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Methods to improve the fracture toughness of oxide glasses are needed since low fracture toughness is a
major bottleneck for their applications. To overcome this, it is critically important to investigate the effect of
both short- and medium-range structural features on fracture toughness. Recent work reported a record-high
fracture toughness for a bulk lithium aluminoborate glass subjected to hot compression. Here, we further explore
the structural origin of this high fracture toughness by subjecting different alkali aluminoborate glasses to hot
compression. Through a combination of x-ray total scattering experiments and atomistic simulations, we find
that hot compression causes significant changes to both the short- and medium-range order structure of the
glasses, e.g., increased coordination numbers (CNs) of network forming species and decreased average size
of ring-type structures. To this end, we reveal positive correlations between the pressure-induced increase in
fracture toughness and (i) the increase in average CN of network forming species and (ii) the area of the first
sharp diffraction peak in the structure factor. Our study thus improves the understanding of which structural

features benefit intrinsic toughening of oxide glasses.
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I. INTRODUCTION

The brittle nature of oxide glasses remains a main limiting
factor for their applications and simultaneously prevents the
environmental footprint of their production from being sig-
nificantly lowered [1]. Fractures of oxide glasses often start
from preexisting surface flaws generated in production and
handling, resulting in a much lower practical strength than its
theoretical strength [2]. On the other hand, there are numer-
ous benefits of oxide glasses compared with other inorganic
materials, including transparency, formability, and low cost
[1]. Therefore, the focus must be on improving the limit-
ing factors, namely, low damage resistance and low fracture
toughness. This would enable the production of thinner and
thereby more environmentally friendly glass as well as safer
and more reliable glass products. The damage resistance (as
measured through hardness and crack initiation resistance) is
typically improved via posttreatment such as thermal tem-
pering or ion exchange, which induces a compressive stress
layer on the glass surface [1]. However, the fracture toughness
(i.e., the internal resistance for cracks to grow [3]) is not
significantly affected by these treatments [4]. An approach
to increase fracture toughness is rational composition design
to obtain an intrinsically tougher structure with improved
ability to resist macroscopic crack growth [5,6]. Alterna-
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tively, microstructuring of glasses through liquid-liquid phase
separation or partial crystallization has been proposed as a
toughening method, but either approach makes it challenging
to maintain transparency [7,8].

Ideally, postprocessing and compositional design should be
combined such that the chosen postprocessing is performed
on an optimized glass composition. An example hereof is
high-pressure treatment (e.g., hot compression, where the
glass is subjected to an isostatic pressure around the glass
transition temperature 7;) of glasses containing atoms that can
easily change their coordination number (CN) under pressure,
such as Al and B [9,10]. Pressure treatment of glasses has
been extensively conducted, and especially treatments at or
around 7 can result in permanent changes in the structure
and properties of bulk glasses [11]. Hot compression gener-
ally results in increased density, Vickers hardness, and elastic
moduli, but a decrease in crack initiation resistance [12,13]. In
terms of structural changes, B is particularly prone to undergo
pressure-driven CN changes, which in some cases even persist
upon reannealing of the glass around 7, [14]. Furthermore,
x-ray diffraction studies of hot- and cold-compressed silica
glass have revealed significant changes in the medium-range
order (MRO) glass structure [11].

In recent work, we have shown that hot compression at
2 GPa of a lithium aluminoborate glass increases its frac-
ture toughness by a factor of ~2, resulting in a record high
fracture toughness of 1.4 MPa mY> for a bulk oxide glass [5].
The hot compression treatment also increased the Young’s
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modulus and Vickers hardness, thus creating a harder, stiffer,
and tougher glass. In the previous study, we also investigated
two other glass compositions, namely, a soda-lime-silica (win-
dow) glass and a sodium borosilicate glass. These glasses also
showed a pressure-induced increase in fracture toughness,
Young’s modulus, and Vickers hardness, but to a much smaller
extent than the lithium aluminoborate glass. We ascribed the
large fracture toughness increase for the lithium aluminobo-
rate glass to its high propensity for so-called bond switching
events, where the network forming species (Al and B) either
change or swap CN, where a swapped CN refers to substi-
tution of one or more of the originally neighboring oxygens
with other oxygens (i.e., the CN is preserved) [5]. As the
simulations revealed that bond switching events occurred to a
larger extent in the densified lithium aluminoborate glass than
the other glasses, it undergoes more local deformations before
fracturing and therefore has a higher degree of nanoplasticity,
resulting in a higher fracture toughness.

Indeed, changes in fracture toughness have usually been
ascribed to changes in the short-range order (SRO) glass
structure [5,15,16], with little emphasis placed on the ef-
fect of MRO changes on fracture toughness [17]. That is,
more in-depth structural analyses are needed to understand
the origin of the pronounced increase in fracture tough-
ness upon hot compression. In this paper, we investigate the
pressure-induced changes in structure and properties of alkali
aluminoborate glasses containing either lithium, sodium, or
potassium. This includes a thorough SRO and MRO structural
analysis of the as-produced and hot-compressed glasses by
combining x-ray total scattering experiments with molecular
dynamics (MD) simulations to elucidate the structural origin
of the increase in fracture toughness. Particularly, we study
the effect of the ring structures, i.e., the MRO structural sig-
natures, on the mechanical properties of the glasses.

