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Oxide glasses continue to be among the most important materials for a sustainable society owing to
their unique advantages, e.g., transparency, formability, low cost, and tailorable properties and functionalities.
However, their high brittleness has severely been hindering the use of oxide glasses for many engineering and
functional applications. Previous approaches to overcome this limitation by improving the fracture toughness
have largely failed, but herein we report the use of a simple post-treatment, namely surface aging in a humid
atmosphere, to improve not the resistance to crack growth, but rather the resistance to crack initiation. The effect
of such aging on the mechanical performance is found to be highly composition dependent, and in stark contrast
to most previous work, we thus find that water incorporation is not always a foe, but can also be a friend for
glass mechanics. Specifically, we demonstrate crack-free ultrasharp cube corner indents in an aged caesium
aluminoborate glass at loads above 25 N, while other aged oxide glasses studied in this work easily crack at
loads below 1 N. The aging effect is found to be due to a combination of stress and hydrolysis assisted structural
changes in the flexible aluminoborate glass network.

DOI: 10.1103/PhysRevMaterials.4.063606

I. INTRODUCTION

Oxide glasses continue to be among the most important
engineering and functional manmade materials due to their
useful properties, such as good transparency, relatively high
hardness, and good chemical durability. Although the ultimate
strength and ductility of defect-free amorphous oxides can
be high [1,2], all known bulk oxide glasses are inherently
brittle because of the lack of a stable shearing deformation
mechanism and limited resistance to crack growth (low frac-
ture toughness) [3–5]. To overcome this limitation, various
postprocessing methods are used in industry, most notably
thermal tempering [6] and chemical strengthening [7,8], with
the aim to increase the critical stress needed for crack initia-
tion and to retard the rate of crack growth by counteracting
the stresses acting on the crack tip. In addition to adding
extra cost, these methods are also limited to either relatively
thick glasses (thermal tempering) or mobile ion-containing
glasses (chemical strengthening). Alternatively, recent work
has shown some promise in toughening oxide glasses by
incorporating crystalline or glassy nanoparticles in the glass,
but these treatments either require high pressure (and thus
limits the sample size) or lead to a loss of transparency [9,10].

Another attractive strategy to overcome the limitations
of brittleness is to enhance the damage or crack resistance
through rational composition design [11–13]. Crack resis-
tance (CR) here refers to the glass’ ability to withstand stress
without initiation of cracks upon sharp contact loading [14],

*Corresponding author: mos@bio.aau.dk

specifically the load resulting in 50% probability of corner
crack formation during indentation [14]. Such sharp contact
deformation is a typical failure mode in the field for, e.g.,
cover glasses, and particularly radial cracks, propagating per-
pendicular to the glass surface, are believed to be important,
as they can become the strength-limiting factor for many
applications [15]. Recent examples of such tailored crack-
resistant glasses include mixed modifier aluminosilicate [16],
binary aluminosilicate [13], calcium boroaluminosilicate [17],
tantalum aluminate [18], and alkali aluminoborate composi-
tions [12,19]. On the other hand, post-treatment that increases
the glass density (e.g., by low-temperature annealing or hot
compression) typically leads to a decrease in CR [20]. Besides
composition and post-treatment, it is known that other factors
such as loading/unloading rate, surface quality, indenter tip
geometry, time after unloading, and atmospheric conditions
(temperature and humidity) also influence the crack resistance
of glasses [21–23]. Particularly, the relative humidity (RH)
plays a major role for the indentation response of glasses
[23,24].

Understanding the details of glass-water interactions is
thus crucial for tailoring the mechanical performance of oxide
glasses. Besides water entry from a humid environment via
diffusion or hydrolysis and condensation, water may already
be present in the as-melted glass, e.g., as an impurity in the
raw materials. Water typically exists in glasses in the form of
either molecules or hydroxyl groups, depending on the glass
composition and water content [25,26]. Wiederhorn [27] first
studied the influence of atmospheric humidity on the crack-
ing behavior of soda-lime-silicate glasses, and attributed the
fatigue phenomenon to subcritical crack growth enhanced by
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TABLE I. Overview of glass transition temperature (Tg), density (ρ), Young’s (E) modulus, Poisson’s ratio (υ), and Vickers hardness (Hv)
for the present glasses prior to any aging.

Composition Tg E ρ Hv

Glass ID (mol %) (°C) (GPa) υ (g/cm3) (GPa) Reference

CsAlB 25Cs2O-25Al2O3-50B2O3 402 24.5 0.322 3.006 2.6 this work
NaAlB 25Na2O-20Al2O3-55B2O3 451 46.5 0.291 2.240 3.3 [37]
LiAlBSi 5SiO2-25Li2O-20Al2O3-50B2O3 473 67.0 0.274 2.263 4.6 [38]
SLS 13Na2O-6MgO-10CaO-71SiO2 562 72.0 0.230 2.512 6.1 [39]
LaAlSi 25La2O3-15Al2O3-60SiO2 862 113.7 0.305 4.336 7.2 [40]
LaAlB 25La2O3-15Al2O3-60B2O3 658 107.4 0.298 3.998 7.1 [40]

stress corrosion, in which the silicon-oxygen bond is assumed
to undergo a hydrolysis reaction. Later work has shown that
water entry during indentation leads to softening [28], molec-
ular water surrounding the crack tip can lower the fracture
toughness [29,30], and stress corrosion under high humidity
increases the crack initiation probability [31]. On the other
hand, water penetration has also been shown to inhibit crack
growth in silica glass by shielding the crack tip due to network
swelling [32,33] and result in fast stress relaxation [34].

