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ARTICLE INFO ABSTRACT

Keywords: Glass-ceramics offer the opportunity to address the main disadvantage of oxide glasses, namely low fracture

Glass ceramics toughness. The presence of crystals can improve the fracture toughness (crack growth resistance), but the crack

I’f;ughemng initiation resistance will typically be deteriorated due to the induced residual stresses. Excessive crystal content
icrostructure

and large crystal size can also lead to a loss of transparency. In this work, we report a Nb-doped barium alu-
minoborate glass-ceramic, for which both the crack initiation resistance (CR) and fracture toughness (Ki.) get
improved upon heat treatment, while still maintaining some transparency. Relying on combined structural and
mechanical characterizations, we demonstrate that the coordination numbers of B and Al in the glass phase
decrease upon heat treatment, which is beneficial to energy dissipation under mechanical stress to improve CR.
Furthermore, the formed piezoelectric crystal phase BaNb,Og also helps to improve both CR and Kj, likely by
converting the stress-induced mechanical energy into electric energy. Meanwhile, the increase in crystallinity
and crystal size after heat treatment also leads to higher Kj. of the glass-ceramics. These findings thus help
address the difficult problem of simultaneously improving the resistances to crack initiation and growth, which
will facilitate the future design of transparent, yet highly damage-resistant and damage-tolerant glass ceramics.

Piezoelectric crystals
Fracture toughness

1. Introduction

Oxide glass materials are widely used in energy, medicine, elec-
tronics and advanced communication devices, due to the unique char-
acteristics of glass such as formability, transparency, hardness, and
relatively low cost [1,2]. However, these materials lack a stable shearing
mechanism, and thus exhibit low fracture toughness (Ki.). While the
crack initiation resistance (CR) can be improved through composition
optimization and/or post-processing, it is challenging to simultaneously
improve Ki. and CR. For example, Januchta et al. discovered an oxide
glass with ultra-high CR by optimizing the glass composition using
adaptive networks [3], but the fracture toughness of this as well as other
commercially available homogeneous oxide glasses remains to be below
1 MPa-m®® [4,5]. To obtain high fracture toughness, researchers have
found that when crystals are introduced into the glass matrix, K. can be
effectively improved by increasing the crack path length to dissipate the
mechanical energy [6,7]. Hence, the so-called glass-ceramics made from
partial crystallization of glasses have attracted significant attention for
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their potential in fabricating high-Kj. materials.

Glass-ceramics can be prepared through heat treatment of a pre-
cursor glass, as the thermal energy allows for nucleation and growth of
crystals in a glassy matrix [8]. Glass-ceramics with high crystal volume
fraction, large crystal size, and large aspect ratio of crystals generally
exhibit higher fracture toughness [9-11]. For example, Beall et al. have
fabricated glass-ceramics with fracture toughness in the range of 3.5 to
4.6 MPa-m®® [1 2], which are more than five times higher than that of
soda lime silica (window) glass. However, two other important prop-
erties, crack initiation resistance and transparency, are also influenced
by the crystals in the glass matrix. Residual stress is the driving force for
crack initiation [13], and crystalline phase transformations as well as
the thermal expansion coefficient mismatch between glass and crystal
during heat treatment can introduce stresses into the glass matrix [6,
10]. This can lead to a decreased resistance to crack initiation [6]. In
addition, the transmittance of the glass-ceramics tends to decrease as the
fraction or size of the crystals increases [14,15] as well when the
mismatch in refractive index of the glass and crystalline phases
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increases. That is, although large crystals in glass matrix seem to be more
effective in improving the fracture toughness of glass-ceramics, they will
lead to a decrease in transmittance (unless the refractive indices of
crystal and glass phases can be well matched) and also lower the crack
initiation resistance according to the previous studies. Furthermore, the
glass network structure also changes during the heat treatment (except
in the case of congruent crystallization) [16,17], which also affects the
mechanical properties of the glass-ceramics. In the case of homogeneous
glasses, there is no direct relationship between the crack initiation
resistance and fracture toughness [18], and it is thus challenging to
improve the crack resistance and fracture toughness simultaneously
while also maintaining high transmittance in glass-ceramics. New stra-
tegies are thus needed beyond modifying the heat treatment conditions
to control the type, content and size of crystals in glass-ceramics.
Energy dissipating processes can occur through different structural
rearrangements. Oxide glasses containing self-adaptive network con-
stituents, such as B,O3 or Al;03, can exhibit good crack resistance since
the coordination number of these network-forming species can increase
even at modest stresses (such as those during sharp contact loading) to
dissipate energy [3]. Therefore, in this work, we choose an alumi-
noborate composition as a base glass system to facilitate such structural
transition. Then, to further enhance such structural transitions that can
dissipate mechanical energy, we propose to embed a piezoelectric
crystal phase in this adaptive glass matrix. Research on piezoelectric
composite ceramics has shown that the toughness can be enhanced
through the incorporation of a piezoelectric secondary phase in the
matrix [19] and we expect that a similar effect can be found in
glass-ceramics. In the case of an aluminoborate matrix, we therefore
here added BaO and NbyOs to the base composition to obtain a
Nb-containing piezoelectric crystal second phase in the glass matrix
upon heat treatment. Previously, a borosilicate glass-ceramic with
Nb-containing needle-shaped crystal phase for sealing applications has
shown good thermo-mechanical cycling stability [20]. Results reported
by Dong et al. indicate that the formation of a BagNb;(Oqg crystalline
phase can enhanced the crack resistance, but no detailed crack resis-
tance data were reported [21]. In addition, Gallo et al. have reported a
transparent MgO-Aly03-SiOy glass-ceramic with improved fracture
toughness and hardness after crystallization [22]. That is, by tuning the
crystallization process, it is possible to achieve improved mechanical
properties while maintaining the transparency. However, none of the
above reported glass-ceramics have achieved simultaneous improve-
ment in fracture toughness and crack resistance while maintaining a
large degree of transparency. Here, we present a new approach based on
a piezoelectric phase in a structurally adaptive matrix to achieve the
unusual combination of transparency and improved K. and CR .

