes in alkali
diffusivity, the relationship between isostatic compression and
generated compressive stress, and its effect on the mechanical
properties of the glass, which we quantify here through Vickers
indentation. To link the trends in ion exchange characteristics
and hardness to the local atomic network structures, we have
also performed nuclear magnetic resonance (NMR) measure-
ments at high field on selected samples. The experimental
approach is illustrated in Figure 1. With this study, we thus

shed light on the possibility of combining isostatic compression
with ion exchange to generate novel glass properties.

■ EXPERIMENTAL SECTION
Sample Preparation. The glass under investigation is a

commercial sodium−magnesium aluminosilicate composition with
glass transition temperature Tg = 652 °C.25 Fusion-drawn glass sheets
with dimensions of approximately 10 × 10 × 0.7 mm3 were used. The
glass samples were subjected to ion exchange treatment either before
or after an isostatic compression at 0.5 or 1 GPa. In the following,
samples compressed after ion exchange are referred to as postcom-
pressed, while samples compressed prior to ion exchange are referred to
as precompressed. In addition, a base glass subjected only to ion
exchange treatment was also prepared.

The ion exchange treatment was performed in a molten KNO3 salt
bath by submersion for 10 h at 410 °C. This effectively exchanged K+

from the salt bath for Na+ in the glass surface, with only minor changes
in the amount of other elements or total alkali concentrations.26 The
isostatic compression was performed by loading individual samples
into a vertically positioned gas pressure chamber with an internal
diameter of 6 cm. A multizone cylindrical graphite furnace was placed
inside the gas pressure reactor with nitrogen as the compression
medium. To monitor the temperature during the experiments,
PtRh6%−PtRh30% thermocouples were used. The pressure was
measured by Manganin gauges positioned in the low temperature zone
of the reactor. The pressure and temperature were stabilized with an
accuracy of 1 MPa and 0.1 K, respectively. The samples were heated
with a constant rate of 600 K/h to the desired temperature (room
temperature, 450 °C, or 600 °C). The system was kept at these
conditions under high nitrogen pressure (0.5 or 1 GPa) for 1 h.
Afterward, the furnace was cooled to room temperature at a constant
rate of 60 K/min, and the system was decompressed at a rate of 30
MPa/min at room temperature.

Characterization. All of the samples were subjected to four types
of analyses to determine density, hardness, compositional depth
profiles of potassium, surface compressive stress, and the depth of the
compressive stress layer. In addition, 23Na and 27Al NMR measure-
ments were performed on two of the precompressed glasses and the
glass sample that was only subjected to ion exchange (i.e., without
pressurization). Density (ρ) was determined using Archimedes’
principle with water as the immersion medium. Each measurement
of sample weight was repeated at least 10 times. The Vickers hardness
(HV) of the samples was determined using a microindenter (Duramin
5, Struers A/S). A minimum of 60 indents were conducted on each

Figure 1. Schematic illustration of the experimental approach. Fusion-drawn glass sheets are cut to the dimensions of 10 × 10 × 0.7 mm3. These
glass samples are then subjected to ion exchange treatment in a KNO3 bath either before or after a hot isostatic compression at 0.5 or 1 GPa and are
referred to as postcompressed (upper part) or precompressed (lower part) samples, respectively. Following compression and ion exchange, density is
measured using Archimedes’ principle, structure is characterized through 27Al and 23Na NMR, potassium diffusion profiles are determined using
EMPA, depth of layer and compressive stress are determined by optical FSM measurements, and hardness is determined by Vickers indentation.
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sample using an indentation time of 10 s and an indentation load of
9.81 N. The measurements were performed in air at room
temperature.
To study the effects of pre- and postcompression on the K+-for-Na+