Indeed, a few recent studies have shown that prehydration
of a glass surface can increase the crack resistance for cer-
tain compositions. Namely, hydrothermal treatment (150 °C
at 100% RH for 3 days) of soda-lime-silica (window) glass
increases CR from around 0.5 to 3 N [35], while a lower
temperature aging (22 °C at 85% RH for 30 days) increases
CR from 50 to 100 N of some phosphoaluminosilicate glasses,
but not for others [36]. Our recent study on a caesium alu-
minoborate glass shows an increase in CR from around 30 to
>100 N upon low-RH treatment (23 °C at 45% RH for 7 days)
[24], i.e., surface aging in a humid atmosphere. There is thus
a strong composition dependence of the hydration-induced in-
crease in CR and we infer that favorable intrinsic mechanical
properties (prior to aging) likely need to be combined with a
tailored propensity to undergo surface hydration to achieve
the ultrahigh CR values. If the glass hydrates too rapidly,
a white surface layer will form. For future applications, it
would thus be beneficial if the surface could be prehydrated
at high-RH conditions, but not undergo further pronounced
hydration when taken back to ambient conditions.

In this work, we aim to understand these phenomena
further by performing controlled low-temperature aging ex-
periments of a metaluminous caesium aluminoborate glass.
Compared to our recent work [24], we here perform much
more detailed structural and mechanical characterization on
samples with varying degree of aging. We also compare the
aging behavior of the caesium aluminoborate glass with that
of various oxide reference glasses (see Table I), which have
been chosen to exhibit a wide range of network rigidity, as ev-
idenced by the large span in glass transition temperature (from
∼400 to 860 °C) and hardness (from ∼2.6 to 7.2 GPa). Since
aluminoborate glasses are known to be self-adaptive by easily
changing the coordination numbers of Al and B under stress
[12], we also perform aging experiments on a permanently
densified caesium aluminoborate glass, which shows limited
densification during subsequent indentation. We thus compare
aging effects in both as-made and compressed glasses in order

to decipher the role of coordination number changes on crack
resistance. These changes are possible in the as-made glasses,
but to a much smaller extent in the compressed glasses.
Using a combination of mechanical characterization, solid-
state nuclear magnetic resonance (NMR) spectroscopy of 11B,
27Al, and 133Cs, and micro-Raman spectroscopy analyses of
aged and densified glasses, we then show how a combina-
tion of stress and hydrolysis assisted structural changes in
the flexible aluminoborate glass network is responsible for
its ultrahigh crack resistance. These findings have important
implications for utilizing humid aging as a simple post-
treatment method to improve the fracture resistance of oxide
glasses.

II. EXPERIMENT

A. Glass synthesis

We have prepared a bulk glass with nominal composition
(in mol %) of 25Cs2O-25Al2O3-50B2O3 using the traditional
melt-quenching technique. The composition is similar to that
in our recent study [24], but here designed to have a lower
fraction of tetrahedral boron (due to [Cs2O] = [Al2O3]),
which has been found to give a high CR value in sodium
aluminoborate glasses [37]. The utilized raw materials were
Al2O3 (99.5%, Sigma-Aldrich), H3BO3 (�99.5%, Honeywell
International), and Cs2CO3 (99.5%, Sigma-Aldrich). First,
the raw materials were weighed and thoroughly mixed. To
prevent excessive foaming, the mixture was stepwise added
to a Pt-Rh crucible and heated to around 800 °C in an electric
furnace to remove the excess H2O and CO2. Subsequently,
in order to homogenize the melt, the mixture was melted at
1070 °C for 2 h in air. Finally, it was poured onto a steel
plate for quenching. The obtained glasses were immediately
transferred to a preheated annealing furnace at 405 °C (es-
timated glass transition temperature) for 30 min, and then
slowly cooled to room temperature. The composition of the
glass was analyzed by inductively coupled plasma optical
emission spectroscopy for Al2O3 and B2O3, and flame emis-
sion spectroscopy for the Cs2O content, and found to be
24.5Cs2O-24.1Al2O3-51.4B2O3.

For comparison with the caesium aluminoborate glass
(named CsAlB hereafter; see Table I), we also prepared five
reference glasses based on our previous studies. All glasses’
nominal chemical compositions and their measured properties
are shown in Table I. These reference glasses include sodium
aluminoborate glass (25.5Na2O-20.4Al2O3-54.1B2O3) [37],
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lithium silicoaluminoborate glass (5SiO2-25Li2O-20Al2O3-
50B2O3) [38], a soda-lime-silica float glass (13Na2O-6MgO-
10CaO-71SiO2) [39], lanthanum aluminosilicate glass
(25La2O3-15Al2O3-60SiO2) [40], and lanthanum alumino-
borate glass (25La2O3-15Al2O3-60B2O3) [40]. These glasses
were also produced by melt quenching, with the details given
in the corresponding references [37,40].

Following determination of the glass transition tem-
perature (Tg; see Sec. II C), all the glasses were re-
annealed for 30 min at their measured Tg and cooled
down to room temperature at a cooling rate of ap-
proximately 3 K/min. After reannealing, samples were
cut for the needed dimensions for density, modulus, x-
ray diffraction, ultraviolet-visible (UV-VIS) spectroscopy,
Raman spectroscopy, and indentation experiments (see
Sec. II C). Subsequently these samples were optically pol-
ished in ethanol by using abrasive SiC disks (up to grit 4000).
Finally, all the samples were kept in a desiccator to avoid
hydration of the surface, or in a climate chamber to induce
aging experiments (see Sec. II B).

B. Post-treatment: densification and aging

Following the treatment protocol described in previous
work [41], the 24.5Cs2O-24.1Al2O3-51.4B2O3 glass samples
were subjected to isostatic N2-mediated pressure treatment at
1 GPa. The compression was carried out at its measured Tg

(402 °C) for 0.5 h, and subsequent quenching with an initial
cooling rate of 60 K/min. The pressure chamber was then
decompressed at a 30-MPa/min rate. This gives rise to per-
manent volume densification, associated with both structural
and property changes [41].

The present CsAlB glass (annealed and compressed ver-
sion), as well as all the reference glasses were also subjected
to controlled humid aging experiments in a climate chamber
(WKL 100/40, Weiss) to hydrate their surfaces. Following
our recent work [24], the aging experiment was done at 23 °C
with 45% RH for varying duration up to 7 days. All the glass
samples were immediately put into the climate chamber after
being optically double-side polished in ethanol.

