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Tough and hard, yet transparent materials are needed for a range of applications. Here, we study the effect of
crystallization on the mechanical and optical properties of barium titanosilicate glass-ceramics. We characterize
the morphology and size of crystals to reveal the relationship between crystallinity, transparency, and me-
chanical properties. We find that the size and content of crystals increase upon heat-treatment of the precursor
glass, which leads to an increase in fracture toughness (from 0.7 to 0.9 MPa m?/ 2) and hardness (from 5.8 to 6.6
GPa), reflecting that crystals hinder the propagation of cracks and that the glass-ceramics feature more bond
constraints per unit volume, thereby improving the fracture toughness and hardness. There is a decrease in the

crack initiation resistance. The transmittance decreases significantly upon crystallization due to light scattering.
In conclusion, our study reveals a trade-off between fracture toughness and transparency in this series of glass-

ceramics.

1. Introduction

Nanostructured materials have been widely studied due to their size,
surface (interface), and macroscopic quantum tunneling effects [1-3].
This also includes glass materials with nanostructures as these can
exhibit improved dielectric properties, thermal shock resistance, ferro-
electricity, fluorescence, nonlinear optical properties and importantly,
mechanical properties compared to the standard homogeneous glasses
[4-8]. To this end, controlled crystallization of a precursor glass to form
a glass-ceramic is one of the widely used methods for preparing glasses
with nanostructures. Glass-ceramics have found use in several applica-
tions, including microelectronic packing and optical devices [9-11]. An
important challenge for many applications is the need to prepare opti-
cally transparent glass-ceramics [12-14]. Glass-ceramics are usually
opaque owing to the refraction of light by the crystal boundaries, but if
the crystal size is sufficiently small or the refractive index of the glass
and crystal phases match, it is possible to prepare transparent
glass-ceramics (TGCs) [15-18]. The preparation of transparent
glass-ceramics thus requires careful control of the heat-treatment con-
ditions [19] or the use of other methods to control crystal formation (e.
g., laser irradiation) [20].
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The mechanical and light transmission properties can be changed by
controlling the content, size, and orientation of the crystals in the glass-
ceramics. For example, Luo et al. [21] have shown that increasing the
content of SiOy in LiO2-Al303-SiO; glass-ceramics increases the hard-
ness and crack resistance due to the formation of interlocking micro-
structures. However, increasing the content of SiO5 changes the crystal
type from B-spodumene to diopside, resulting in further devitrification
of the glass-ceramic. The metasilicate phase produced in glass-ceramics
with high LiO2 content also leads to translucent or opaque samples.
Controlling the composition is thus a key to the preparation of trans-
parent glass-ceramics. Gallo et al. [22] have investigated the mechanical
properties of MgO-Al,03-SiO, glass-ceramics, finding an increase in
hardness and fracture toughness upon crystallization. The higher frac-
ture toughness was ascribed to the compositional change of the residual
glass phase as well as the more tortuous crack paths among small
crystals. Fu et al. [23] have prepared glass-ceramics with high trans-
parency and high toughness by forming highly anisotropic crystals and
matching the refractive index of the lithium disilicate glass crystal with
that of the glass phase. Overall, these previous studies suggest that larger
crystal size and crystals with higher aspect ratio can increase fracture
toughness, but typically at the expense of reduced transparency.
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Glass-ceramics based on the BaO-Ti02-SiO5 (BTS) system have been
extensively studied due to the excellent dielectric and nonlinear optical
properties of fresnoite BayTiSizOg crystals [24,25]. Numerous studies
have shown that BTS glass-ceramics can produce c-axis oriented crystals
on the glass surface after heat treatment [26,27]. Based on the perov-
skite phase of Ba,TiSi»Og crystals, BTS glass-ceramics are often fabri-
cated for use as nonlinear optical materials and electronic ceramic
materials [28]. Fresnoite BayTiSi»Og belongs to the P4bm group and has
a TiOs square cone structure, which causes the polarizability of the
crystal [29,30]. Therefore, BTS crystals produced by heat treatment are
anisotropic and tend to grow along the c-axis. However, the mechanical
properties of BTS glass-ceramics have not yet been fully understood,
although a few studies have been reported. Shinozaki et al. [31] have
shown that increasing the crystal content in BTS glass-ceramics can in-
crease the elastic modulus and hardness. The indentation fracture
toughness also increases with increasing crystallite content, from 0.48 to
1.04 MPa m"2. Ghardi et al. [32] reported that increasing the TiOy
content can increase the modulus of BTS glasses. The fact that only few
studies on the mechanical properties of BTS glass-ceramics exist may be
because the current applications focus on their luminescent and
dielectric properties, while mostly ignoring the possible applications
within, e.g., packaging. Masai et al. [49] studied the transparency of BTS
glass-ceramics with different compositions, showing that the chemical
composition has a great influence on the transmission properties after
heat treatment.