diffusion process, compositional depth profiles of potassium were
determined using an electron micro probe analyzer (EMPA). The
measurements were performed on a JEOL 8900R Superprobe (JEOL
USA, Inc., Peabody, MA) equipped with 5 WDS spectrometers. The
penetration depth of the potassium ions due to ion exchange was also
measured using an FSM-6000 instrument (Orihara Industrial Co.,
Ltd.), which also provides the surface compressive stress. The K+-for-
Na+ ion exchange gives the glass surface a higher refractive index than
the interior, that is, the surface can act as a waveguide. This is utilized
in the FSM instrument to record optical fringe patterns, giving an
upper set of fringes corresponding to the TM mode of light
propagation and a lower set of fringes corresponding to the TE
mode. The offset in position between the first TM and TE fringes
gives the birefringence, which, when multiplied by the stress-optic
coefficient, yields the surface compressive stress (CS) of the glass. The
depth of the compressive layer (DOL) is calculated from the number
of fringes and the width of the fringe pattern based on the TM mode
data. A total of eight FSM measurements were performed on each
sample. Examples of the optical FSM fringe patterns are shown in
Figure S1 (Supporting Information).

27Al and 23Na magic-angle spinning (MAS) and multiple quantum
MAS (MQMAS) NMR experiments were conducted at 16.4 T, using a
commercial spectrometer (Agilent) and 3.2 mm MAS NMR probe.
The resonance frequencies at this external magnetic field were 182.34
and 185.12 MHz for 27Al and 23Na, respectively. Samples were crushed
and loaded into 3.2 mm zirconia rotors, which gave a small 27Al
background signal that was identified by running duplicate MAS NMR
experiments on the empty rotors. Sample spinning was controlled to
20 ± 0.01 kHz. MAS data for both nuclei were collected using short
radio frequency pulses of 0.6 μs (π/12 tip angle), 2−5 s recycle delays,
and signal averaging of 1000 scans. Data were processed without
apodization and shift referenced to aqueous Al(NO3)3 and aqueous
NaCl, both at 0.0 ppm. 27Al MAS NMR spectra were fit with DMfit
and the Czjzek model to account for distributions in quadrupolar
coupling parameters.27

MQMAS NMR spectra were collected for 27Al (23Na) using the
three pulse, zero quantum filtering method.28 The hard π/2 and 3π/2
pulse widths were calibrated to 1.1 (1.6) and 3.3 (4.8) μs, and the soft
reading pulse of the z-filter was optimized to 15 (20) μs. In the case of
27Al, 24 scans were collected for each of 200 t1 points, using a recycle
delay of 0.5 s. For 23Na, 48 scans with a 2 s recycle delay were used to
collect 40 t1 points. Spectra were processed using commercial software
(VNMRJ, Agilent) and modest line broadening (200 and 100 Hz for
27Al, 23Na). For each resonance in the 3QMAS NMR spectra, the
centers of gravity in the MAS and isotropic dimensions, δ2

CG and δiso
CG,

are used to calculate the isotropic chemical shift (δCS) and the
quadrupolar coupling product (Pq) according to

δ δ δ= +10
27

17
27CS 2

CG
iso
CG

(1)

and

δ δ ν= − × −P f S( ) ( ) 10q iso
CG

2
CG 1/2

0
3

(2)

where f(S) = 10.244 for spin-5/2 nuclei (27Al) or 5.122 for spin-3/2
nuclei (23Na), and ν0 is the resonance frequency of the quadrupolar
nucleus in megahertz (MHz).28 Pq from eq 2 can be related to the
quadrupolar coupling constant (Cq) as Pq = Cq(1 + ηq

2/3)1/2, where ηq
is the quadrupolar coupling asymmetry parameter. Pq and Cq are often
used interchangeably, with small errors introduced by ignoring the
contribution of ηq.

■ RESULTS
Network Densification. The densities of both the

precompressed (i.e., compressed prior to ion exchange) and

postcompressed (i.e., compressed after ion exchange) samples
are plotted as a function of the compression temperature in
Figure 2. The densities of the base glass with and without ion

exchange treatment are also shown. In addition, density and
other results are summarized in Tables 1 and 2. Both sample

series exhibit a similar increase of density as compression
pressure and temperature increase, comparable with literature
results for similar conditions.16 There are no significant
differences in the densities of the pre- and postcompressed
samples for the same pressurization conditions (i.e., pressure
and temperature). In addition, the ion exchange treatment of
the base glass does not significantly affect its density.