C. Basic property characterization

To confirm the amorphous nature, x-ray diffraction (XRD)
patterns of the CsAlB glass were acquired (Empyrean XRD,
PANalytical) from 0° to 70° at 40 kV with a scanning speed of
8°/min. The noncrystalline nature of the reference glasses has
previously been confirmed [37,38,40]. Moreover, the chemi-
cal homogeneity of the CsAlB glass was investigated by ac-
quiring micro-Raman spectra ranging from 250 to 1700 cm−1

(InVia, Renishaw) at five different surface locations that were
separated by at least 1 mm. The measurements were done
using a 532-nm laser with 10-s excitation time. The acquired
spectra were subjected to baseline subtraction and normaliza-
tion with respect to their area.

To confirm the incorporation of water in the CsAlB glass
upon aging, we performed Fourier transform infrared (FTIR)
spectroscopy measurements on a ground and polished sample
with uniform thickness of 1.0 mm. The FTIR spectra were
acquired using a Spectrum One spectrometer (PerkinElmer

STA 6000) on a Ge crystal under ambient conditions with
subsequent background subtraction. The absorption spectra
(averaged over 64 scans) were collected in the wave-number
region from 400 to 4000 cm−1. The estimation of the water
content in the oxide glasses is based on the Beer-Lambert
law, which relates the concentration (by weight) of water in
the glass (cH2O) to the absorbance of the FTIR beam through
the glass (A), the samples thickness (�x), and the molar ab-
sorption coefficient (εH2O) related to the overall concentration
of water in the glass [42]. The molar absorption coefficient
of OH groups (εOH) is approximately equal to one-half of
εH2O. We do not know the actual values of εOH for the studied
glasses, but previous studies [43] have shown that variations
of εOH are of the same order of magnitude for various oxide
glasses. Following the approach of Wu et al. [42], we calculate

cH2OεOH = AMH2O

2�xρ
, (1)

where MH2O is the molar mass of H2O (18.02 g/mol) and ρ is
the density of the glass (g/cm3). That is, with this approach
we are not relying on the absolute value of εOH to estimate
variations in OH content among the samples.

Tg of the CsAlB glass was determined by differential
scanning calorimetry measurements (STA 449 F3 Jupiter,
Netzsch) at 10 K/min on specimens with a known thermal
history (i.e., with a preceding cooling rate of 10 K/min).
These samples were analyzed using Pt crucibles in argon (gas
flow 60 mL/min). The intercept between the tangent to the
inflection point of the endothermic peak and the extrapolated
heat flow of the glass was interpreted as the onset of the glass
transition (Tg). Tg values of the reference glasses were taken
from the previous studies [37–40].

The density (ρ) of all glass samples was determined by
Archimedes’ principle of buoyancy. The weight of each spec-
imen (at least 2 g) was measured in air and ethanol ten times.
Based on the ratio between molar mass and density, we also
calculated the molar volume (Vm). The elastic properties of
the glasses were measured by ultrasonic echography using an
ultrasonic thickness gauge (38DL Plus, Olympus) equipped
with 20-MHz delay line transducers for the determination of
the longitudinal V1 and transversal wave velocities V2. The
detailed calculation method was shown in the previous study
[38].

To evaluate whether the humid surface aging affects the
visual appearance of the glass, we determined the optical
transparency of the as-made and aged CsAlB glass on a
1.5-mm-thick sample. This sample was optically double-side
polished in ethanol by using SiC disks (up to grit 4000) and
then immediately transferred into the climate chamber for
aging up to 7 days. Subsequently, the sample was analyzed
in a UV-VIS spectrometer (Cary 50 Bio, Varian) every day,
recording the transmission at wavelengths between 255 and
800 nm. We measured five different areas (at least 2 mm
apart) of this sample to ensure the homogeneity. All UV-VIS
transmittance spectra were normalized to 1 mm thickness.

D. Structural characterization

To study the structural changes induced by humid aging,
we performed 11B, 27Al, and 133Cs magic angle spinning
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(MAS) NMR experiments for four different CsAlB glass
samples: as-made/no aging, compressed/no aging, as-made/7
days aging, and compressed/7 days aging. Since the NMR
measurements have to be done on powdered samples and the
humid aging is expected to mostly affect the surface structure,
the glasses were powdered with an agate mortar and pestle
prior to aging (but not prior to hot compression, which is
known to homogenously densify the bulk structure [44]).
Aging of glasses for NMR spectroscopy was done by placing
powdered glasses in a humidity controlled chamber (45% RH)
at 23 °C for 7 days. After aging, the powdered glasses were
sealed in glass vials to prevent further changes.11B, 27Al, and
133Cs MAS NMR experiments were conducted at 16.4 T using
a commercial spectrometer (VNMRs, Agilent) and a 3.2-
mm MAS NMR probe (Varian/Chemagnetics). The powdered
samples were packed into 3.2-mm zirconia rotors, with sam-
ple spinning of 20 kHz for 11B and 22 kHz for 27Al and 133Cs.
11B and 27Al MAS NMR data were collected at resonance
frequencies of 224.5 and 182.3 MHz, respectively, utilizing
radio-frequency pulses of 0.6 μs (π /12 tip angles), with 4-s
recycle delay and signal averaging of 1000 acquisitions for
11B MAS NMR, and a pulse delay of 2 s and collection
of typically 600 scans for 27Al MAS NMR. Additional 11B
and 27Al MAS NMR data were acquired with 1H decoupling
to account for possible interactions in hydrated glasses, but
these data were not different from the nondecoupled MAS
NMR data, and therefore were not used further. 133Cs MAS
NMR data, at a resonance frequency of 91.8 MHz, were
collected using short rf pulses (0.6 μs), recycle delays of
60 s, and accumulation of 400 scans for each experiment.
MAS NMR spectra for 11B and 27Al were processed without
any additional apodization, while those for 133Cs benefitted
from application of 100 Hz line broadening. MAS NMR data
were plotted using the normal shielding convention and with
shift referencing to aqueous boric acid (19.6 ppm) or aqueous
aluminum nitrate (0 ppm). The latter shift referencing was
also used for 133Cs following the International Union of Pure
and Applied Chemistry recommendation of using the ratio of
frequencies for 27Al and 133Cs. 11B MAS NMR data were fit
with DMFit utilizing second-order quadrupolar line shapes for
trigonal (BIII) resonances, and a combination of Gaussian and
Lorentzian functions for the BIV resonances. The overlapping
satellite transition for the BIV resonance was also fit and sub-
tracted from the integration, yielding accurate site intensities
for all BIII and BIV peaks. The CzSimple model in DMFit was
used to fit 27 Al MAS NMR data [45]. 133Cs MAS NMR data
were fit also with DMFit, using combinations of Gaussian
and Lorentzian line shapes to reproduce the experimental
data.