II. METHODS

A. Sample preparation

Three oxide glasses with compositions (in mol %)
25M,0-20A1,03-55B,03 (M = Li, Na, or K) were prepared
by the melt-quenching technique. The three compositions will
be referred to as LiAIB, NaAlB, and KAIB, respectively. The
following raw materials were used: Li,CO;3 (Sigma Aldrich,
>99.9%), Na,CO; (Honeywell, >99.5%), K,CO3; (Honey-
well, >99.5%), Al,O3 (Sigma Aldrich, >99.5%), and H;BO3
(Honeywell, >99.5%). These were first mixed according to
the composition and then melted in a Pt-Rh crucible in an
electric furnace (Entech, Angelholm, Sweden) at 1400 °C for
~2h, followed by quenching onto a brass plate. All samples
were annealed at their measured glass transition temperature
(T,) for ~30 min. The weight loss from all melts did not
exceed 3%.

After annealing, the glass samples were cut into beams and
subjected to an isostatic Ny-mediated pressure treatment at 1
and 2 GPa, at the respective T, as described in detail else-
where [5,18]. All lithium aluminoborate glass samples were
confirmed to be noncrystalline by powder x-ray diffraction
analysis (PANalytical, Empyrean XRD), as shown in Fig. S1
in the Supplemental Material [19]. These measurements were
performed on samples crushed in a mortar and transferred to a

zero-background plate of monocrystalline silicon. The diffrac-
tion patterns were measured in a 6-0 geometry with a Cu Ko
source (A = 1.54098 A) in the range of 20 = 5°-70°. We
note that the sodium and potassium aluminoborate samples
also showed no signs of crystallization during melt quenching
based on the x-ray total scattering data.

B. Elastic properties and density

The density p of all samples was determined by
Archimedes’ principle of buoyancy and measured in absolute
ethanol (=99.99%) at room temperature. From the density,
the atomic packing density C,; was calculated as

_ P Y fisNa(xri + yr)

Zi fiM; 7
where f is the molar fraction of component i with the formula
A\B,, Ny is Avogadro’s number, r is the ionic radius, and
M is the molar mass. As the ionic radii depend on CNs, we
assumed sixfold coordination for the alkali modifiers, twofold
coordination for oxygen, and three- to sixfold coordination
for B and Al based on existing nuclear magnetic resonance
(NMR) spectroscopy data [10,20,21]. We used the ionic radii
proposed by Shannon [22]. We note that NMR data were not
available for the 2-GPa compressed NaAlB sample nor for the
1- and 2-GPa compressed KAIB samples. As an approxima-
tion, we therefore used the data for 1-GPa compressed NaAlB
and as-made KAIB samples, respectively.

The elastic properties were determined by ultrasonic
echography. The longitudinal Vi, and transverse Vr wave
velocities were estimated by the pulse-echo method, where
sound waves were generated by 10 MHz piezoelectric trans-
ducers. Young’s Modulus E, Poisson’s ratio v, and shear
modulus G were then calculated as
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C. Fracture toughness

Fracture toughness K, i.e., the critical stress intensity
factor for mode I fracture, was measured using the single-
edge precracked beam (SEPB) method, following the ASTM
standard for ceramics [23] and recent literature for glasses
[5,24,25]. We note that the fracture toughness of the 2-GPa
compressed glasses was measured using an adapted SEPB
method [5,24] due to the smaller sample size which is a re-
sult of the limited space within the high-temperature pressure
chamber. The glass samples were cut and then ground and
polished in ethanol on SiC papers into beams with dimensions
of BxW xL = 3x4x25mm? for as-made and 1-GPa com-
pressed samples and dimensions of 1.4x1.9x 10 mm? for the
2-GPa compressed samples, as described in detail elsewhere
[5]. We note that this small beam size does not affect the
fracture toughness measurement [5].
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Each beam was subjected to Vickers indentation (load =
9.81 N, dwell time = 5 s) on the narrow side (B = 1.4 or
3 mm), where a line of indents was produced with an indent
separation of 100 wm. A precrack with a length of ~0.5xW
was then formed in each beam by bridge compression [25],
using a groove size of 4 or 6 mm for small and large beams,
respectively, and a cross-head speed of 0.05 mm min~'. Each
precracked beam was fractured by three-point bending using
a cross-head speed of 15ums~!, immediately after precrack
formation to avoid humidity effects [25]. Finally, Ki. was
calculated using the precrack length (measured by 200x mag-
nification microscope) and the measured peak load from the
three-point bending experiments. We also calculated the frac-
ture energy based on the values of Ky, v, and E [5,23,25,26].
Further details can be found in Refs. [5,25]. Examples of the
recorded load-displacement curves are shown in Fig. S2 in the
Supplemental Material [19].

D. X-ray total scattering

To understand the structural changes at both SRO and
MRO length scales due to both composition variation and den-
sification, we collected x-ray total scattering data at the I15-1
beamline at the Diamond Light Source (A = 0.161669 A, E =
76.69keV). The as-made and hot-compressed glass samples
were crushed using an agate mortar, loaded into 1-mm Kapton
tubes, held in place by quartz wool, and finally sealed using
super glue. Data of an empty capillary and the samples were
acquired in the scattering vector range of Q ~ 0.7-25 A" in
scans of 20 min each. The container measurement was sub-
tracted, and Compton and absorption corrections were sub-
sequently applied using the GudrunX software before trans-
forming the structure factor S(Q) to the pair distribution func-
tion [in this case the differential correlation function D(r)]
[27]. We note that the GudrunX program employs the Hannon,
Howells, Soper (HHS) functions as described in Ref. [28]
as well as a revised Lorch function for the conversion from
reciprocal to real space. We refer to the GudrunX manual for
adetailed introduction to this procedure [29]. Lastly, S(Q) was
converted into the intermediate scattering function F (Q) by