Interdiffusivity and Compressive Stress. The composi-
tional depth profiles of K2O of the pre- and postcompressed
samples are shown in Figure 3. Potassium is incorporated into
the glass surface due to the K+-for-Na+ interdiffusion process,
and the concentration profiles of sodium ions thus decrease
proportionally to the increase in concentration of potassium
ions. The surface concentrations of other elements in the glass
exhibit only minor variations with depth (not shown).
Compression of the glass around room temperature prior to

ion exchange does not change the Na−K interdiffusivity
(Figure 3a). However, as the compression temperature and
pressure are increased and the structure densifies (Figure 2),
the diffusion depth decreases (Figure 3a). The potassium depth
profiles of ion exchanged glasses typically follow a comple-
mentary error function.29 Indeed the ion-exchanged base glass
and the precompressed glasses can be fitted relatively well with
this function (Figure S2, Supporting Information). These
trends in DOL with compression conditions based on the
EMPA measurements are supported by the optical FSM
measurements. In addition, the latter data show how CS varies

Figure 2. Density as a function of compression temperature of samples
compressed at 0.5 or 1 GPa before or after ion exchange. The densities
of the noncompressed base glasses with or without ion exchange (IX)
are also shown.

Table 1. Density (ρ), Vickers Hardness (HV), Surface
Compressive Stress (CS), and Depth of Layer (DOL) of the
Base Glass with and without Ion Exchange (IX)

non-IX IX

ρ (g/cm3) 2.424 ± 0.004 2.422 ± 0.004
HV (GPa) 5.9 ± 0.3 8.4 ± 0.4
CS (MPa)a NA 946 ± 2
DOL (μm)a NA 48.9 ± 0.1

aValues of CS and DOL are from the optical FSM measurements.
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with compression conditions. These values of DOL and CS are
reported in Table 2. Isostatically compressing the samples
before ion exchange causes an increase of CS for samples
pressurized at 600 °C.
Postcompression of the samples following ion exchange at

410 °C causes distinct changes in the potassium diffusion
profiles (Figure 3b). The peak concentration of K2O at the
surface decreases with increasing compression temperature or
with decreasing pressure. On the other hand, DOL increases
with increasing compression temperature or with decreasing
pressure. Furthermore, postcompression leads to a decrease of
CS compared to that of the noncompressed samples (Table 2).
Again, this effect is more pronounced for compression at high
temperature and low pressure. Figure 4 shows the correlation
between the compressive surface stress and the depth of layer
for both series of samples compressed at different conditions.
The compressive surface stress generally decreases with
increasing DOL, and thus, it is difficult to obtain samples

through this approach with simultaneously high values of CS
and DOL.

Glass Hardness. The dependence of Vickers hardness on
compression temperature for both sample series is shown in
Figure 5, in addition to the results of the base glass. Ion
exchange of the base glass leads to a pronounced increase in
hardness (from 5.9 to 8.4 GPa). Precompression of the samples
results in only a small increase in hardness. This increase in
hardness is greater for samples compressed at 600 °C. When
the samples are subjected to postcompression, the hardness

Table 2. Density (ρ), Vickers Hardness (HV), Surface Compressive Stress (CS), and Depth of Layer (DOL) of the Glasses
Subjected to Isostatic Compression before or after Ion Exchange Treatment

condition ρ (g/cm3) HV (GPa) CS (MPa)a DOL (μm)a

P (Gpa) T (°C) postcomp. precomp. postcomp. precomp. postcomp. precomp. postcomp. precomp.

0.5 25 2.436 ± 0.006 2.440 ± 0.007 8.3 ± 0.3 6.3 ± 0.2 933 ± 2 929 ± 4 49.6 ± 0.6 50.8 ± 0.2
0.95 75 2.435 ± 0.007 2.438 ± 0.007 8.2 ± 0.3 6.4 ± 0.2 923 ± 3 930 ± 4 48.9 ± 0.3 50.2 ± 0.7
0.5 450 2.436 ± 0.005 2.438 ± 0.007 8.0 ± 0.2 6.4 ± 0.2 577 ± 3 939 ± 13 58.8 ± 0.1 45.1 ± 0.6
1 450 2.450 ± 0.005 2.454 ± 0.008 7.6 ± 0.3 6.1 ± 0.3 569 ± 4 939 ± 8 54.9 ± 0.9 38.8 ± 0.1
0.5 600 2.463 ± 0.007 2.470 ± 0.005 6.8 ± 0.3 7.0 ± 0.3 NA 1104 ± 19 NA 18.8 ± 0.2
1 600 2.497 ± 0.006 2.503 ± 0.007 6.9 ± 0.3 6.7 ± 0.3 NA 1240 ± 10 NA 9.8 ± 0.4

aValues of CS and DOL are from the optical FSM measurements.