In addition to solid-state NMR spectroscopy analysis, we
also acquired micro-Raman spectra of as-made and com-
pressed CsAlB glasses with different aging condition, since
this technique allows us to directly probe the medium-range
structure as well as the structure of the surface regions de-
formed by indentation (see Sec. II E). Raman spectra were
collected on an inVia micro-Raman spectrometer (Renishaw)
with a 532-nm laser and an acquisition time of 10 s. The range
of all spectra was from 250 to 4000 cm−1, with resolution
better than 2 cm−1. The micro-Raman spectra were acquired
around Vickers indents produced at 19.6 and 4.9 N, with

increasing distances from the center to the edge of the Vickers
indent. Two spectra were accumulated in each position to
minimize the signal-to-noise ratio. All spectra were uniformly
treated for background correction and area normalization.

E. Microindentation

We determined the Vickers hardness (HV) and crack re-
sistance (CR) of as-prepared, compressed, and aged glasses
by using a CB500 microindenter (Nanovea). On each sample,
ten Vickers indents with a load of 9.8 N (1 kgf) were generated
to determined HV. The loading duration and dwell time were
set to 6 and 10 s, respectively. The residual imprints were
subsequently analyzed with an optical microscope and HV was
calculated as

HV = 1.8544
P

( d1+d2
2

)2 , (2)

where P is the contact load, and d1 and d2 are the lengths
of the projected indent diagonals. We note that d1 and d2

were measured immediately after unloading (20–30 s), but as
described in Sec. III B below, the indents of the CsAlB glass
recover quickly. As such, the reported hardness of this glass
may be higher than its “real value” due to humidity-induced
recovery.

To evaluate CR, all glass samples were indented at dif-
ferent loads using both Vickers and cube corner diamond tip
geometries. According to the method of Wada et al. [14], the
probability of crack initiation (PCI) at each load was derived
as the ratio between the number of corners with a corner crack
and the total number of corners (4 for Vickers and 3 for cube
corner). The crack resistance is defined as the load at which
an average of 2 cracks for Vickers and 1.5 cracks for cube
corner (PCI = 50%) occurred. On every specimen, at least ten
indents were made by using the Vickers indenter tip (loading
rate of 7.5 N/s and dwell time of 5 s) and cube-corner indenter
tip (loading duration of 6 s and dwell time of 10 s). The
measurements were conducted under laboratory conditions
(room temperature, relative humidity of 50–55%).

In order to evaluate the effect of aging time on the in-
dentation deformation mechanism of the CsAlB glasses and
the other reference glasses, we determined the recovery of
the indent side length over time. To do so, all samples were
first optically polished in ethanol using SiC disks (up to grit
4000) and immediately afterwards indented ten times by a
Vickers tip at a load of 4.9 N with loading duration of 6 s and
dwell time of 10 s. Then images of the indents were recorded
by means of the built-in microscope. After indentation and
imaging, these samples were immediately transferred into the
climate chamber (temperature: 23 °C, relative humidity: 45%)
for aging, and then the existing indents were imaged once
every day. The initial (20–30 s after unloading) indentation
side length, Ls,i, was determined and then determined again
after aging, Ls,a. Similarly to the recovery of indentation
volume following the method of Yoshida et al. [46] to estimate
densification contribution to overall indentation deformation
[47], we calculate the aging-induced side length recovery
(LAR),

LAR = Ls,i − Ls,a

Ls,i
. (3)
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TABLE II. Effect of hot compression on density (ρ), molar volume (Vm), atomic packing density (Cg), elastic moduli [Young’s (E), shear
(G), and bulk (B) moduli], Poisson’s ratio (υ), Vickers hardness (Hv), and Vickers crack resistance (CR) of the caesium aluminoborate glass
without aging.

ρ Vm E G B Hv CR
Glass (g/cm3) (cm3/mol) Cg (GPa) (GPa) (GPa) υ (GPa) (N)

As prepared 3.006 43.58 0.511 24.5 9.3 22.9 0.322 2.6 58
Compressed 3.129 41.79 0.532 30.5 11.7 26.0 0.304 3.2 8
Error estimate 0.001 0.01 0.001 0.5 0.5 0.5 0.005 0.1 20%

III. RESULTS AND DISCUSSION

A. Glass formation and basic characterization prior to aging

Based on the x-ray-diffraction analysis (Fig. S1 in the
Supplemental Material [48]), we find that there is no long-
range-ordered structure in the as-prepared CsAlB glass. It
also exhibits a typical glass transition in the heat capacity
vs temperature curve with Tg = 402 ◦C (Fig. S2 in the Sup-
plemental Material [48]). As seen from the micro-Raman
spectra in Fig. S3 in the Supplemental Material [48], there
are no significant differences among these across the sample
surface, suggesting that the glass is compositionally homo-
geneous. Furthermore, the glass is found to be transparent
in the wavelength range of visible light, with only minor
changes in optical transmittance due to the surface aging at
45% RH (Fig. S4 in the Supplemental Material [48]). Table I
shows the overview of Tg, density (ρ), Young’s modulus
(E), Poisson’s ratio (υ), and Vickers hardness (Hv) for the
as-prepared CsAlB glass and the other reference glasses.
The CsAlB glass features a low glass transition temperature
(Tg = 402 ◦C), low hardness (Hv = 2.6 GPa) and low Young’s
modulus (E = 24.5 GPa), but relatively high density (ρ =
3.006 g/cm3) and high Poisson’s ratio (υ = 0.322) compared
to the reference glasses. We note that the fracture toughness
(KIc) of a compositionally similar caesium aluminoborate
glass has recently been found to be 0.42 MPa m0.5 [49].