F(Q) =[S(Q) — 110 &)

E. MD simulations

The three glass compositions from the experiments, i.e.,
25M,0-20A1,03-55B,03 (M = Li, Na, or K), were simulated
using classical MD simulations with a GPU-accelerated [30]
version of LAMMPS [31]. Based on the recently parameterized
SHIK force field suitable for glasses containing Al,O3 and
B,0; [32], we prepared the glasses with varying pressure
treatments (0, 1, and 2 GPa), ultimately mimicking the ex-
perimental procedure described above. First, 10000 atoms
were randomly placed in a cubic simulation box with side
lengths corresponding to the experimentally measured density
of the 0-GPa samples described above, while avoiding any
unrealistic overlap of atoms. This was followed by an energy
minimization and initial mixing of the structures at 2500 K in
the NVT ensemble for 100 ps. Next, the sample was mixed
for another 700 ps in the NPT ensemble at 2500 K at 0.1,
1.0, and 2.0 GPa, respectively. This step was followed by

quenching the structures to 300 K at 1 Kps~' in the NPT
ensemble. During cooling, the pressure was linearly released
from 0.1 to 0.0 GPa for the 0-GPa sample, while the remaining
samples were maintained at their designated pressures. Next,
when reaching 300 K, all structures were subjected to 100
ps of relaxation in the NPT ensemble at 300 K and their
designated pressures, followed by another 100 ps in the NPT
ensemble at 300 K and zero pressure. This was found to be
adequate for ensuring convergence of energy and volume. Fi-
nally, the simulated glass structures were recorded for another
100 ps in the NVT ensemble for statistical averaging (sam-
pling every 1 ps). Six independent samples were quenched
for each composition, and all shown simulation results are
therefore averages of six independent structures for each pres-
sure. We also checked the finite size effect by investigating
the structure of four additional simulated glasses with sizes of
0.5%0.5%0.5,0.75x0.75%x0.75, 2x2x2, and 3 x3 x 3 relative
to the original box side length, corresponding to system sizes
of 1250, 4220, 80000, and 270000 atoms, respectively. As
seen from the results in Fig. S3 in the Supplemental Material
[19], the use of 10 000 atoms in this paper is sufficient to avoid
finite size effects.

Now the S(Q) and D(r) functions were computed for all
simulated samples using the R.I.N.G.S. software [33,34]. The
computed D(r) was broadened by convoluting the D(r) with
a Gaussian distribution with a full width at half maximum
(FWHM) of

5.437
FWHM = , (6)

max

where Q. 1s the maximum wave vector used in the diffrac-
tion experiment (25 A-! ).

We also calculated the ring size distribution using the
R.ILN.G.S. software [33,34]. This was only done for the
NaAIB glass since this composition showed the best agree-
ment between experimental and simulated S(Q). Three ring
definitions were used (King’s, Guttman’s, and primitive
rings), and the searches were conducted to a ring size up to
n = 14, with n allowed to be both Al and B atoms.

III. RESULTS AND DISCUSSION

A. Medium-range structure

Figure 1(a) shows the total scattering structure factors
[S(Q)] determined from experiments for all the as-made and
densified glasses. Comparisons between the experiments and
simulations are shown in Fig. 1(b) for the as-made glasses,
while Figs. S4(a)-S4(d) in the Supplemental Material [19]
show the comparison for the hot-compressed glass samples
as well as the curves covering the full Q range. To assist
the interpretation, simulated x-ray weighted partial structures
factors [S;;(Q)] are shown in Fig. S5 in the Supplemental
Material [19]. While it is not straightforward to correlate S(Q)
to structural features, it is well recognized that the low-Q
region [including the first sharp diffraction peak (FSDP)]
describes the MRO structure of the glass, as it relates to the
size and geometry of the cage or ringlike structures [35-37].
The second peak, also known as the principal peak (PP), is
commonly ascribed to the size of the geometric structure (e.g.,
tetrahedron) created by the network formers in the glass (here,
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FIG. 1. X-ray structure factor S(Q) for the lithium, sodium, and potassium aluminoborate glasses. (a) Experimental data for as-made and
hot-compressed samples. (b) Comparison of experimental and simulated S(Q) for the as-made (0 GPa) samples. For clarity, the Na and K

spectra are offset by +1.5 and +3.0, respectively.

Al and B). The oscillations at higher Q values describe the
SRO structure [36]. For comparison, S(Q) curves are plotted
alongside the real-space differential correlation function D(r)
in Q space in Fig. S6 in the Supplemental Material [19].

As shown in Fig. 1(a), the MRO clearly varies with pres-
sure, both in terms of the FSDP position and intensity. Such
changes upon compression treatment have been observed
previously for other glass compositions [14,38—40]. An in-
creasing FSDP position can be interpreted as a contraction of
the cagelike structures in the glass network [35,40], which is
supported by the increasing density that is also observed in the
pressure-treated glasses (see Sec. III C) [35,40]. Alternatively,
it can be interpreted as a decrease in the average ring size,
where the ring size refers to the number of atoms included
in each chemically bonded ring [41]. The FSDP intensity
decreases with increasing pressure for the LiAIB glass, which
matches most observations in the literature on other densified
glasses [35,40]. On the other hand, both NaAlB and KAIB
glasses exhibit an increase in peak intensity with increasing
pressure. The FSDP intensity has previously been ascribed
to the concentration of interstitial voids in the glass structure
[35,37], but the intensity is generally difficult to interpret due
to its correlation with the scattering-length-dependent partial
structure factors. Finally, the FSDP area, as determined by
integrating to the first S(Q) minima, decreases with pressure
for the LiAIB and NaAlB glasses, with LiAlB showing the
largest decrease, whereas the KAIB glass shows only a small
increase (Fig. S7(a) in the Supplemental Material [19]).