2. Methods
2.1. Sample preparation

We synthesized the glass of composition 23Ba0-18.4Al,03-
50.6B203-8Nb205 (in mol%) by melting a homogeneous mixture of re-
agent grade materials (BaCO3, H3BO3, AloO3 and Nb,Os) in PtRh cru-
cible at 1300 °C for 2 h. Then the melt was quenched by pouring it onto a
copper plate to obtain a glass material. To improve the homogeneity of
the glass and thus the subsequent crystallization, we remelted the
crushed glass pieces at 1300 °C for another 2 h. Finally, this melt was
quenched onto the stainless-steel plate to obtain a glass. This bulk glass
sample was quickly moved to a preheated annealing furnace at an
estimated glass transition temperature (Tg) value of 580 °C (based on the
previous studies [23]) for 30 min and cooled down to room temperature.
A small piece of glass was cut from the annealed bulk glass and then used
to measure the actual T value (see Section 2.3). The glass was
re-annealed at the measured T,. This as-prepared annealed glass was
named BNO. In order to easily control the crystallization process and
obtain transparent samples with varying crystal content and size, we
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choose 600 °C as the heat-treatment temperature (slightly higher than
Tg) for different heat treatment durations. We note that the
glass-ceramics undergo bulk homogeneous crystallization. Some pieces
of glass were cut from the annealed bulk glass and subjected to heat
treatment at 600 °C for 4, 8, 12, and 16 h. These samples were named
BN4, BN8, BN12 and BN16, respectively (Table 1). The specimens for
glass structure and properties testing were polished in ethanol (to avoid
any surface corrosion) using SiC paper with decreasing abrasive particle
size (up to grit 4000), followed by polishing in a water-free 1 pm dia-
mond suspension.

2.2. Structural characterization

The crystalline phase and changes in crystal content in the glass-
ceramic samples were identified by X-ray diffraction (XRD, Empyrean
XRD, PANalytical) analysis using a monochromator Cu Ko radiation
(1.5406 A). The spectra were recorded in the range of 10°-70° at 40 kV
with a scanning speed of 8> min~!. The tested specimens were well-
polished as-prepared and heat-treated bulk samples. The polished sur-
faces were also used to test structure and other properties as explained in
the following. The crystalline content (wt. %) in the glass-ceramics was
calculated from the XRD results using the peak function of Jade software
[24].

The morphology of the crystal phase in the glass-ceramics was
investigated using a field emission scanning electron microscopy (SEM)
(Zeiss 1540 XB) at an acceleration voltage of 10 kV. These measure-
ments were performed on etched samples to improve the contrast. The
polished specimens were etched using 1 wt.% HF for 10 s and then
coated with gold. For the BN16 sample, we also investigated the path of
a crack induced by indentation and in this case, the sample was not
etched. All samples were gold coated before testing. The size distribu-
tion of the crystal phase was analyzed based on the SEM images using
the ImageJ software [25,26].

Solid-state nuclear magnetic resonance (NMR) spectroscopy mea-
surements were performed to investigate the changes in the short-range
order structure around the NMR-active nuclei 1'B, 2’Al and °>Nb upon
heat treatment. 1'B and 2’Al magic-angle spinning (MAS) NMR spectra
were acquired on an Agilent DD2 spectrometer with a 3.2 mm MAS NMR
probe at a magnetic field of 16.4 T. Powdered glass samples were packed
into 3.2 mm outer diameter zirconia rotors and spun at 20 and 22 kHz
for 1B and %Al MAS NMR, respectively. The data were collected at
resonance frequencies of 224.5 and 182.3 MHz for !B and %Al
respectively, while a short radiofrequency (rf) pulse of 0.6 ps (n/12 tip
angle) was used with a recycle delay of 5 s and 2 s for !'B and Z/Al,
respectively. Signal averaging was performed using 600 to 1000 scans
for each sample. All NMR data were processed without any additional
line broadening. The data were plotted using the normal shielding
convention, while the frequency of 1'B and 2”Al data were referenced to
aqueous boric acid (19.6 ppm) and aqueous aluminum nitrate (0.0
ppm), respectively. The DMFit software was used to fit the 1*B and Al
MAS NMR data [27]. Multiple second-order quadrupolar lineshapes,
described using the “Q mas %” function, were used to fit the three-fold
coordinated boron resonances, while fitting of the four-fold

Table 1

Nominal chemical compositions and properties of the glass and glass-ceramic
samples, including glass transition temperature (T,), density (p), Young’s
modulus (E), and Poisson’s ratio (v). The errors in Ty, p, E, and v do not exceed =+
3°C, 0.001 g/cms, 0.1 GPa, and 0.001, respectively.

Sample Heat Tg Density (g§/  Young’s Poisson’s
ID treatment (O] cm®) modulus (GPa) ratio
BNO - 575 3.307 66.0 0.286
BN4 600 °C4h 573 3.297 65.2 0.287
BN8 600°C8h 572 3.295 65.0 0.287
BN12 600°C12h 572 3.290 65.5 0.286
BN16 600°C16h 573 3.284 66.1 0.282
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coordinated boron peak was accomplished with a mixed Gaussian/-
Lorentzian peak. A small overlapping satellite transition spinning side-
band (see supplemental Fig. S1) from four-fold coordinated boron was
estimated from the shape and position of the first set of spinning side-
bands at approximately +90 and -88 ppm, and this extra intensity was
not included in determination of the fraction of four-fold coordinated
boron (Nj). The CzSimple lineshape model was used for 2”Al, and pro-
vides an accurate representation of these lineshapes and distributions in
their quadrupolar coupling constants and isotropic chemical shifts. All
fitting results for 1'B and 2’ Al MAS NMR spectra are given in supplement
Table 1.

93Nb MAS NMR spectra were obtained at 16.4 T (171.04 MHz) using
a solid-echo pulse sequence consisting of 1 and 2 ps radio-frequency
pulse widths and whole echo acquisition enabled by a 100 ps delay
between the two pulses. Signal averaging involved 25000 to 61000
transients with a recycle delay of 1 s. Samples were powdered and
loaded into 3.2 mm zirconia rotors with sample spinning at 20.0 kHz.
93Nb MAS NMR data were processed by shifting the time domain signal
to the echo maximum, followed by Fourier transforming and phasing the
resulting spectra. 200 Hz line broadening was utilized, and the data were
frequency referenced using the International Union of Pure and Applied
Chemistry (IUPAC) method of ratioing the shift of 93Nb relative to that
measured with another nucleus (i.e., 1B in 0.1M boric acid solution at
19.6 ppm) [28,29].