To evaluate the water content in the as-melted CsAlB
glass prior to aging, we consider the FTIR spectroscopy
analysis (Fig. S5 in the Supplemental Material [48]). Almost
all water in borate glasses is accommodated in the form of
hydroxyl groups at relatively small concentrations of water
[50], with the IR bands related to the stretching of B-OH
groups present at wavelengths between 3600−3750 cm−1 and
3200−3500 cm−1 [50,12] depending on the glass composi-
tion. Based on Eq. (1), we calculate the value of cH2OεOH in
the CsAlB glass to be ∼0.49 (Fig. S6 in the Supplemental
Material [48]) before aging, which is relatively low compared
to that found in some soda lime borosilicate glasses [51]. As
such, although the alkali aluminoborate glasses are known
to feature low chemical durability compared to other oxide
glasses [52], the water content of the as-made, polished glass
is not unusually high and it may thus increase upon aging
in humid atmosphere, i.e., the surface is not already fully
hydrated prior to aging.

The effect of hot compression (prior to any aging) on ρ,
molar volume (Vm), atomic packing density (Cg), E, shear
modulus (G), bulk modulus (B), υ, Hv , and crack resistance
(CR) of the CsAlB glass is summarized in Table II. To
quantify changes in the free volume, we calculate the atomic

packing density in addition to molar volume based on the
ionic radii from Shannon [53] and the assumption of spherical
atoms. Cg of as-prepared and densified CsAlB glasses is
estimated to be 0.511 and 0.532, respectively, by assuming
eightfold coordination for Cs, twofold coordination for O,
and coordination numbers for B and Al based on the NMR
results (see Table S1 in the Supplemental Material [48]). Upon
volume densification (i.e., Vm decreases and Cg increases), the
hardness of the glass increases, in agreement with previous
work [44,54,55] on other oxide glasses. In addition to the
structural changes upon densification (see Sec. III D), the
denser structure gives rise to more atomic constraints per unit
volume, which is known to increase hardness [44]. There is
also a significant increase in all three elastic moduli upon hot
compression, but a decrease in Poisson’s ratio (Fig. S7 in the
Supplemental Material [48]), as discussed in detail elsewhere
for various oxide glasses [56].

B. Indent size recovery

Upon humid aging, we find that the water content of the
CsAlB glass increases systematically with aging time (Fig. S6
in the Supplemental Material [48]), showing that atmospheric
water permeates into the glass. It is also confirmed by the ther-
mogravimetric analysis (Fig. S8 in the Supplemental Material
[48]). This has important consequences for its mechanical
behavior.

First, to understand the deformation mechanism of both
the as-made and densified CsAlB glass relative to that of the
other reference glasses, we consider the change in size of
the Vickers indent as a function of aging time. Figure 1(a)
shows representative optical images of 4.9-N indents on the
surface of the as-made and densified CsAlB glass before and
after aging for 7 days at 45% RH. The indents in both the
as-made and densified glasses exhibit significant shrinkage
upon aging, as also found in our recent study of an as-made
peralkaline caesium aluminoborate glass [24]. In fact, even
the images recorded immediately (20–30 s) after indentation
unloading do not show the perfect square shape, indicating
recovery already during the unloading process. However, the
predensified CsAlB glass shows less indent size recovery
upon aging, possibly because its dense structure allows for
less water penetration to induce the indent volume recovery
[44].

Figure S9 in the Supplemental Material [48] shows the
time evolution of the indent size and shape of the as-made
glass upon aging. With increasing aging time, the size of
the indent becomes monotonically smaller, and the edge of
the indent appears to have recovered above the original glass
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FIG. 1. (a) Optical images of Vickers indents produced at 4.9 N on the surface of the as-prepared glass and the compressed glass at 1 GPa
before and after aging for 7 days. (b) Side length recovery (LAR) of indents produced at 4.9 N as a function of aging time for all the investigated
glasses. (c) Dependence of the bow-in parameter (LD/LS ratio) of Vickers indents produced at 4.9 N on the elastoplastic ratio (E/H) for all the
investigated glasses before aging. The red dashed line represents the theoretical minimum LD/LS value (i.e., the case with no bow-in).

surface. As a consequence of the continuous recovery of the
indent size and shape in a humid atmosphere, we cannot apply
the traditional method by Yoshida et al. [46] for quantification
of the densification contribution to the indentation volume
based on annealing and volume recovery experiments. To
quantify the rate of indentation recovery in the CsAlB glass
and compare it with that of the reference glasses, we measure
the aging time dependence of the recovery of the indentation
side length (LAR). The results are shown in Fig. 1(b). The
qualitative observation of the indent self-recovery in the as-
made and densified CsAlB glasses are confirmed by the aging
time dependence of LAR. We also note the limited indent size
recovery in the other reference oxide glasses. Only the NaAlB
glass shows recovery above 5%, pointing to the unusual indent
recovery behavior of the CsAlB glass. For this composition,
we note that a large fraction of the recovery occurs during
the very early stages of the aging (i.e., first data point after
unloading), but the shrinkage gradually continues even after
7 days of aging.