We note that, in some cases, it can be challenging to in-
terpret the x-ray S(Q) FSDP area, as it may be difficult to
separate the FSDP from the PP (i.e., the peak at the second
lowest Q). In these cases, it can be more straightforward to in-
terpret data which are weighted differently, e.g., neutron S(Q),
or the neutron or x-ray interference function F (Q) [Eq. (5)],
which is like the S(Q) function but with higher weight on the
high-Q region [36]. Changing from x-ray to neutron weight-
ing requires partial S;;(Q) data, which has not been possible
to obtain experimentally herein. Therefore, the experimental
data have been evaluated by calculating the F(Q) FSDP area
(again by integrating to the first minima) to compare the trends

in F(Q) vs S(Q) FSDP area, as shown in Fig. S7(b) in the
Supplemental Material [19]. The two areas feature different
values as the weighting is different, but most importantly,
the trends are similar. As such, we will continue to use the
experimental data based on x-ray S(Q) in the following.

Comparing the experimental and MD-simulated S(Q)
[Fig. 1(b)], the higher-Q range (SRO structure) is described
well by the used SHIK potential, whereas the lower-Q range
(MRO structure) is not as well described. Considering the
FSDP, the peak position and intensity agree well among ex-
periments and simulations for the NaAlB glass, whereas both
the peak position and intensity are different for the KAIB and
LiAIB glasses. The trend of increasing FSDP position upon
hot compression is well described for all glasses, although the
absolute values are only well captured for the NaAIB glass
(Fig. S7(c) in the Supplemental Material [19]). Moreover,
considering the changes in the FSDP area with pressure, this
trend is also well described by the simulations, although the
absolute values are not replicated (Fig. S7(a) in the Supple-
mental Material [19]).

Contrary to the experimental data, we have access to the
partial S;;(Q) from the simulations, enabling a comparison
of the differently weighted S(Q) data to conclude whether a
change in weighting gives a clearer separation of FSDP and
PP and a change in the trends of the FSDP area and position.
To this end, we have calculated S(Q) from the partials by
weighting with atomic number (x-ray), coherent scattering
lengths (b. neutron, taken from Ref. [42]), and with equal
weighting of all atoms. The three S(Q)’s for each of the
as-made samples are shown in Fig. S8 in the Supplemental
Material [19], revealing that only the LiAIB glass features
a clearer separation of FSDP and PP when using neutron
weighting, whereas the NaAIB and KAIB glasses both show
the clearest separation for the x-ray S(Q). Furthermore, the
changes in the FSDP position and area with pressure for both
the experimental and differently weighted simulated S(Q)
data are shown in Figs. S9(a)-S9(c) and S9(d)-S9(f), re-
spectively, in the Supplemental Material [19]. For the FSDP
position, the same trend is observed independent of weighting,
with only minor changes in the absolute values. For the FSDP
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FIG. 2. Ring size distribution for (a) as-made NaAlB glass using Guttman’s, King’s, and primitive ring definitions and (b) both as-made

and compressed NaAlB glasses using the primitive rings definition.

area, the same is valid for the LiAIB glass, whereas the NaAlB
and KAIB glasses both feature a slightly increasing negative
trend when changing to neutron weighted data, with the most
pronounced change for the KAIB glass. Even though the
trends in the FSDP area with pressure become more similar
for the three glasses when changing to neutron weighting, we
still find no universal relation to describe all the samples.

The above comparison for experimental and simulated
data shows that the NaAlB glass composition is best de-
scribed by the SHIK potential. This is most likely because
the SHIK potential was first optimized for various silicate and
aluminosilicate glasses, including a sodium aluminosilicate
composition [43]. This parameterization showed that short-
range interaction parameters were unnecessary for the Na-Al
and Al-Si atom pairs, enabling easy transferability to other
alkali aluminosilicate glasses. Furthermore, when the poten-
tial was expanded to include boron, only alkali borate glass
compositions were used for the optimization since the short-
range interaction parameters for the Al-B atom pair were also
redundant [32]. Based on the results presented herein, it could
appear that some force field optimization would be beneficial
for the K and Li parameters. Such an optimization is beyond
the scope of this paper, and we therefore mainly focus on the
NaAIB glass in the following, as it shows the best agreement
with experimental data.

Based on the observed changes in FSDP, the hot compres-
sion treatment can cause changes in the MRO structure of the
glasses. To study this further, the ring size distributions have
been analyzed based on the MD-simulated structures. For the
reasons mentioned above, we only analyze the NaAIB glasses
using the R.ILN.G.S. software [33,34]. The aim is to elucidate
the pressure-induced changes in the ring-type structural units
embedded in the network structure. R.IN.G.S. computes ring-
type structures from three definitions, namely, Guttman’s,
King’s, and primitive. The obtained ring size distributions
are shown in Figs. 2 and S10 in the Supplemental Material
[19]. The total number of rings found for each definition
can be seen in Table SI in the Supplemental Material [19].
Detailed descriptions of all three definitions can be found in
Refs. [33,34].