Micro-Raman spectroscopy (inVia, Renishaw) measurements were
performed to obtain further structural information at the medium-range
length scale. The Raman spectra were acquired on surfaces of polished
samples in the 120-1600 cm™! wavenumber range. To confirm the ho-
mogeneity of the sample surfaces, spectra were collected from five
different surface locations. Measurements were done using a 532 nm
diode pumped solid state laser for an acquisition time of 10 s, and all
spectra were uniformly treated in Origin software for background
correction and area normalization.

2.3. Property characterization

The optical transparency of the as-prepared glass and heat-treated
glass-ceramic samples was determined using ultraviolet-visible (UV-
VIS) spectroscopy (Cary 50 Bio, Varian). The polished samples with
~1.5 mm thickness were used for the tests, and the spectra were ac-
quired in the 200-800 nm wavelength range. All the presented UV-VIS
transmittance spectra were normalized to a thickness of 1 mm.

The glass transition temperature (Tg) of the as-prepared glass and
heat-treated glass-ceramic samples were measured using differential
scanning calorimetry (DSC) (STA 449 F1, Netzsch). The tested samples
were polished down to 1 mm thick. Each sample was placed in a Pt
crucible under a flow of argon (gas flow 40 mL-min~'). The heating rate
was 10 K-min!, and after reaching the maximum temperature of 700
°C, the sample was cooled down to room temperature at a rate of 20
K-min . The intercept between the tangent to the inflection point of the
endothermic peak and the extrapolated heat flow of the glass was taken
as the T,. The error in the determined T value is around + 3 °C.

We used Archimedes’ principle of buoyancy to determine the density
(p) of all samples. The samples (around 1.5 g in mass) were tested ten
times in both air and ethanol, and the density value was the average of
these measurements. The elastic properties of the samples were
measured by ultrasonic echography using an ultrasonic thickness gauge
(38DL Plus, Olympus) equipped with 20 MHz delay line transducers.
Then, Young’s modulus (E) as well as Poisson ratio (v) were calculated
using the relationships for isotropic materials [30].

The coefficient of thermal expansion (CTE) of the as-prepared glass
was measured by dilatometry (DIL402C, Netzsch) at a heating rate of 2
°C min! in air. It was taken as the slope of the expansion curve in the
temperature range from 200 to 500 °C.

Vickers hardness (Hy), crack initiation resistance (CR), and inden-
tation fracture toughness (K}ET) of the samples were determined by using
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a Nanovea CB500 hardness tester. A Vickers indenter tip (four-sided
pyramid-shaped diamond with an angle of 136°) was used for the
hardness and crack resistance measurements, while a sharper 100°
indenter tip (with the same pyramid geometry) was used for the
indentation fracture toughness measurements. All indentations experi-
ments were conducted under ambient conditions, with a temperature of
~295 K and a relative humidity of 29 + 4%.

The hardness (Hy) values were calculated as Hy = 1.8544P/d2, where
P is the contact load and d is the average length of the indent diagonals.
Twenty indents were performed for each specimen at a load of 3 N
applied for 10 s and the reported Hy value is the average of these 20
indents. Crack resistance (CR) is typically defined as the resistance of the
material towards corner crack initiation upon Vickers indentation.
Following the method of Wada [31], the probability of crack initiation is
defined as the ratio between the number of cracked corners and the total
number of corners on all indents. CR was then determined as the load at
which the crack probability is 50%. Each polished glass specimen was
indented 30 times at different loads (from 0.49 N to 30 N) with a loading
duration of 15 s and a dwell time of 10 s. The loading rate was 9.8
N/min. Then the number of cracked corners was counted at each load to
determine CR from the crack probability vs. load curve.

To evaluate the indentation deformation mechanism of the glasses
and glass-ceramics, we determined the recovery of the indent side
length. Ten indents were performed on the polished sample surface at a
load of 3 N with a loading duration of 15 s and a dwell time of 10 s. The
indentation side length (L, ;) was measured using the optical microscope.
Then the indented samples were annealed at 0.9T (scaled in Kelvin) for
2 h, and the indentation side length after annealing (Ls r) was measured
again. The contribution of densification to the indentation deformation
was then estimated from the annealing-induced side length recovery

(Lsp) using Lgg = L“Lfﬂ [30,32,33]. It is important to note that this

method is developed for glass materials and the heat-treatment likely
only provides the glass matrix with the ability to recover its densified
volume during the 0.9T; annealing. We also note that the Ty did not
change significantly upon crystallization (Table 1), i.e., the annealing
temperature did not vary significantly.

Fracture toughness describes the material’s resistance to crack
growth, and here we used two methods to evaluate it. While the
indentation fracture toughness is a widely used method to measure
fracture toughness because of the ease of use and small specimen sizes, it
is not as reliable as self-consistent methods such as single-edge pre-crack
beam (SEPB). Here, we test and compare the results from both methods.
First, indentation fracture toughness (K}ET) was determined using the
indentation method and calculated based on crack length measure-
ments. To avoid or limit the effect of densification on KJi' during
indentation, we used a sharper 100° indenter tip for the indentation
based on the work of Gross et al. [34]. KIET was then determined using
the equation from Anstis et al. [35],

0.5
K = € (g ) (%) )

where ¢ is an empirically determined constant for an indenter that was
calibrated against select material, here ¢ is set as 0.035 [36]. E is Young’s
modulus, P is the indentation load, H is the hardness at the load P using
the 100° indenter tip, and ¢ is the average length of the radial/median
cracks measured from the center of the indent impression. The inden-
tation image was captured immediately after the test and then was used
to measure the crack length. Ten indents were generated for each pol-
ished specimen at 0.98 N with a loading duration of 15 s and a dwell
time of 10 s. The loading rate was 9.8 N/min. The reported Kft® value is
the average of these ten indentation results.