Figure 3. K2O concentration profiles of the samples that have (a) first
been isostatically compressed at different temperatures and pressures
(see labels) and then ion exchanged or (b) first been ion exchanged
and then isostatically compressed at different temperatures and
pressures (see labels). The K2O concentration profile of the base glass
only subjected to ion exchange is also shown.

Figure 4. Dependence of compressive stress (CS) at the surface due to
ion exchange on the potassium depth of layer (DOL) in the pre- and
postcompressed samples (Table 2). (Inset) Example of optical fringe
pattern from FSM used to determine CS and DOL in the ion
exchanged glasses. The upper set of fringes in the image corresponds
to the TM mode of light propagation, while the lower set of fringes
corresponds to the TE mode.

Figure 5. Vickers hardness as a function of compression temperature
of samples compressed at 0.5 or 1 GPa before or after ion exchange.
The hardness of the noncompressed base glasses with or without ion
exchange are also shown. The dashed lines serve as guides for the eye.
(Inset) Example of optical micrograph of indent produced by Vickers
indentation and used to determine hardness.
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increase caused by ion exchange is gradually “reversed” as the
compression temperature increases. These different trends in
hardness indicate that different structural mechanisms govern
the hardness variations between the two sample series.
Short-Range Glass Structure. 27Al and 23Na NMR

measurements have been performed on the glass only subjected
to ion exchange and the two precompressed glasses subjected
to the highest (1 GPa at 600 °C) and lowest (0.5 GPa at 25
°C) temperature and pressure. Figure 6 shows the 27Al MAS

NMR spectra at 16.4 T of these three samples. The peak at
around +60 ppm, found in all three samples, is due to
aluminum in tetrahedral coordination (AlIV)30. This is in
agreement with the base glass being peralkaline, and there is
thus sufficient concentration of charge-balancing modifier
cations to stabilize all aluminum in tetrahedral configuration.
However, for the glass precompressed at 1 GPa at 600 °C, the
peak is asymmetrically broader on the more shielded side
(lower shift), due in part to second-order quadrupolar effects
and the presence of an additional 27Al resonance near 30 ppm,
assigned to 5-fold coordinated aluminum (AlV). As shown in
Figure S3 (Supporting Information), further evidence for the
presence of AlV groups has been obtained from 27Al 3QMAS
NMR analysis of this glass. Using DMFit27 to simulate the 27Al
MAS NMR lineshapes in this glass, the fraction of AlV is found
to be approximately 1.7% (Figure S4, Supporting Information).
Hence, the isostatic compression forces some aluminum species
into 5-fold coordination even though the glass is peralkaline
and this change is (partially) stable during the subsequent ion
exchange at 410 °C. This is consistent with higher coordinated
Si at high pressure31 and changes in Al speciation in
aluminosilicate glasses at even higher pressures.11

23Na MAS NMR spectra at 16.4 T of the same three samples
are shown in Figure 7. Although these glasses were all subjected
to K+-for-Na+ exchange, the majority of the bulk material is
unaffected, and thus, 23Na NMR could be performed to
examine impact of both pressure (compression) and temper-
ature (annealing in the salt batch). There is a small increase in

frequency of the glass precompressed at 1 GPa at 600 °C
compared to the base glass, which is due to a decrease in the
mean Na−O bond length.16 This change is of smaller
magnitude than that indicated in previous reports,16,32−34 but
this could be due to relaxation during the subsequent annealing
(ion exchange) and the use of relatively modest pressures
compared with the literature results. There appears to be a
minor decrease in the shift of the glass precompressed at 0.5
GPa at room temperature, indicating a slightly increased Na−O
bond length, especially when compared with that of the sample
precompressed at 1 GPa at 600 °C. Differences between the
lower compression and ion-exchanged-only glasses are similar
to changes in sodium silicate glasses,35 where Na+ is surrounded
by a combination of bridging and nonbridging oxygen.
To further study the sodium speciation, 23Na 3QMAS NMR