The ring size distributions reveal that the three definitions
find almost the same number of small-sized rings (n < 5),
whereas a considerable variation is observed in the total

number of large rings (n > 5) and the distribution of these,
like what has previously been found for silica glasses [41].
The ring size distribution using the primitive rings definition
agrees well with previous results for similar compositions
[44]. Previous studies have often used the primitive rings
definition for this analysis [44-48], although no argument for
this is typically provided, while the Guttman’s and King’s
definitions are rarely used [41,49,50]. Here, the calculated
ring size distributions reveal a pressure-induced decrease in
the number of larger-sized rings (n > 8, n > 6, and n > 7
for King’s, Guttman’s, and primitive rings definitions, respec-
tively) and an increase in the number of smaller-sized rings
(n < 8,n < 6,and n < 7 for King’s, Guttman’s, and primitive
rings definition, respectively). We find only a small number
of n = 3 rings, which would include superstructural borate
units such as the boroxol rings. Boroxol rings are character-
istic for borate glasses with trigonal boron atoms based on
experimental Raman and NMR spectroscopy data [51-54].
Previous Raman spectroscopy studies on the alkali aluminob-
orate glasses show that these superstructural borate units, also
including di- and triborates, are indeed present in these glasses
[10,55]. From the ring size distribution, it is evident that the
superstructural borate units are poorly described by the MD
simulations, which is known to be a general issue for classical
MD simulations [44,56,57].

Furthermore, we find that the ring size distribution shifts
toward smaller rings upon hot compression, lowering the av-
erage primitive ring size from 8.2 to 7.6, in agreement with
the shift in the FSDP position. To further correlate the FSDP
position to the ring size, we use the following definition from
crystallography:

_271 7
Q_F’ ()

where d is the distance between planes in crystalline ma-
terials. For glasses, we may regard d as the average ring
diameter, as these may form pseudoplanes, giving rise to
diffraction [58]. The main part of the ring structures in the
glass will be elliptical-like structures, having both a small and
large diameter (see Fig. S11(b) in the Supplemental Material
[19]). Here, we use the small diameter to analyze whether
the pseudoplanes found from the simulations (i.e., the rings)
correspond to the MRO structures that give rise to FSDP.
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glasses, prepared at 0, 1, and 2 GPa.

This diameter is corrected with the fraction of each ring size,
resulting in an average diameter of the three NaAlIB glasses to
be 3.77, 3.69, and 3.61 for O-, 1-, and 2-GPa samples, respec-
tively. This converts into Q values of 1.67, 1.70, and 1.74 A’l,
respectively. These values generally match the experimental
FSDP positions (see Fig. S7(c) in the Supplemental Material
[19]). The trend of increasing FSDP position with increasing
pressure is also reproduced, as shown in Fig. 3(a).

While ring size distribution analysis is a straightforward
approach to characterize differences in the MRO structures, it
only counts the number of atoms in the rings, neglecting de-
tails about the ring shapes. In the following, we also study the
geometry of the rings by defining some geometric measures
for characterizing the rings. Specifically, we have calculated
the ring center area, the deviation of the rings from planarity
(planeness), and the ring eccentricity (a measure of the cir-
cularity of an ellipsoid, with a circle having an eccentricity
of 0). These concepts are described in detail in Note 1 in
the Supplemental Material [19]. Again, these calculations are
only performed for the NaAIB glass, as these glass structures
are best reproduced by the used force field. The results of
these additional ring analyses are shown in Figs. 3(b) and S12
in the Supplemental Material [19] for the as-made and hot-
compressed NaAlB glasses. The calculations were done based
on all three ring definitions, but as the difference in the results
between each definition was minimal, we only show here
the results based on the primitive rings definition. First, we
find only minor changes in the ring center area with pressure
and only for the very large ring structures (n > 10), whereas
the remaining rings exhibit approximately constant area (Fig.
S12(a) in the Supplemental Material [19]). Second, the plane-
ness analysis reveals that the smaller rings (n < 7) become
less planar with pressure, while the larger rings (n > 7)
become more planar with pressure (Fig. S12(b) in the Supple-
mental Material [19]). Third, the ring eccentricity is calculated
using two different approaches based on how the small and
large radii are found in the ring structures (see Note 1
in the Supplemental Material [19]), as shown in Figs. 3(b) and
S12(c) in the Supplemental Material [19], respectively. Both
analyses reveal that the eccentricity increases slightly upon

compression, suggesting that rings become more elliptical for
almost all ring sizes, accompanied by a decrease in the aver-
age ring radius. As such, this analysis shows small changes
in the ring topology with pressure, although these changes do
not appear to affect the center area of the rings, as have often
been connected to the changes in FSDP.

B. Short-range structure

As evident from Fig. 1(a), hot compression appears to also
cause some changes in the SRO with the largest changes
observed for the LiAlIB glass. Previously, changes in the
SRO structure have been used to explain the pressure-induced
changes in the properties of compressed aluminoborate
glasses [5,10]. We also observe changes in the S(Q) PP for
all glasses upon compression, which is likely attributed to
changes in B and Al CNs (i.e., the transformation of B!
into BYY and Al into AIY and AIY!, respectively), as ob-
served from solid-state NMR experiments in previous work
[10,20,21].