Second, we also used the single-edge pre-crack beam (SEPB) method
to evaluate the fracture toughness (K5 P) of the glasses and glass-
ceramics following the well-established procedure [37,38]. Five pol-
ished beams with dimensions of about 1.5x2x10 mm? were prepared
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for all samples. Eight Vickers indents with a load of 9.8 N for a dwell
time of 5 s were then placed on a line on the breadth side (B = 1.5 mm).
The indented specimen was placed in a bridge-compressive fixture with
a groove size of approximately 3 mm (1.5 times the specimen width, W
= 2 mm) to produce a pre-crack with a cross-head speed of 0.05
mm-min . A crack was initiated from the indent corners, and then
propagated until it reached the middle of the specimen width. After-
wards, the pre-cracked specimen was positioned in a three-point
bending fixture and the specimen was fractured with a cross-head
speed of 10 pm-s~! to avoid humidity effects [37]. The adapted
three-point bending span (S) of about 8 mm was designed to fulfill the
span-to-width ratio of at least ~4 to avoid the span-length dependence.

KSEPB was then calculated from the peak load (Ppax),
Pmax 35 a¥”
Kie , where ¥ + =2 — 2
I B\/v *, where Y 2W(1_a)3af() 2

where «a is the pre-crack-width ratio (a/W) and f(a) = [1.99 — (@ — a®)
(2.15 —3.93a + 2.7a%1/(1 + 2a). The average KISCEPB value was calcu-
lated from the results of five valid tests. More details on the methods can
be found elsewhere [37,38].

2.4. Density functional perturbation calculations

We investigated the piezoelectric properties of the formed crystal
phase (BaNbyOg) based on density functional perturbation theory
(DFPT) calculations. This was done using the Vienna Ab-initio simula-
tion package (VASP) [39,40] with plane wave basis sets and the pro-
jector augmented-wave (PAW) method. Exchange-correlation effects
were treated using the Perdew-Burke-Ernzerhof (PBE) implementation
of the generalized gradient approximation (GGA) [41]. The Brillouin
zone integration was obtained by an 8 x6x3 Monkhorst-Pack k-points
grid and the energy cutoff was set to 550 eV. The criterion for energy
convergence was set as 107® eV

3. Results and discussion
3.1. Phase microstructure analysis

Fig. 1a shows the XRD patterns of the as-prepared glass and glass-
ceramic samples. To further confirm the identity of the crystal phase,
the XRD pattern of a sample heat-treated at 600 °C for 48 h and BaNb,Og
standard card are shown in Fig. 1b. As shown in Fig. 1a, the as-prepared
glass and glass-ceramics held at 600 °C for 4 h are X-ray amorphous, as
no sharp diffraction peaks are observed in the BNO and BN4 samples. As
the duration of heat treatment is extended to 8 h, a small peak appears at
20 = 23°. As the heat treatment time is further extended to 16 h, more
sharp peaks appear and their intensities increase due to evolving

@) . » BaNb,04(32-0077)
::‘
T
>
=
(2]
[
(V]
£
wwwm M,,M’W
ey 'M“m\wwaw«\ B N O
10 20 30 40 50 60 70
26(°)
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crystallinity. Based on the results in Fig. 1, we identify only one type of
crystal in the glass-ceramics, namely the piezoelectric BaNbyOg phase
(ICDD Card No. 32-0077). According to the analysis of the XRD results,
we roughly estimate the crystallinity of the BN8, BN12 and BN16 sam-
ples to bee < 1%, 5% and 10% (in wt.%), respectively.

Fig. 2 shows the SEM crystal morphology in the samples heat-treated
at 600 °C for 8, 12 and 16 h. There are no obvious crystals observed in
the as-prepared and 4 h heat-treated samples. The grey region is
dominant in the glass-ceramics, whereas some white regions are
distributed in the grey region. Considering that only one type of crystal
(BaNb4Og) is present in the samples according to the XRD results, we can
assign the white region to this crystal phase, while the grey regions
represent the residual glass matrix phase. The crystals are found to be
distributed homogeneously throughout the glass matrix in all samples.
As the heat treatment time increases, the average crystal size (based on
image analysis) increases from ~15 nm in BN8 to ~30 nm in BN12,
although we note that there are still some small-sized crystals in BN12.
When the heat treatment time is extended to 16 h, the average crystal
size increases to ~50 nm. Hence, both the amount and size of the
crystals increase upon heat treatment. Based on the XRD and SEM re-
sults, we thus conclude that with the prolongation of heat-treatment
time at 600 °C, both the content and size of BaNbyOg crystals increase.

Next, we have performed DFPT calculations to investigate the
piezoelectric properties of the BaNbyOg crystals. This DFPT method has
previously been applied in calculating the piezoelectricity of various
systems such as BaTiO3 [42] and meta-nitroaniline [43]. The piezo-
electric stress coefficients e;; can be obtained as:

0P,»
ejj = ()_Sj 3
where P; is the polarization in the direction i and ¢; is applied stress in the
direction j. The lattice parameters of the BaNboOg crystal after structural
optimization (Supporting Fig. S1) are a = 3.9321 A, b = 6.1708 A, and ¢
=10.6171 A. The maximum absolute value of the piezoelectric stress
coefficient e; tensor component is then found to be 0.88 Cc/m% A
threshold value of 0.5 C/m? for piezoelectricity has previously been
proposed in Ref. [44]. Therefore, these calculations confirm that the
BaNb,Og crystal exhibits good piezoelectricity.