Next, we consider the interplay of the glasses’ elastic vs
aging-induced recovery of the indent shape by evaluating the

bow-in parameter (LD/LS ratio), which exhibits systematic
composition dependence. Figure 1(c) shows the dependence
of LD/LS of indents produced at 4.9 N on the elastoplastic
ratio (E/H) for all the investigated glasses before aging. By
measuring the indent diagonal length (LD) and the opposite
side length (LS), the elastic response of the material sur-
rounding the indentation-induced cavity can be quantified
by calculating the LD/LS ratio [57]. This bow-in parameter
exhibits a negative linear scaling with the elastoplastic ratio
E/H, in agreement with previous work [19]. The CsAlB glass
has a very high bow-in parameter, close to that (2.2) of poly-
dimethylsiloxane [57], which is likely due to a combination of
elastic recovery and aging during unloading.

Finally, we study the aging time dependence of the Vickers
hardness of the CsAlB glass (Figs. S10 and S11 in the
Supplemental Material [48]). Vickers hardness first increases
slightly with the aging time in the early stage of the aging, in
which atmospheric water permeates into the glass at a high
rate (Fig. S6 in the Supplemental Material [48]). This results
in larger indent recovery during unloading, and thus smaller
residual imprint and a higher apparent Vickers hardness. With
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FIG. 2. (a) Optical images of Vickers indents produced at 19.6 N on the surface of all the investigated glasses prior to aging. (b) Crack
resistance for Vickers indentation (CRVickers) as a function of aging time for all the investigated glasses. (c) CRVickers of the as-prepared and
compressed CsAlB glasses with aging for 0 or 7 days. The estimated error in crack resistance is around ±20%.

increased aging time, the rate of atmospheric water perme-
ation decreases, resulting in the smaller relative recovery
during unloading. The depolymerizing effect of water on the
glass network likely causes the slight decrease in Vickers
hardness for the longer aging time.

C. Indentation cracking resistance

In our previous studies [12,24,37], aluminoborate glasses
have been found to generally feature high resistance to crack
initiation. Especially the previously studied peralkaline cae-
sium aluminoborate glass features high CR > 100 N, depend-
ing on the aging conditions [24]. Here, we systematically in-
vestigate the effect of surface hydration on the crack initiation
behavior of various oxide glasses by studying the indentation
behavior of both freshly polished (in ethanol) surfaces and
those that have undergone aging at 45% RH for up to 7 days.
Figure 2(a) shows optical images of Vickers indents produced
at 19.6 N on the various oxide glasses prior to aging. We note
that this applied load is insufficient to induce corner cracking
in the as-made CsAlB glass, while corner cracks are visible in
the other reference oxide glasses, highlighting the high CR of
the CsAlB glass even before aging.

Figure 2(b) shows the effect of aging duration on the
CR for Vickers indentation of all the as-made glasses,

while examples of PCI vs load curves used to determine CR
are given in Fig. S12 in the Supplemental Material [48]. We
find that CR of the CsAlB glasses increases from around
58 N prior to aging to around 130 N after 6 days of aging.
The preaging CR value is higher than that of the previously
studied peralkaline caesium aluminoborate glass, while the
1-week aged CR value is smaller than that of the peralkaline
caesium aluminoborate glass [24]. This could be because
the peralkaline composition ([Cs2O] > [Al2O3]) has more
tetrahedral boron (∼8% BIV of 55 mol % B2O3) [19] than
the present metaluminous glass (∼5% BIV of 51 mol % B2O3),
giving rise to a more rigid and less self-adaptive network prior
to aging [37]. For the other reference glasses, the surface aging
at 45% RH has an almost negligible effect on the CR. For the
as-made CsAlB glass, when the aging time reaches 6 days,
CR reaches an apparent maximum value. During aging, the
network should expand, driven by a structural relaxation to-
wards lower potential energy state (from intact dense network
to a looser hydrolyzed network), corresponding to relaxation
of the indent cavities. We note that the indent cavities continue
to recover and expand beyond 6 days (see Fig. S9 in the
Supplemental Material [48]), indicating that the atmospheric
water is continuously entering the glass surface [58]. As such,
it is possible that the hydrated surface after long-term aging
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FIG. 3. (a) Optical images of cube corner indents produced at 25 N for as-made CsAlB and 1 N for the reference glasses after humid aging
for 7 days. (b) Crack resistance for cube corner indentation (CRcube) as a function of aging time for the as-made CsAlB and reference oxide
glasses.

becomes sufficiently depolymerized to decrease CR due to the
weaker network bonding.

Figure 2(c) shows the comparison of CR for the as-made
and densified CsAlB glasses. Both before and after aging
(7 days), the crack resistance is significantly lower in the
densified glasses, which has previously been ascribed in other
oxide glasses to the reduced ability of the densified glass
to further densify during indentation [12]. In addition, the
densified glass shows a smaller aging-induced increase in
CR. Finally, we note that while the edge of the indent in
the as-prepared glasses has recovered above the glass surface
after aging [Fig. 1(a)], there is a smaller extent of indent size
recovery in the compressed glass [Fig. 1(b)]. The reduced free
volume in the compressed glass likely decreases the water
intake, and thus limits the positive effect of humid aging on
CR. This will be further investigated in Sec. III D.

Next, we consider the glasses’ resistance to crack initiation
under a sharper diamond tip, namely a cube corner inden-
ter (three-sided pyramid with mutually perpendicular faces).
This tip allows for less densification, higher residual stress,
and easier crack initiation compared to the 136° four-sided
pyramid Vickers diamond indenter [15]. Figure 3(a) shows the
optical images of cube corner indents produced at 25 N for the
as-made CsAlB glass and 1 N for the reference glasses after
aging for 7 days. All the reference glasses already crack at
all three corners at 1 N, while the CsAlB is able to survive
indentation at more than ten times higher loading without
cracking. The quantified cube corner crack resistance as a
function of aging time is shown in Fig. 3(b), showing the
same overall trend as that for Vickers crack resistance in
Fig. 2(b). Namely, the CsAlB is highly affected by surface
aging at 45% RH, while this is not the case for the se-
lected reference glasses. All the glasses feature lower CR
for cube corner than Vickers, with the aged CsAlB glasses
having an ultrahigh crack resistance for cube corner (27 N)
compared to that of the reference glasses (in the range of
0.4–1 N).