Here, S(Q) can be transformed into the pair distribution
function [in this case, the differential correlation function
D(r)], for which the peaks are a measure of the probability
of finding two atoms within a given distance (r) in the glass.
Figure 4(a) shows the experimental D(r) curves with various
peaks that are associated with different atom-atom correla-
tions, as assigned based on the partial d(r) obtained from
MD simulations. Specifically, we find seven distinct peaks for
r<>5 A, where the first four peaks can be assigned, as shown
in the figure. Only selected atom-atom correlations are shown
here, while all partial d(r) contributions are shown in Fig.
S13 in the Supplemental Material [19]. The peak positions are
listed in Table SII in the Supplemental Material [19] for both
experimental and simulated D(r). The assigned peak positions
agree well with those reported in the literature in terms of
atomic distances [32,46,59].

A comparison of the experimental and MD-simulated D(r)
is shown in Fig. 4(b) for the as-made samples (see Figs. S14(a)
and S14(b) in the Supplemental Material [19] for comparisons
of the hot-compressed samples). The simulated D(r) provides
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FIG. 4. Differential correlation function D(r) calculated from the experimental x-ray structure factor S(Q). (a) Experimental data for
as-made and hot-compressed samples, including peak assignments. Assignments shown for the top curve are also valid for the two lower
curves, except the alkali-oxygen assignment. (b) Comparison of experimental and molecular dynamics (MD)-simulated D(r) for the as-made
samples. For clarity, the Na and K spectra are offset by +4 and +8, respectively.

a good representation of the first four peaks of the experimen-
tal D(r), whereas the peaks at r values above ~3 A differ
slightly, especially for the LiAIB and KAIB compositions.
This agrees with the S(Q) comparison in Sec. III A, where
the best agreement between experimental and simulated data
was found at high Q values and for the NaAIB composition.
Interestingly, the bond lengths increase slightly upon hot
compression, which is seen as increased peak positions with
increasing pressure of the first four peaks in both the experi-
mental and simulated D(r). This is visualized for the first peak
in Fig. S14(c) in the Supplemental Material [19]. We attribute
this to the increase in the Al and B CNs (i.e., B to BY and
A1"Y to A1V and AIY), as shown in Table I, where the CN data
are taken from previous NMR experiments [10,20,21]. That
is, the oxygen atoms are pushed further away from the Al/B
atom when an additional oxygen must be accommodated in
the first coordination sphere. However, increased bond lengths

TABLE 1. CN distributions for B and Al from both previous
NMR experiments and the present MD simulations. NMR data were
not available for the 2-GPa compressed NaAlB sample and the 1- and
2-GPa compressed KAIB samples. The suffixes of the glass sample
names are based on the used pressure during hot compression, i.e., 0
for the as-made glass, and 1 and 2 for the 1- and 2-GPa compressed
glasses, respectively.

Glass B"/BY Avg. B Avg. B AI'V/AIY/AIY! Avg. Al Avg. Al
sample (%) (NMR) (sim) (%) (NMR) (sim)
LiAIB-0* 83.4/16.6 3.17 3.14  74/23/3 429 408
LiAIB-1* 76.4/23.6 324 323  49/39/12 463 4.19
LiAIB-2* 70.3/29.7 3.30 3.33  34/47/19 485 437
NaAIB-0® 86/14 3.14 3.11 96/4/0 404 401
NaAIB-1° 82/18 3.18 3.18 88/9/3 415 4.03
NaAIB-2 - - 324 - - 4.07
KAIB-0° 94/6 3.06 3.13 95/4/1 406 401
KAIB-1 - - 317 - - 4.02
KAIB-2 - - 323 - - 4.04

#Experimental CNs taken from Ref. [10].
bExperimental CNs taken from Ref. [21].
“Experimental CNs taken from Ref. [20].

have also been observed for compressed silica glass, where
there is no observed change in the Si CN [11]. The changes
in silica glass have previously been ascribed to a broader
bond angle distribution and the Si-O bond becoming less
covalentlike [60]. This indicates that increased CNs are likely
not the sole reason for the increased bond lengths in the alu-
minoborate glasses. Furthermore, we note that the M-O bond
lengths (M = Li, Na, or K) also increase with pressure, as
seen from the increase in the position of the peaks assigned to
these bonds, but also from the partial d(r) where the first peak
of the Li-O and Na-O partials increase in position with pres-
sure, while it remains constant for K-O. This contrasts with
the previous 2*Na MAS NMR results that suggest a decrease
in alkali-oxygen bond lengths with increasing pressure [61].

Although the peak positions align well for the experimental
and simulated D(r), the intensities and peak areas are not fully
replicated, indicating small differences in the experimental
and simulated CNs. However, as many variables are involved
in the calculation of D(r), including broadening functions, it
is difficult to directly compare the intensities and peak areas
from the simulations and experiments. A better comparison
is to consider the CNs. As many of the studied compositions
have already been probed by NMR in the literature [10,20,21],
here, we compare the Al and B CNs from NMR and the
present MD simulations (Table I). We find that the average
B CN is well replicated in the simulations, while the average
Al CN is slightly underestimated, particularly for the LiAIB
sample. Such small differences are expected due to the much
higher cooling rates used in the simulations than the experi-
ments.