3.2. Glass-ceramics network structure

Since the heat-treatment process both results in the precipitation of
crystals as well as changes of the glass structure, we analyze both the
glass and glass-ceramic samples using NMR and Raman spectroscopy in
the following. Fig. 3 shows the !'B, 2’Al and **Nb MAS NMR spectra,
where the spectra of Fig. 3a and b are normalized by the intensity of the
strongest peak. The deconvolution results, the average coordination
number of aluminum, and N4 (the fraction of tetrahedral to total boron)

(b) BaNb,04(32-0077)
S
< 600°C 48h
P
¥
c
QL
= }
’ , |x| . ‘l |||“ ’I N
10 20 3 70

20(°)

Fig. 1. XRD patterns of (a) as-prepared glass and glass-ceramic samples heat-treated at 600°C for 4 to 16 h and (b) glass-ceramic sample after heat treatment at 600°C

for 48 h. The BaNb,Og standard spectrum is also shown in panel (b).
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Fig. 2. SEM morphology of the etched heat-treated glass-ceramics samples using InLens detector: (a) BN8, (b) BN12, and (c) BN16.
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Fig. 3. MAS NMR spectra of the as-prepared

——BNO glass and glass-ceramic samples: (a) ''B, (b)
—— BN4 27A1 and (¢) °°Nb. The inset in (a) is an
—— BNS8 expanded view of the B peak maxima,
——BN12 showing a subtle decrease in intensity with heat
— BN16 treatment time. °>Nb MAS NMR spectra scaled

to approximately the same intensity of broad
signal from Nb in glassy environments. The
spectral subtraction (dashed line) shows a crude
estimate on the extent of Nb partitioning into
the niobate crystal phase (45 atom% in this
example).
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are summarized in Table 2. The full tabulation of }'B and Al MAS NMR
fitting results is given in Supporting Table S1 and Table S2. The
normalized !B MAS NMR spectra are shown in Fig. 3a. The peak
centered near -1 ppm is assigned to B, while the broad peak located at

Table 2

Boron and aluminum speciation as determined from deconvolution of the ''B
and %Al MAS NMR spectra. The uncertainty in the area fraction is 0.2%, while
the uncertainty in N4 and average coordination number of aluminum is on the
order of + 0.2% and =+ 0.01, respectively.

Sample B sites Ny Al sites Average
ID I (7))} Al CN

13l [41g 14151 [51A1 [6151

Area Area Area Area Area

(%) (%) (%) (%) (%)
BNO 87.9 121 121 75.3 20.3 4.4 4.29
BN4 88.4 11.6 11.6 75.4 20.3 4.3 4.29
BN6 88.7 11.3 11.3 75.3 20.2 4.5 4.30
BN12 89.1 10.9 10.9 77.0 19.3 3.7 4.27
BN16 89.6 10.4 10.4 78.0 18.4 3.6 4.26

40 20 0 -20

27A] NMR Shift (ppm)

5~20 ppm can be assigned to BIB units [45]. The intensity of the peak
associated with (/B decreases relative to that of ¥'B upon heat treat-
ment. Based on the deconvolution, we thus find that N4 decreases from
12.1% in the as-prepared glass to 10.4% in the 16 h heat-treated sample,
i.e., the crystallization process promotes a partial 1B to (!B transition.
The deconvoluted spectra are shown in Supporting Fig. S2.

The ?Al MAS NMR spectra can be deconvoluted into three Al reso-
nances, centered around ~63, ~36, and ~9 ppm and corresponding to
[41A1, 1AL, and [®1Al, respectively. The deconvoluted spectra are shown
in Supporting Fig. S3. As observed in Fig. 3b, the intensities of the peaks
associated with [P’Al and [®Al decrease upon heat treatment compared
to the as-prepared glass. The fraction of [(!Al increases from 75.3% in
BNO to 78.0% in the BN16 sample, while the fractions of >’Al and [®'Al
decrease from 20.3% and 4.4% in BNO to 18.5% and 3.6% in BN16,
respectively. In conclusion, the average coordination number of
aluminum decreased from 4.29 for the as-prepared glass to 4.26 for the
16 h heat-treated sample, i.e., the PJAl and '8IAl structures partially
transform to JAl upon crystallization of the BaNbyOg phase. These
NMR results also confirm that crystallization as a result of heat-
treatment of this particular glass composition does not appear to
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result in Al- or B-containing phases. That is, all spectra in Fig. 3a and b
are consistent with B and Al remaining in the residual glass.

Fig. 3¢ shows the ®*Nb NMR spectra. The broad band in the BNO
sample located in the range of -900 to -1300 ppm can be attributed to
niobium in six-fold coordination, indicating that niobium plays the role
of a network modifier [46,47]. After heat treatment at 600 °C for 16 h,
the MAS NMR shift of the band moves from -1225 ppm in the
as-prepared glass to -1163 ppm in the BN16 samples and the band also
becomes sharper. In Nb-containing bronze-like perovskites for which
corner- or edge-sharing occurs exclusively between two Nb polyhedra,
the chemical shifts are around -1000 ppm [48]. Therefore, the observed
changes upon heat treatment, especially the significant narrowing of the
93Nb resonance, can be ascribed to the BaNb,Og crystal formation. If the
broad signal from Nb in the glass is subtracted from the 93Nb MAS NMR
spectrum of BN16, one can estimate the fraction of Nb partitioning into
the crystal phase and also that fraction of Nb remaining in the residual
glass. The continued increase in BaNb,Og crystal content with prolonged
heating, as shown by the XRD results in Fig. 1b, indicate that at lower
times, the crystallization process is incomplete. With the simple treat-
ment of °>Nb MAS NMR data, as in Fig. 3c, the fraction of Nb in crys-
talline BaNb,Og is found to be around 45 atom%.

The Raman spectra of the samples in the frequency range of 200-
1500 cm™! are shown in Fig. 4a. First, we note that the band related
to Al-O-Al bonding in AlO4 structural units should be located at ~560
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cm ™}, but we do not observe significant changes upon heat-treatment in
this region. The band at 200-400 cm™! can be assigned for O-Nb-O in
NbOg octahedra [49], the band at ~673 cm s assigned to the Nb-O
vibrations of an NbOg octahedron corner-linked in a
three-dimensional network (NbOg-3D) [50,51], and the band located at
~886 cm ! corresponds to a short Nb-O bond in an NbOg octahedron
(NbOg-isolated) [50,52]. The relative intensity of the band assigned to
isolated NbOg decreases while that of the bands assigned to O-Nb-O in
NbOg octahedra increases upon heat treatment. The intensity of the
band assigned to Nb-O-Nb in NbOg-3D corners increases significantly
after heat treatment. Previous work suggests that the structure of
BaNbyOg crystal belongs to the family of tungsten bronze frameworks
[53,54], i.e., the changes in the Raman spectra confirm that more
BaNbyOg crystal (or some similar ordered structural units) form upon
heat treatment.