Here, we focus on synthesizing transparent BTS glass-ceramics con-
taining nanocrystals to further clarify the crack initiation and propa-
gation behaviors of BTS glass-ceramics. In previous work, Yoorim et al.
[33] investigated the impact of heat-treatment temperature (between T
and T, where Ty is the glass transition temperature and T, is the peak
crystallization  temperature) on the crystallization of a
30.77Ba0-15.38Ti0,-53.85Si04 glass. By fitting a Gaussian equation to
the T}, data of glass-ceramics treated at different temperatures, an opti-
mum nucleation temperature was found to be 829 °C. In this work, we
slightly increased the SiO, content compared to this previous investi-
gation to better balance the mechanical properties and light trans-
mittance, as higher transparency in BTS glass-ceramics has been found
upon increasing the content of SiOy [27,49,54]. Specifically, we have
prepared a precursor 30BaO-15Ti02-55Si0 glass that is heat treated at
860 °C for 2 h, 4 h and 8 h to prepare glass-ceramics with different
crystal fractions and sizes. The morphology, size, and content of crystals
in glass-ceramics are characterized by scanning electron microscopy and
x-ray diffraction, and the glass matrix structure is examined using
Raman spectroscopy. The mechanical properties are tested by ultrasonic
echography to measure elastic moduli and micro-indentation to measure
hardness, crack initiation resistance, and indentation fracture tough-
ness. We also determine fracture toughness using the single edge
pre-crack beam method.

2. Experimental
2.1. Sample preparation

A transparent glass with composition 30BaO-15TiO2-55S5i0, was
prepared by the traditional melt-quenching method. The raw materials
were BaCO3 (>99%, Sigma-Aldrich), TiOy (>99%, Honeywell Interna-
tional) and quartz (fine granular, 99.95%, Sigma-Aldrich). The mixed
powders were added to PtRh crucibles, melted, and homogenized in an
electric furnace at 1550 °C for 2 h. Then, the molten mixture was poured
onto a brass plate and quenched with a steel plate. To improve homo-
geneity, the quenched glass was crushed and remelted for another 1 h.
Finally, this melt was quenched, and the obtained glass was transferred
to an annealing furnace at an estimated glass transition temperature (Tg)
for 30 min. After annealing, the sample was cooled down to room
temperature in the furnace at a rate of about 2 K/min. The actual Ty of
the BTS glass was subsequently determined by differential scanning
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calorimetry (DSC, STA 449 F3 Jupiter, Netzsch). To this end, the
annealed glass was polished to a thickness of 1 mm, put into a Pt cru-
cible, and heated to 950 °C at a rate of 10 K/min under an Ar flow (flow
rate of 40 mL/min). The DSC curve is shown in Supporting Fig. S1,
where we defined the T, as the temperature corresponding to the
crossing point between the tangent of the inflection point of the internal
heat peak and the extrapolated heat flow of the glass. The measured T
value was 743 °C, while T}, (crystal growth maximum rate temperature)
was found to be 1024 °C. After the DSC measurement, the glass was
annealed for 30 min at this temperature and then cooled down in the
furnace.

Based on Yoorim’s work [33], we here used the same method and
tested the T, of BTS glass-ceramics heat-treated at different tempera-
tures of (800 °C, 850 °C, 900 °C, and 950 °C, respectively (results not
shown), and finally set the heat treatment temperature to 860 °C. The
heat-treatment experiments were done on samples cut to dimensions of
1 x 1.5 x 0.3 cm®. Specifically, the furnace was preheated to 860 °C at a
rate of 10 K/min, and then the sample was inserted in the furnace and
heat-treated for 2, 4, or 8 h. After annealing, the sample was cooled
down to room temperature in the furnace at a rate of about 2 K/min. We
note that for BTS glass-ceramics, faster cooling rates lead to tensile
stresses in the glass-ceramics due to thermal expansion mismatch [34,
35]. To avoid this effect, a lower rate was used for cooling after heat
treatment in this work. Then, we ground the surface to remove the top
~0.1 mm layer to remove the impact of surface crystallization. These
samples were then polished using SiC sandpaper (from 200 to 4000 grit).

2.2. Glass and crystal structures

The surface morphologies of both the glass and glass-ceramic sam-
ples were characterized using field emission scanning electron micro-
scopy (SEM, Zeiss 1540XB). Before the analyses, the sample surfaces
were etched with 1 wt% hydrofluoric acid for 10 s and then coated with
gold. To observe differences in the crack propagation paths in the pre-
cursor glass and glass-ceramics samples, we also used SEM to observe
the propagation paths of cracks induced by indentation (see details on
indentation experiments in Section 2.5). The operating voltage of the
SEM was 10 kV. In this case, the surface of the samples were not etched
to observe the crack propagation path.