C. Mechanical properties

The pressure-induced structural changes that are described
above affect the mechanical properties of the glasses. As
shown in Table II, all three glass compositions show an in-
crease in p, G, and E, and they all show a small decrease in v
with increasing pressure, in agreement with previous findings
[5,20,62]. A more densely packed system with higher average
CN has more atomic constraints per unit volume, leading to
an increased E [63]. The largest increase in p is seen for the
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TABLE II. Density (p), packing density (C,), fracture toughness
(K1), shear modulus (G), Young’s modulus (E), and Poisson ratio
(v). Estimated errors do not exceed 0.01 gcm ™, 0.05 MPam®?, 0.5
GPa, 1 GPa, and 0.005 for p, K., G, E, and v, respectively. Data
for the LiAIB glass are reproduced from Ref. [5]. The suffixes of
the glass sample names are based on the used pressure during hot
compression, i.e., O for the as-made glass, and then 1 and 2 for the 1-
and 2-GPa compressed glasses, respectively. We note that the present
p data are all within 0.05gcm™ (< 2% of change) of previous
reports on similar glass compositions [5,9,10,20].

Glass P C, K. G E v

sample (gem™) (—) (MPam®’) (GPa) (GPa) (—)
LiAIB-0 2.238 0.546 0.69 26 67 0.279
LiAlIB-1 2.420 0.591 1.13 35 90 0.271
LiAIB-2 2.596 0.635 1.36 46 115  0.262
NaAlB-0 2.255 0.514 0.71 17 44 0.291
NaAIB-1 2.359 0.538 0.83 21 55 0.286
NaAIB-2 2.471 0.564 1.07 26 65 0.274
KAIB-0 2.175 0.500 0.59 11 28 0.303
KAIB-1 2.285 0.525 0.64 15 38 0.296
KAIB-2 2.417 0.555 0.87 19 49 0.283

LiAIB and NaAIB glasses, which contain the smallest modi-
fier ions, giving the ability to a more densely packed structure,
as is also seen from the increase in C,. The largest increase in
E is found for the LiAIB glass, indicating a larger increase
in the connectivity and atomic constraints of this glass upon
hot compression than the two other glasses [64]. This is also
supported by the previously determined CNs (Table I), i.e.,
the LiAlB samples contain the largest fraction of Al and B
species with higher CNs in both the as-made and compressed
glasses compared with the two other compositions. Interest-
ingly, the pressure treatment causes a larger increase in G than
E for the LiAIB and NaAlB glasses, with a difference in the
increase of 5% for both samples. This is opposite to findings
in previous studies where E and G either increase similarly
upon pressure treatment or where E increases more than G
[11,62,65]. Both E and G are related to the bond energies,
atomic constraints of the bonds, and C, [66]. According to the
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theoretical calculations of E and G in Ref. [66], E is influenced
mostly by changes in C,, while the other parameters are found
to influence the two moduli equally.

Now instead of focusing only on the equilibrium mechan-
ics, we will focus on the fracture toughness of the glasses.
Figure 5(a) shows that the hot-compression posttreatment
causes a large increase in K. for all three glass composi-
tions, with the most pronounced increase observed when the
pressure increases from O to 1 GPa for the LiAIB glass. To
reveal the structural origin of this toughening, we first attempt
to predict Kj. using Rouxel’s fracture toughness model [67].
Here, the theoretical fracture surface energy is predicted based
on the nominal glass composition, using the experimental p,
E, v, the molar mass of the glass, and the bond energies
of the cation-oxygen bonds contained in the glass, with the
assumption that the crack only propagates through one bond
in each LiO,, AlO,, and BO, oxide unit [5]. Then K. is
calculated as

2yE

Be=yio

®)
where E and v are taken as the experimental values, while
y is the theoretical fracture surface energy. This model as-
sumes no plastic deformation during fracture, which is usually
a reasonable assumption for oxide glasses. Here, we find
that this model provides a reasonable prediction of the ex-
perimental K. values [Fig. 5(b)] [5], although with a slight
underestimation of most values, with the 2-GPa compressed
glasses showing the largest difference. From Rouxel’s model,
it is evident that the changes in p, E, and v with pressure
contribute to the increase in Kj. with pressure. This is also
reflected in the approximate linear relationships between Kj,
and E or C, (Figs. S15(a) and S15(b) in the Supplemental
Material [19]). Here, K. is, as seen from Eq. (8), positively
correlated with E, where E is determined by both the number
of bonds per unit volume and the bond energies [63], and
these bonds must be broken for the crack to propagate [15,67].
Therefore, K. is also correlated to the average CN of the
network-forming species in the glass, as increased CNs lead
to increased number of atomic constraints per unit volume and
hence an increased E.

02 04 06 08 10 12 14
Kic pred. (MPa m©>)

FIG. 5. (a) Pressure dependence of the experimental determined fracture toughness (Kj.) values. (b) Comparison of experimental Kj. and
predicted Kj.. Experimental and predicted K. data for LiAIB glasses are reproduced from Ref. [5]. The dashed line in (b) represents the

one-to-one correlation.
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FIG. 6. Correlation between experimental fracture toughness (K}.) and (a) average coordination number (CN) of network forming species
(Al and B) as obtained from experiments and simulations, and (b) area of the first sharp diffraction peak (FSDP), obtained from experimental
x-ray S(Q). Dashed lines in (b) are linear fits to data for each glass composition. Data for LiAIB glass have previously been published in

Ref. [5]. Experimental CNs are taken from Refs. [10,20,21].