The bands at ~727 and ~800 cm ! can be attributed to B-O-B units
present in chain metaborate units and boroxol ring structure, respec-
tively. The minor band at ~1053 cm™! is assigned to B-O-B from [“/B
structure in diborate units, while the bands ranging from 1100-1600
em™! correspond to B-O~ present in pyroborate, chain and ring
metaborate units [55]. These results agree with the !B MAS NMR re-
sults that show two different BO3 resonances are needed to fit these
spectra (Supporting Fig. S2), one of which has a relatively high quad-
rupolar asymmetry parameter and signifies NBO on BOs (such as

chain
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Fig. 4. (a) Raman spectra of the glass and glass-ceramic samples. (b) Structure unit models derived from the NMR and Raman structural characterization. The
lefthand side shows the main structure of the as-prepared glass, while the righthand side shows the BaNb,Og crystal of tungsten bronze frameworks.
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metaborate). After heat treatment, the intensity of the band related to
[41B decreases due to the B to [*B transition, consistent with the ''B
MAS NMR results. In addition, the intensity of the bands related to B-O™
(pyroborate, chain and ring metaborate) decreases and the intensity of
the band related to B-O-B in chain metaborate units increases, thus
indicating that the connectivity of borate network increases upon heat
treatment. That is, non-bridging oxygens (B-O ™) transform into bridging
oxygens (B-O-B) [56]. The decrease in the relative intensity of the band
related to boroxol rings implies that borate rings transform into borate
chains upon heat treatment. Considering the band assigned to chain
metaborate is overlapped by Nb-O band, and combined with the quan-
titative analysis of NMR results about [31B peak (Supporting Table S1),
the B-O network does not change much under the influence of heat
treatment and crystallization. This also explains why the Ty of the
glasses remain relatively unchanged during the heat treatment. The
corresponding structure unit models are shown in Fig. 4b. In the
as-prepared glass structure, we find boroxol rings, isolated borate
structures (such as pyroborate and ring metaborate) and a smaller
amount of diborate units. Nb is mainly present in the form of NbOg-i-
solated octahedra, for which the charge is balanced with Ba ions. After
heat treatment, the boroxol ring structure transforms to chain metabo-
rates, and BaNbyOg crystal of tungsten bronze frameworks or crystal
precursors like tungsten bronze frameworks are formed in the glass
matrix.

3.3. Glass ceramic properties

Fig. 5a shows photographs of the polished glass and glass-ceramic
samples. The BNO and BN8 samples exhibit good transparency, but as
the heat treatment time is prolonged, the samples gradually become
translucent. Fig. 5b shows the measured UV-VIS transmittance spectra,
confirming the very high transmittance of the BNO and BN8 samples,
which is around 90% in the 400~800 nm wavelength range. However,
the transmittance of BN12 and BN16 decreases in this wavelength range
(e.g., BN12 has a shoulder at ~400 nm and BN16 has a shoulder at ~500
nm), although the transmittance of BN12 and BN16 is still up to ~90%
at a wavelength of 800 nm.

According to the scattering theory, the coefficient of scattering (o) is
governed by the size of crystals (R) dispersed in the glassy phase [0 «
R3], and the refractive index difference between crystal (n) and glass

matrix (ng), [o<{(n® — n2)/(n? +n2)}’] [57]. Sambasiva et al. reported
that the refractive index of tungsten bronze structure crystal, such as
BasNaNbsOgs, is around 2.4 [53], and the refractive index of borate
glass is around 1.5 [58].Therefore, the mismatch between the refractive

AAU AAD AAU AAU
BNO BN4 BNS BN12 BN16
100
(b)
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@© 604
=
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C 4
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Wavelength (nm)

Fig. 5. (a) Photographs of the polished as-prepared glass and glass-ceramics
samples with a thickness of 1.5 mm. (b) The UV-VIS transmittance spectra of
the as-prepared glass and glass-ceramics samples.
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index of crystal and glass cause the glass-ceramics to lose some trans-
mittance with the increase of crystal size and content after heat treat-
ment. Finally, we note that the shoulder peaks in BN12 and BN16 are
likely related to the scattering caused by large size crystals in the short
wavelength range.

The glass transition temperature, density and elastic properties are
summarized in Table 1. These properties generally do not change
significantly upon heat treatment. That is, the glass transition temper-
ature for all samples is around 573 K and the density decreases slightly
from 3.307 g/cm? for BNO to 3.284 g/cm® for BN16. The nearly constant
T, is consistent with the 1B and ?’Al NMR data that show very small
changes in the residual glass structure upon heat-treatment and
BaNb,Og crystallization. The Young’s modulus and Poisson’s ratio for all
samples are around 66.0 GPa and 0.28, respectively. Furthermore, the
coefficient of thermal expansion of the as-prepared glass is found to be
9.8 x 107% °C™L. The corresponding expansion-temperature curve for
this sample is shown in Supporting Fig. S4.

The mechanical properties of the glass and glass-ceramic samples are
summarized in Table 3, including Vickers hardness (Hy), crack initiation
resistance (CR), fracture toughness (Kj.) tested by both indentation and
SEPB method, and the crystal average size determined from the SEM
images. For the as-prepared glass, the hardness (measured at 3 N load) is
about 5.2 GPa, but when the heat treatment time is 16 h at 600 °C, the
hardness decreases to 5.1 GPa. Therefore, there is no significant rela-
tionship between the hardness and crystallinity of the present glass-
ceramics.