Finally, we consider the loading rate dependence of Vick-
ers crack initiation probability for the freshly polished CsAlB
glass and that aged for 7 days at 45% RH (Fig. 4). Normally,

there is a higher crack initiation probability for longer inden-
tation time [23]. Note that due to the large difference in CR
before and after aging, the maximum load is not the same, but
set to 30 and 90 N, respectively. We observe an anomalous
increase in crack initiation probability with loading rate for
the freshly polished CsAlB, but a normal decrease in crack
initiation probability with loading rate for the aged sample.
The highly stressed glass network is more vulnerable to the at-
tack of water from the environment [24], and therefore, for the
freshly polished glass, the relatively low loading rates allow
sufficient time for the attack of water from the environment
during the loading process. As discussed above, such water
entry decreases the crack initiation probability for this glass
(Figs. 2 and 3). On the other hand, the surface of the 7-days
preaged glass has already been hydrated to a large extent, i.e.,
the extra time at lower loading rate does not lead to higher
crack resistance. Instead the glass exhibits a normal loading
rate dependence with less time for surface damage at higher
loading rates.

D. Stress and Hydrolysis Induced Structural Changes in CsAlB

In order to understand the structural changes responsible
for the ultrahigh crack resistance of the aged CsAlB glass and
the significant effect of predensification on the aging behavior,
we analyze the structure of densified and aged CsAlB samples
using both micro-Raman and solid-state NMR spectroscopy.
Figure 5 shows the micro-Raman spectra of the indented
as-made and densified glasses with or without aging. These
spectra were recorded at increasing distances (about 4 µm)
from the center to the edge of a Vickers indent produced at
4.9 N. We divide the spectra into seven main band regions,
with the expected assignments outlined in detail in Fig. S13
and Table S2 in the Supplemental Material [48].

Overall, we find that the surface becomes hydrated
by exposure to ambient humid air, which manifests itself
through the increase in intensity of the band region around
2850−3800 cm−1, typically assigned to hydroxyl groups
[59]. For the as-prepared glass, this band region increases
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FIG. 4. Loading rate dependence of the Vickers crack initiation probability (PCI) for the CsAlB glass (a) before and (b) after aging for
7 days. The dashed lines are guides for the eyes.

observably in intensity after aging for 7 days, confirming the
expectation that more atmospheric water permeates into the
glasses with increasing aging time and thus supporting the
indentation recovery behavior with aging time [Fig. 1(b)]. On
the other hand, the region from ∼625 to 815 cm−1 is sup-
pressed after aging, indicating that the borate superstructural
units (diborates) are broken because of the hydrolyzation, i.e.,
the borate ring units are depolymerized into smaller ones. For
the compressed glass with less free volume, the aging has a
minor effect on the surface structure as detected by Raman
spectroscopy (see Fig. S14 in Supplemental Material [48]),
indicating less pronounced water permeation. This result may
lead to the lower indentation side length recovery [Fig. 1(b)]

and smaller CR [Fig. 2(c)] compared to the as-prepared
CsAlB glass.

Considering next the indent position dependency of the
structural changes in the glasses, we have calculated the
relative area of the band region from ∼2850 to 3800 cm−1 at
different positions. As shown in Fig. S15 in the Supplemental
Material [48], the aging-induced increase in the hydroxyl-
related band becomes less pronounced from position 1 to 5
[i.e., from high to low stress; see Fig. 5(a)], indicating that
the material under the center of the indent is hydrated more
quickly compared to the edge of the indent. This suggests
that the highly stressed glass network is more vulnerable
to the attack of water from the environment, in agreement
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FIG. 5. Micro-Raman spectra of as-prepared CsAlB glass with aging for (b) 0, (c) 2, or (d) 7 days and compressed CsAlB glass with aging
for (e) 0 or (f) 7 days. As shown in (a), the spectra were recorded at increasing distances (about 4 µm) from the center to the edge of a Vickers
indent produced at 4.9 N.
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FIG. 6. (a) 11B MAS NMR spectra for the as-prepared and compressed CsAlB glass with aging for 0 or 7 days. (b) 27Al MAS NMR spectra
for the as-prepared and compressed CsAlB glass with aging for 0 or 7 days. (c) 133Cs MAS NMR spectra for the as-prepared and compressed
CsAlB glass with aging for 0 or 7 days. Spinning sidebands (ssb) are indicated. (d) Effect of aging on the average coordination number (CN)
of boron and aluminum in as-made and compressed glasses.

with previous studies on crack tips in oxide glasses, which
are believed to propagate faster through the material once
water can hydrolyze the strained network bonds [27,60].
Moreover, the extent of hydration increases with increasing
indentation load, as seen by comparing the Raman spectra in
Fig. 5(b) with those in Fig. S16 in the Supplemental Mate-
rial [48]. This result supports that the highly stressed glass
network is more vulnerable to the attack of water from the
environment.

To further understand the effect of aging and pressure
on the short-range structure of the studied CsAlB glasses,
we performed 11B, 27Al, and 133Cs MAS NMR spectroscopy
measurements on powdered samples (Fig. 6). The deter-
mined speciation and spectral deconvolution are shown in
Table S1 and Figs. S17 and S18, respectively, in the Sup-
plemental Material [48]. Consistent with the preference for
alkali modifier cations to charge-balance AlO4