The correlation between Kj. and the average CN of the
network-forming species (Al and B) is analyzed in Fig. 6(a),
showing a clear, positive correlation. Experimental CN values
based on NMR data in the literature are not available for
some samples. Because the experimental x-ray D(r) intensity
is strongly correlated with the scattering length dependent
partial structure factors and due to significant overlap of
partials, the CNs cannot be determined from the x-ray data.
Therefore, the simulated CN values are also included in this
figure, which show the same trend. This shows that increasing
the fractions of higher-coordinated network-forming species
in the glass will result in a glass with a higher Kj.. However,
this is only valid when studying the same glass composition,
as the 0- and 1-GPa NaAlB samples show a higher Kj. than
the 0-GPa LiAIB sample, although the LiAIB sample has a
higher average CN value.

To further investigate which structural features are respon-
sible for the increase in Kj., the correlation between Kj. and
the FSDP area is shown in Fig. 6(b), and the correlation be-
tween K. and the FSDP position is shown in Fig. S15(c) in the
Supplemental Material [19]. Like the correlation in Fig. 6(a),
Fig. 6(b) shows an almost linear correlation between Kj. and
the FSDP area for each glass composition. However, there
is no master curve describing the behavior of all samples.
The same is the case for the correlation between Kj. and
the FSDP position. We have also compared the correlation
shown in Fig. 6(b) with the correlation between K. and the
FSDP area as derived from F(Q). As shown in Fig. S15(d) in
the Supplemental Material [19], we find the same trend with
both scattering functions. The KAIB glass shows a positive
correlation, opposite the LiAIB and NaAlB samples, which
is likely explained by the partial S;;(Q) (see Fig. S5 in the
Supplemental Material [19]). That is, the K-containing atom
pairs all contribute to FSDP, while the Li- and Na-containing
atom pairs have little to no contribution to FSDP.

D. Structural origin of increase in fracture toughness

Considering the above-presented results, it is evident that
the pressure treatment causes an increase in Kj., increase in
the CN of the network-forming species, and changes in the

topology of the ring structures, including a decrease in the
average ring size and a change toward more elliptical small
rings. As such, in addition to the SRO changes, we observe
systematic pressure-induced changes in the MRO structure,
as seen from the changes in FSDP position and area. This
suggests that the increase in Kj. cannot be linked to a single
structural event but is influenced by multiple changes in both
SRO and MRO structure. Previously, we attributed the large
increase in Kj. for the LiAIB glass to the higher propensity
for bond switching events, i.e., SRO structural rearrangement
that results in increased plasticity of the glass [5]. Increasing
plasticity is thereby caused by the adaptability of the network,
as a more adaptable network will be more prone to initiate
structural changes before bond breaking during a fracture
event. Consequently, it appears likely that, when the number
of structural changes upon hot compression increases, the
adaptability of the structural network is higher. This plasticity
or adaptability increases upon densification, suggesting that
the structure allows for atomic rearrangement and hence for
the compressed elements to decompress or expand back to the
initial uncompressed state before fracturing.

As the SRO structures (e.g., polyhedra) are part of the
MRO ring-type structures, the events that occur on the SRO
scale (e.g., CN changes) will directly lead to changes in the
MRO structures. As stated above, we previously showed high
adaptability in the SRO structures of these glasses, and based
on this reasoning, the adaptability will also be reflected in
the MRO structures. Due to this adaptability, we infer that
the observed pressure-induced changes in the ring structures
are reversible if the glass is subjected to mechanical stress as
in a fracture process. In other words, the energy needed for
these glasses to fracture increases as the initial energy will
be spent on reversing the compressed SRO and MRO struc-
tural units before breaking bonds and eventually fracturing
the sample. Furthermore, it is known that the hot-compressed
glass has a lower apparent fictive temperature, i.e., lower
average potential energy (corresponding to higher bond en-
ergy) than an ambient pressure produced glass [14,68,69].
When an external load is applied to the compressed glass,
the local relaxation from higher to lower bond energy will
be triggered before fracturing, and this balances some of the
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external energy, leading to an increase of fracture toughness
[5]. This is consistent with the revealed structural origin of
the increase of fracture toughness in aluminoborate glasses
upon hot-compression treatment. These observations suggest
an even larger plasticity effect than the previously reported
bond switching analysis [5], which is also in agreement with
the observed difference between predicted and experimental
Kic [Fig. 5(b)].

IV. CONCLUSIONS

We have studied the changes in SRO and MRO struc-
ture of hot-compressed alkali aluminoborate glasses and their
impact on the hot-compression-induced increase in fracture
toughness. Independent of the type of alkali element, the hot-
compression treatment causes significant changes to FSDP
in the x-ray structure factor, along with an increase in bond
lengths, as seen in the differential correlation function. The
ring size distribution and ring topology analyses reveal that
the changes in MRO originate from a decrease in the average
ring size along with the smaller rings becoming more elliptical
upon densification. The increase in bond lengths is caused by
an increase in the CN of the network-forming species (Al and
B). The changes in the ring structures have been correlated
to the increased fracture toughness, with good correlation for
each composition, indicating that the MRO correlates directly
to the fracture toughness. A similar trend is found when cor-
relating the average CN of network-forming species to the
fracture toughness. For both correlations, no overall trend for
all samples can be observed, indicating that the increase in
fracture toughness is influenced by multiple structural events

at different length scales. Indeed, the results for the stud-
ied glass compositions suggest that not only stress-induced
changes in the SRO structures influence fracture toughness but
also changes in the MRO structures. This should be consid-
ered in the future design of intrinsically tough oxide glasses.

The data supporting the results within this paper are avail-
able from the corresponding author upon request.
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