Fig. 6a shows the crack initiation probability as a function of applied
indentation load, while the determined values of CR are given in Table 3.
The crack resistance increases from 5.1 N for as-prepared glass to 9.1 N
for BN12, which is the glass-ceramic heat-treated at 600 °C for 12 h.
When the heat treatment time is further prolonged to 16 h, the crack
resistance of BN16 decreases to around 7.9 N, but still higher than that of
BNO, BN4 and BN8. Overall, the crack initiation resistance therefore
increases upon crystallization. Densification during the indentation
procedure is believed to be beneficial to dissipate energy and thus
improve the crack resistance [59]. Thus, the side length (and thus vol-
ume) recoveries of the Vickers indent produced at 3 N before and after
annealing at 0.9 T for 2 h have also been measured to characterize the
glass densification. A significant deformation recovery zone is observed
in the glass after annealing. The shrinkage of the Vickers indents
induced by heat treatment has been quantified by determining Lgg
(Fig. 6b). We find no significant change in Lgg with increasing heat
treatment time, which is around 35%. Liu et al. have reported that two
factors can affect the indentation deformation through densification in
such glasses: changes in the coordination numbers of B and Al as a result

Table 3

Crystal content, average crystal size, Vickers hardness at 3 N (Hy), crack initi-
ation resistance (CR), and fracture toughness (Kj.) measured using both inden-
tation and SEPB techniques of as-prepared and heat-treated samples.

Sample Crystal Crystal Hy CR KT KSEPB
D content Average [GPa] [N] [MPa-mO'S] [MPa-mO'S]
[wt.%] Size [nm]
BNO 0 - 52+ 5.1 0.77 + 0.83 +
0.1 + 0.01 0.01
0.1
BN4 0 - 51+ 5.6 0.77 +£0.01 0.89 +
0.1 + 0.02
0.2
BN8 <1 15 5.2+ 6.3 0.77 + 0.93 +
0.1 + 0.02 0.01
0.4
BN12 5+1 30 52+ 9.1 0.81 + 1.03 £
0.1 + 0.01 0.02
0.4
BN16 10+1 50 51+ 7.9 0.90 + 1.17 £
0.1 + 0.02 0.02
0.3
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Fig. 6. (a) Crack probability as a function of applied indentation load for the as-prepared glass and heat-treated glass-ceramics, (b) The indentation side recovery

(Lggr) for the as-prepared glass and heat-treated glass-ceramics.

of the stresses created during indentation, which can lead to more
densification; and more open glass networks generally tend to favor
more densification [30]. Hence, the stable Lsg value implies that a
change in the residual glass deformation mechanism is not the main
cause of the increase in CR after heat treatment.

Furthermore, in oxide glasses with adaptive networks, the energy
dissipation caused by the transformation of low-coordinated structural
units (such as [BOs3] or [AlO4]) to higher-coordinated units under
applied stress may also lead to higher CR [3,60]. The present NMR re-
sults show that N4 decreases from 12.1% for the precursor glass to 10.4%
for the BN16 sample, i.e., a decrease in the coordination number of B in
the glass-ceramics. The NMR results also show that the average coor-
dination number of Al only decreases very slightly from 4.29 for the
precursor glass to 4.26 for the BN16 sample. Both of these changes are
beneficial to improve CR. Januchta et al. have previously investigated
the relationship between the change in coordination number of B and Al
and the crack resistance ina lithium aluminoborate glass. They found
that when N4 increased from 16.6% to 29.7% and the CN of Al increased
from 4.29 to 4.85 upon compression, a decrease in CR from 30 Nto 5N
was observed [3]. Frederiksen et al. also reported that for a barium
aluminoborate glass, an increase in N4 from 16% to 22% and in the CN of
Al from 4.09 to 4.37 upon compression resulted in a decrease in CR from
1 kgf to <0.5 kgf [23]. Compared to these previous studies, the changes
in Al and B CNs in this work are relatively small, but the trend of
decreasing CNs resulting in higher CR is consistent. However, the in-
fluence of the crystals on CR should also be considered. High residual
stresses can be introduced into glass-ceramics due to the mismatch of the
coefficient of thermal expansion between the glass matrix and crystals,
and these residual stresses may act as the driving force for crack gen-
eration. The CTE of the precursor glass is here found to be around 9.8 x
107% °C™! (Supporting Fig. $4), while the CTE of BaNb,Og crystal has
previously been found to be around 11.9 x 1076°c! [61]. That is, the
CTE of glass matrix and crystal are relatively similar, and the residual
stress induced by the mismatch of CTE is therefore low, which should
not promote crack initiation significantly. However, some previous pa-
pers have reported that as the crystal content and crystal size increase,
the internal residual stress in the glass matrix increases [62]. Sun et al.
have reported that the CR decreased from 0.68 N of the glass to 0.23 N of
heat-treated glass-ceramic as the crystallinity and crystal size increased
[63]. As a result, due to the largest crystal content and crystal size in the
BN16 sample, the internal residual stress due to CTE mismatch should be
the largest in BN16, which likely causes it not to have the highest CR.

Next, we consider the influence of the incorporation of the piezo-
electric BaNbyOg crystal as a secondary phase in the glass matrix on the
crack resistance a. It has been reported that part of the applied me-
chanical energy (related to the induced mechanical stress) can be con-
verted into electrical energy in piezoelectric materials through a phase
transformation, or domain wall motion [19,64], which can thus lead to

energy dissipation and be beneficial for improving crack resistance. As
such, while the internal residual stress caused by CTE mismatch tends to
lower CR, the observed increase in CR upon crystallization is likely due
to the combined effect of precipitating a piezoelectric crystal (BaNbyOg)
and decreasing the coordination numbers of Al and B in the glass matrix
phase.

To investigate the effect of heat-treatment on fracture toughness, we
have used both indentation and SEPB methods (see Fig. 7a-c). The crack
lengths ¢ and half diagonal lengths a upon indentation with 100° pyra-
midal diamond tip can be measured, as shown in Fig. 7a, and then Eq.
(1) can be used to evaluate Kit'. For SEPB measurement, the pre-cracked
specimen is subjected to three-point bending to undergo fracture and the
peak load value (Ppax) can be obtained from the load-displacement
curve (Fig. 7b) and the measured pre-crack size (Fig. 7c). The deter-
mined values of fracture toughness are summarized in Table 3 and
Fig. 7d. The indentation fracture toughness of the as-prepared glass BNO
is around 0.77 MPa~m°'5, which increases to 0.90 MPa-m® for the BN16
sample. The fracture toughness determined from the self-consistent
SEPB method of the BNO sample is 0.83 MPa-m®®, which then in-
creases to 1.17 MPa-m®® for the BN16 sample. As such, the fracture
toughness determined using both test methods thus increase with
increasing sample crystallinity.