data have also been collected (Figure S5a, Supporting
Information). On the basis of peak positions in the MAS and
isotropic dimensions, these data show significant changes in PQ
and δCS for 23Na (Figure S5b, Supporting Information). The
results are summarized in Table 3 and are entirely consistent

with 23Na NMR studies of Na+ in aluminosilicate glasses.36 The
changes in δCS primarily reflect changes in Na−O bond length
and are found to be in agreement with the 23Na MAS NMR
data, where a definite shortening of the average Na−O bond
length was observed in the precompressed glass at 1 GPa and
600 °C. The changes in PQ are also significant and account for
at least part of the shifts in the MAS peak positions. PQ is

Figure 6. 27Al MAS NMR spectra at 16.4 T of the base glass only
subjected to ion exchange and two of the precompressed glasses (0.5
GPa at 25 °C and 1 GPa at 600 °C). Resonances due to 4-fold
coordinated aluminum (AlIV) and 5-fold coordinated aluminum (AlV)
are indicated.

Figure 7. 23Na MAS NMR spectra at 16.4 T of the base glass only
subjected to ion exchange and two of the precompressed glasses (0.5
GPa at 25 °C and 1 GPa at 600 °C).

Table 3. Quadrupolar Coupling Constant (PQ) and Isotropic
Chemical Shifts (δCS) Estimated from 23Na 3Q MAS NMR
Data of the Base Glass Only Subjected to Ion Exchange and
Two of the Precompressed Glasses (0.5 GPa at 25 °C and 1
GPa at 600 °C)a

δCS (ppm) PQ (MHz)

base glass (IX) −8.5 2.24
0.5 GPa at 25 °C −8.9 2.06
1 GPa at 600 °C −8.1 1.87

aOn the basis of measurement errors of isotropic and MAS NMR
shifts, the errors of δCS and PQ are estimated to be ±0.2 ppm and ±0.2
MHz, respectively.
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sensitive to symmetry around the Na+ site, which is thus
affected by the ion exchange and isostatic compression both at
room temperature and 600 °C and indicates a more symmetric
bonding environment for Na+ in the precompressed glasses.
Previous studies of sodium in compressed oxide glasses
typically focused on changes in 23Na MAS NMR peak position,
drawing on the correlation between chemical shift and average
Na−O bond length.36−40 However, as these results show, the
change in PQ with compression is not insignificant and further
demonstrates the sensitivity of modifier environment to
compression.

■ DISCUSSION
CS and DOL of Precompressed Glasses. Densification of

the samples exhibits a strong dependence on both the
temperature and pressure used for compression (Figure 2).
For both the precompressed and postcompressed series, an
inverse correlation of CS with DOL is observed (Figure 4). For
the precompressed series, the decrease in DOL follows an
increasing densification, showing a clear connection between
network compaction and steric hindrance for Na−K
interdiffusion. That is, glasses with densified structures have
little available space and hence large activation barriers for
interdiffusion. This is because these modifier cations move
through the interstitial space in the network. A decrease of
alkali diffusivity with network compaction, caused by annealing
at ambient pressure, has also been previously reported.41 The
highest compressive stresses were obtained in the samples
precompressed at 600 °C, that is, in the glasses with the lowest
DOL and lowest amounts of incorporated K2O. Hence, there
must be a larger amount of stress generated for each K+ ion
stuffed into these samples. This indicates that the linear
network dilation coefficient (B) increases as a result of
pressurization for these conditions. Here, B is defined as the
linear strain of the glass per unit change in alkali concentration.
The relation between CS and B is seen by considering the
expression for generated stress obtained via the ion exchange
process (neglecting stress relaxation),