− relative to
BO4

− units in aluminoborate glasses [61–63], the network of
the as-made glass consists mainly of BIII and AlIV, with only
minor fractions of higher coordinated boron and aluminum.
Prior to any aging, this local chemical environment of the
network-former atoms is sensitive to densification, as boron

and aluminum can increase their coordination numbers with
pressure [64,65]. Indeed, the 11B and 27Al MAS NMR spectra
show that the average coordination numbers of B and Al
increase upon compression [Fig. 6(d)], although the changes
are much smaller than those observed in sodium and lithium
aluminoborate glasses under the same pressure conditions
[12]. Moreover, for the lithium aluminoborate glasses, the
increase in coordination numbers of boron and aluminum is
accompanied by a slight increase in 6Li MAS NMR shift.
In the present CsAlB glass, the 133Cs MAS NMR shift also
increases from 79 to 87 ppm upon 1 GPa hot compres-
sion [Fig. 6(c)]. This may be because the partial negative
charge on the oxygen atom around boron increases with the
pressure-induced conversion of BIII to BIV, which is expected
to increase their charge-compensation demand. Hence, the
interactions between oxygen and caesium ions in the network
become strengthened under the applied pressure, leading to
a shrinkage of the average distance between oxygen and
modifying cations. Moreover, since both aluminum and boron
enter a higher coordination state with different need for charge
compensation when the glass is compressed, some caesium
cations are reassigned from charge-compensating AlIV in the
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as-made glass to charge-compensating BIV in the compressed
glass. Finally, we note that the majority of the trigonal boron
signal in the as-made CsAlB glass can be assigned to ring
sites (BIII

ring) [66,67], with the minor trigonal boron signal
being assigned to nonring sites (BIII

nonring), as seen Table S1
in the Supplemental Material [48]. Support for the resolution
and assignment of two types of BIII environments has been
obtained from 11B triple quantum MAS NMR analysis on the
as-made glass (Fig. S19 in the Supplemental Material [48]),
and the findings are consistent with numerous other studies of
B-rich glasses. Upon compression, we find that the fraction
of BIII

nonring increases, accompanied by the conversion of BIII

to BIV, consistent with other borate and borosilicate glasses
studied under similar densification treatments [12].

Next, we study the effect of aging on the structure of the as-
made and densified CsAlB glasses. Generally the coordination
numbers of Al and B increase upon aging, including the for-
mation of sixfold Al [Figs. 6(a) and 6(b)], indicating that the
local chemical environment of the network-former atoms is
sensitive to hydrolysis. In the as-prepared glass, aging is found
to have a more significant effect on the change of coordination
numbers of Al and B compared to compression [Fig. 6(d)].
Assuming that the incorporated water acts as a traditional
network modifier or charge compensator, it is unexpected that
water simultaneously increases the fractions of BIV (requires
charge compensation) and AlV/AlVI (does not require charge
compensation). As discussed above, alkali modifiers have an
enthalpic preference for interaction with AlIV over BIV in
aluminoborate glasses, but this is not observed upon aging if
considering water as a modifier. Moreover, the 133Cs MAS
NMR spectra show water interaction with Cs modifiers and
it is thus possible that water preferentially interacts with
boron relative to aluminum (to form BIV), while some of
the Cs charge-compensators for AlIV are removed by aging,
effectively increasing the coordination number of aluminum.
For the compressed glass, there is a minor change in the
coordination numbers of Al and B upon aging compared to the
as-prepared glass, in agreement with the Raman spectroscopy
analysis, showing that less water molecules interact with the
surface of the compressed glass upon aging. Finally, we note
that the fraction of BIII

nonring increases along with the conversion
of BIII to BIV, indicating that the water molecules hydrolyze
the original ring structures of the borate network as the aging
time increasing. This result is also in good agreement with
the Raman spectroscopy analysis, showing that the borate
superstructures are broken up upon aging.

Considering again the 133Cs MAS NMR spectra in
Fig. 6(c), we find that the main peak becomes sharper upon
aging and shifts downwards (from 79 to 71 ppm), indicating
that aging leads to an increase in the Cs-O bond distance. As
seen in Fig. S20 and Table S3 in the Supplemental Material
[48], the 133Cs MAS NMR signal in the as-prepared and
compressed glasses after aging can be deconvoluted into at
least two distinct Cs+ environments (sites I and II). Site I is the
same as that in the as-made glass before aging, while the new

site II is expected to be associated with hydrated Cs+ groups
attached to the glass network resulting from aging [68]. The
latter interpretation is supported by several studies related to
the impact of hydration on the 133Cs NMR line shape [69,70],
the effect of dehydration in titanosilicate minerals on the 133Cs
NMR spectra [71], the relation between Cs+ mobility and
motional narrowing of the 133Cs resonance [72], and the role
of hydration/dehydration on the 133Cs quadrupolar coupling
constant [73].

These Cs-OH groups could be more free to move around
and thus have higher mobility in the surface of the glass,
and would be consistent with both the relatively narrow and
much more Lorentzian line shape for the Cs II site. In terms
of the mechanical performance, such higher surface mobility
is associated with higher network flexibility, as evidenced by
the slightly lower hardness upon long-term aging (Fig. S10
in the Supplemental Material [48]). This effect is likely a
contributing factor to the superior crack resistance of the aged
CsAlB glass, as it could enable the indented glass to release
the residual stress by structural rearrangements.

IV. CONCLUSIONS

We have shown that ultrahigh resistance to sharp contact
cracking can be achieved in a caesium aluminoborate glass by
simply storing the glass under typical atmospheric humidity
(RH ∼ 45%) conditions. The same pronounced effect of hu-
mid aging on crack resistance is not found for a range of other
tested oxide glasses. As the most significant finding, we have
observed crack-free cube corner indents above 25 N in the
aged caesium aluminoborate glass, which is the highest ever
recorded crack resistance for cube corner indentation to our
knowledge, even including commercial ion exchanged cover
glasses. The caesium aluminoborate glass is characterized by
a highly flexible network structure and upon subjecting the
glass to permanent volume densification, the positive effect
of humid aging on crack resistance almost vanishes. Our
results indicate that the high crack resistance is due to the
formation of surface hydroxyl groups, increasing coordination
numbers of both Al and B, partial break down of the borate
superstructures, and increasing average Cs-O bond distance
upon aging. To realize the potential of using such glasses as
damage-resistant engineering materials, the plasticity mecha-
nism needs to be transferred to other oxide glass compositions
that are suitable for large-scale manufacturing. The hydration
layer would need to be formed by a post-treatment process at
high relative humidity and/or temperature in order to ensure
that the glass does not gradually corrode over time under
ambient conditions.
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