In addition, the crack path affected by crystals has been character-
ized. Fig. 8a-c show the morphology of indent impression and tortuosity
of the crack path in the BN16 sample without etching before the SEM
imaging. The crack in zone 1 exhibits a jagged path and the crack shows
relatively high tortuosity along the crystal (white dot) around the crack
tip (zone 2). Therefore, the formed crystals in the glass matrix may affect
fracture toughness by influencing the path of the propagating crack.

There are many factors that affect the increase in fracture toughness
after glass crystallization. Firstly, piezoelectric materials give an elec-
trical response (in the form of a group of dipoles i.e., domains) due to the
application of mechanical loading. In addition to the verification of the
piezoelectric behavior of the BaNb,Og phase done in this work based on
the DFPT simulations, previous work has also suggested that it is a
ferroelectric phase [65,66]. This can enable that part of the mechanical
energy related to the fracture can be converted into electrical energy due
to the change in domain direction, which is called domain switching
[19,64]. Domain switching is the ability of a ferroelectric material to
change the direction of polarization due to the application of a me-
chanical stress. That is, the application of mechanical loading can result
in domain switching, which also dissipates some energy. Hence, during
crack propagation in materials with piezoelectric secondary phase, a
part of the mechanical energy can be converted into electrical energy, so
crack propagation energy decreases further, enhancing the fracture
toughness [19]. Indeed, nanoscale piezoelectric structures (as those in
the present samples) can show much larger effects compared to
macroscopic materials [67]. According to the literature, the
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piezoelectric phenomenon can also change the mode of stress that acts
on the crack tip, arresting the crack propagation [68-70]. The schematic
diagram of a possible crack propagation path in glass-ceramic with
piezoelectric secondary phases is shown in Supporting Fig. S5. There-
fore, the formation of the BaNb,Og phase in the glass-ceramics appears
to enhance the fracture toughness by domain switching and/or energy
dissipation [65]. However, understanding the detailed mechanism re-
quires additional investigation.

Secondly, from the point of view of the crystals in the glass-ceramics
(independent of their piezoelectric features), heterogeneous micro-
structure can generally improve fracture toughness by effectively
dissipating the high local stresses through crack deflection, multiple
cracking, crack bridging, and crack branching operated at the crack tip
[71,72]. Such crack deflection caused by crystals has been confirmed by
SEM imaging (Fig. 8c) in the present samples. In previous work, Peitl

et al. reported that the K. increased from 0.7 MPa-m®® for glass to 0.9
MPa-m®> for glass-ceramic containing a 40% crystal fraction [10]. In
this work, according to the phase microstructure analysis, the crystal
content increases to 10% and the crystal size increases to 50 nm in the
BN16 sample, with a corresponding increase in Ki' > from 0.83
MPa-m?® to 1.17 MPa-m®>. In comparison, the change in crystallinity in
this work is relatively small, suggesting that the toughening effect due to
the crystalline microstructure (causing crack deflection etc.) is not the
only reason for the increase in fracture toughness of the present
glass-ceramics. This again appears to point to the important role of the
piezoelectric crystal phase.

Lastly, from the point of view of the glass matrix structure, To et al.
found that bond switching events mainly occur near the crack tips and
crack propagation path in oxide glass with boron and aluminum, which
could be a way to improve the fracture toughness [1]. That is, a higher
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Kj. was observed due to the increased average CN upon compression.
According to the present NMR results and the previous discussion, we
find that the coordination numbers of both B and Al become lower after
heat treatment. This effect should therefore counteract the positive ef-
fect of the crystals on Ki.. However, as discussed previously, the CN
changes upon heat treatment are relatively small, i.e., the toughening
effect of the crystals plays the dominant role compared to the change in
the glass matrix phase.

Crack resistance (i.e., resistance to crack initiation) and fracture
toughness (i.e., resistance to crack growth) are both important param-
eters for evaluating the glass/glass-ceramics mechanical performance.
Although there is no systematic relation between CR and Kj. [18], it is
challenging to improve CR and K. simultaneously, since crystal for-
mation can lead to residual stresses that may lead to crack initiation
[10], while crack deflection, pinning or bridging caused by the presence
of crystals are beneficial to improve the fracture toughness [7].
Furthermore, considering the low crystallinity in most transparent
glass-ceramics, the influence of the glass matrix on the mechanical
properties should also be considered. Through the design of glass
composition and adjustment of heat treatment parameters, the piezo-
electric secondary phase BaNb,Og has here been induced in the alumi-
noborate glass, achieving the simultaneous improvement of crack
resistance and fracture toughness, as well as maintaining a certain level
of transparency, which provides a new approach to addressing the
problem of glass brittleness.

4. Conclusion

In this work we have studied the changes in structure and mechanical
properties upon heat treatment of a NbyOs-doped barium aluminoborate
glass. Importantly, we have found that both crack initiation resistance
and fracture toughness are significantly improved after heat treatment,
and even the most crystallized glass-ceramics retain significant trans-
mittance. CR increases from 5.1 N of the as-prepared glass to 9.1 N of
BN12, an increase of 78%. At the same time, the KISCEPB increases from
0.83 MPa-m®® of as-prepared glass to 1.17 MPa-m®® of BN16, an in-
crease of 41%. Based on Raman and NMR spectroscopy analyses, the
coordination numbers of boron and aluminum decrease in the glass
matrix upon heat treatment, which is beneficial to energy dissipation
under mechanical stress to improve CR. Furthermore, the piezoelectric
phase BaNbyOg formed in the glass-ceramics is suggested as a factor for
improving CR by energy conversion (mechanical energy to electric en-
ergy) and/or domain switching, although the exact mechanism requires
additional investigation. The increasing crystallinity and crystal size are
also beneficial to increase the fracture toughness of the glass-ceramics.
The present discovery thus addresses the difficult problem of simulta-
neously improving damage resistance and damage tolerance in glass-
ceramics, which will facilitate the future design of transparent glass-
ceramics.
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