σ
ν

= −
−

−z
BE

C z C( )
1

[ ( ) ]avg (3)

where E is Young’s modulus, ν is Poisson’s ratio, and C(z) and
Cavg are the local concentration of K+ at a penetration depth z
in the glass and average concentration of K+ throughout the
glass, respectively. While the effect of pressurization at 1 GPa
on Poisson’s ratio should be small, an increase of Young’s
modulus of less than ∼10% is expected on the basis of previous
findings.17 However, such change in E cannot alone explain the
significant increase in CS observed for the samples precom-
pressed at 600 °C (Table 2). For these samples, there is thus a
larger strain per unit of ions exchanged after pressurization
(larger B value), presumably due to the decreased Na−O bond
length, as confirmed by the NMR measurements on the sample
precompressed at 1 GPa and 600 °C (Figure 7).
CS and DOL of Postcompressed Glasses. Postcompres-

sion of the samples increases DOL but decreases CS. This is
likely a result of the thermal annealing during the isostatic
compression, which causes inward diffusion of the potassium
ions (i.e., increasing DOL) due to the concentration gradient
across the sample. Because the surface concentration of
potassium is consequently decreased (Figure 3b), the
compressive stress at the surface also decreases according to
eq 3. Hence, the generated compressive stress due to ion

exchange can be relaxed at elevated temperature, even under an
applied pressure of 1 GPa.

Effects of Densification and Compressive Stress on
Glass Hardness. Hardness is governed by the surface
properties of the glass into which the indenter penetrates.
Ion exchange of the base glass causes an increase of hardness
(Table 1). Figure 8 shows that for the postcompressed glass

series, hardness increases as a function of the amount of K2O in
the outermost surface layer, even though all hardness values are
lower than that of the ion exchanged base glass. Two
approximately linear trends appear in this plot for samples
pressurized at 0.5 and 1.0 GPa, respectively, indicating the
existence of a pressure-dependent mechanism for the hardness
change.
For the precompressed glass series, the combined

compression and ion exchange treatment did not effectively
increase the hardness (Figure 5). To understand the structural
origin of this behavior, a comparison between the samples post-
and precompressed at 25 °C and at 0.5 GPa is used as the basis
for the following discussion. These samples possess nearly
identical values of all measured properties (i.e., K2O
concentration profile, depth of layer, compressive stress, and
density), except hardness. Because the hardness variations of
the postcompressed samples appear to be primarily a function
of the K2O concentration in the surface layer (Figure 8), it
suggests that precompression causes a change in the properties
of this K2O-rich surface layer. Structural changes caused by
pressurization cause the precompressed glasses to be in another
(densified) state during the ion exchange process than those
subjected to postcompression. Therefore, a discussion of the
structural changes expected from room temperature compres-
sion at 0.5 GPa is given in the following.

Structural Changes upon Compression. Prior to
compression, Si4+ is exclusively tetrahedrally coordinated.
This is also the case for Al3+, charge-compensated by Na+

(Figure 6). The structural role of Mg2+ is not well
understood,42 with studies suggesting tetrahedral43 and
octahedral42−44 coordination in highly distorted environ-
ments.42 It has been suggested that Mg2+ coordination is
affected by the field strength of the competing modifier ions,
with low fields strength cations (e.g., Na+ and K+) favoring

Figure 8. Dependence of Vickers hardness on the relative [K2O]/
([Na2O] + [K2O]) surface content for the samples that have first been
ion exchanged and then isostatically compressed at different
temperatures and pressures (postcompressed series). The K2O and
Na2O concentrations are measured at a depth of ∼1 μm. The data of
the noncompressed base glass only subjected to ion exchange is also
shown.
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tetrahedral Mg2+ coordination,42,43 that is, tetrahedral Mg2+ is
expected to be present in the glass under investigation. Partial
competition of Mg2+ with silicon and aluminum for positions in
the glass network has also been suggested.45 During
compression at relatively low pressure and temperature (0.5
GPa and 25 °C), an elastic densification of the glass is
expected,46 primarily resulting from changes in bond angles
between the silica network tetrahedra.47−49 This is not expected
to affect the aluminum environments significantly, because
aluminum species are expected to be present in rings of smaller
angles,50 not disposed to reconfigurations within this pressure
regime.51 Also, no permanent changes in the coordination
numbers of Si4+52 or Al3+47,52 are expected. This is confirmed
for Al3+ by the 27Al MAS NMR results of the precompressed
sample at 0.5 GPa and 25 °C (Figure 6).
Structural changes of modifier environments following

isostatic compression may occur nevertheless, but they are
not well understood within this pressure regime. The
coordination number of Mg2+ has been found to increase
with pressure.53 However, the change in Mg2+ coordination
number has been observed at much higher pressure than 0.5
GPa. Because MgO is only present in a relatively small amount
(<8.5 mol %25) in our samples, it seems unlikely that a change
in its structural role would cause the observed trend in
hardness.
Molecular dynamics simulations54 have shown that when K+

is ion exchanged for Na+, K+ has an average coordination
number between that of Na+ in the as-quenched sodium glass
and that of K+ in the as-quenched potassium glass. This unique
structural setting may be sensitive to structural modifications
during precompression, leading to significant changes in the
characteristics of the subsequent ion exchange. Indeed, the 23Na
NMR results suggest changes in the modifier environments,
with increased Na−O mean length and site symmetry for the
sample precompressed at 25 C° and 0.5 GPa (Table 3). The
obtained NMR results provide information on the average
structure of the whole glass. Because isostatic compression
affects the surface and interior of the glass equally, the structural
change in the Na environment may affect the structural role of
K+, substituted into the Na+ site during subsequent ion
exchange. A change in the structural setting of K+ may lead to a
less pronounced increase of hardness. Furthermore, in order to
obtain the constant value of CS observed for the samples
precompressed at temperatures below 600 °C (Table 2), a
decrease of the network dilation coefficient is required to
balance the expected increase of Young’s modulus. Such
decrease in network dilation coefficient may, analogous to
hardness, be related to changes in modifier environments due
to precompression. This may explain why hardness did not
increase for any of the samples precompressed at temperatures
below 600 °C.
A significant increase in CS is observed for the glasses

precompressed at 600 °C, indicating that use of a higher
temperature during compression allows for significantly
different structural rearrangements compared to the glasses
precompressed at lower temperatures. NMR results confirm
this reasoning, showing a decrease of the mean Na−O bond
length for the sample precompressed at 1 GPa and 600 °C
(Figure 7), allowing for a greater CS upon substitution with K.
The decrease of the Na−O bond length and changes in
network bond angles have previously been suggested as
important densification mechanisms in glasses of similar
compositions at relatively low pressure (<3 GPa).11 However,

the decrease in Na−O bond length observed here is smaller
than that previously found from similar pressurization
conditions.16,32−34 This may be a result of thermal relaxation
during the subsequent ion exchange for 10 h at 410 °C, erasing
a large amount of the changes due to compression only. A
decrease in Na−O bond length would be expected to increase
the hardness resulting from subsequent ion exchange, but for
the samples precompressed at 600 °C, this may be counter-
acted by a significant decrease in DOL and incorporated
amount of K+ (Figure 3a). The increase in hardness observed
for these samples appears to be primarily a result of bulk
structural changes in the short- and intermediate-range
structures due to compression because both the post- and
precompressed samples from these pressurization conditions
exhibit similar hardness values (Figure 5), despite having
significantly different potassium profiles (Figure 3a,b).

■ CONCLUSIONS

We have presented an investigation of the impact of
pressurization on the density, hardness, and Na+−K+ ion
exchange properties of an aluminosilicate glass composition
that is ion-exchanged either before or after isostatic
compression. Significantly increased compressive surface stress
(CS) can be achieved in glasses compressed prior to ion
exchange, but at the same time, this treatment inhibits fast alkali
diffusivity during subsequent ion exchange. In addition, isostatic
compression before ion exchange inhibits the increase of
hardness that is typically a result of chemical strengthening (i.e.,
ion exchange). This could be due to structural modifications of
the Na+ site during precompression, affecting the bonding
environments of the K+ ions incorporated into the surface layer
during subsequent ion exchange. Compression of the glass after
ion exchange causes a relaxation of the compressive surface
stress due to the effect of annealing. Hence, the generated
compressive stress due to ion exchange can be relaxed even
under an applied pressure of 1 GPa.
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