Phase detection in the glass-ceramic samples was carried out using x-
ray diffraction (Empyrean XRD, PANalytical) with monochromatic Cu
Ka radiation. The scanning angle of XRD was set from 5° to 75°, the
scanning current was 40 mA, the voltage was 40 kV, and the scanning
speed was 1.75°/min. The short-range and medium-range structures of
the glasses were characterized by Raman spectroscopy. The Raman
spectra were acquired on a micro-Raman spectrometer (inVia Renishaw)
with an objective aperture of 0.75, a laser of 532 nm and an acquisition
time of 10 s [36]. The spectral range was from 200 to 1400 c¢m L. Each
sample was tested on three different locations to verify their homoge-
neity. All spectra were finally subjected to background correction and
area normalization.

2.3. Transmission properties

To study the effect of crystal content and size on the transparency of
the glass-ceramic samples, we performed ultraviolet-visible (UV-vis)
spectrometer measurements (Cary 50 Bio, Varian) in transmission mode
on double-side polished samples. We measured the baseline-corrected
transmittance of the samples from 255 to 800 nm wavelength with the
scanning speed of 60 nm/min. The transmittance was calculated from
the absorption data, and the spectral data were all normalized to 1 mm
thickness. Three different areas were tested to ensure the reliability of
the obtained results.
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Fig. 1. Schematic diagram of the SEPB method for fracture toughness determination. (a) Pre-cracking process of the glass sample using the bridge compression
fixture, where the loading rate of the flat indenter is 0.05 mm/min. (b) Three-point bending test, where the loading rate of the indenter is 0.9 mm/min. After fracture,

the pre-crack length was measured as a = (a;+ax+as)/3.

2.4. Ultrasonic echography

The density (p) was determined using Archimedes method. The
sample was first weighed on the balance in air (m;) and then weighted
again while immersed in absolute ethanol (p = 0.791 g/cm?) to obtain
the mass as my. Each sample was repeatedly measured ten times, and
finally the density was calculated as,

p _ " * Pmanol
s = ————
Glass fr——

(€Y

Young’s modulus of the precursor glass was then measured using an
ultrasonic thickness gauge (38 DL Plus, Olympus) equipped with a 20
MHz piezoelectric transducer to generate sound waves. The velocity of
the transverse acoustic wave (V) and the longitudinal acoustic wave
(VL) were measured by the pulse-back method. In combination with the
density (p), the longitudinal modulus C1;, Young’s modulus (E), shear
modulus (G), bulk modulus (K) and Poisson’s ratio (v) can be calculated
as follows:

Cii=pV} (2)

G=pV; (€)
4

K=Cy ng )
3K —2G

VT 6K +2G O

E=2G +2Gv )

2.5. Indentation

Vickers hardness (Hy), crack initiation resistance (CR) and indenta-
tion fracture toughness (Kipr) of the samples were measured by micro-
indentation (CB500, Nanovea). For hardness tests, we used a Vickers
diamond tip (four-sided pyramid-shaped diamond with an angle of
136°) to produce indents at a load of 0.98 N on each sample, with a
loading speed of 9.8 N/min, and a holding time of 6 s 15 indents were
analyzed for each sample. The lengths d; and d; of the two indent di-
agonals were measured using an optical microscope (Olympus) and then
Hy was calculated.

The CR value corresponds to the load value with a probability of
cracking of 50% [37,38]. Specifically, the initiation probability of crack
initiation is defined as the ratio between the number of cracked corners
and the total number of corners during the test. The measurement of CR
was also done using the Vickers tip, but here we used varying peak loads.

17481

The number of corners with cracks after unloading at different load and
different loading rate (loading rate (in N/min) was equal to ten times the
numerical value of the load (in N), while holding time was 6 s) were
observed using a microscope. The indentations were performed under
laboratory conditions (23 °C, ~40% relative humidity). The ratio be-
tween the number of cracked corners and the total number of corners
was recorded for each load 1 h after unloading. For each sample and
load, 15 indents were analyzed.

The indentation fracture toughness (Kipr) was also determined.
However, the determination of Kipr from Vickers indentation is prob-
lematic, e.g., due to densification that is not accounted for in the
calculation [40]. Following Ref. [39], to obtain a more reliable esti-
mation of the indentation fracture toughness, we here used a sharper
100° four-sided pyramidal tip (instead of the 136° Vickers tip) to reduce
the densification component of the deformation. The applied load was
0.98 N, and the holding time was 6 s. After unloading, we observed the
indentation morphology under a microscope, recorded the diagonal
length of the indent and the length of the crack at each indentation
corner. We measured 30 indents for each sample and then calculated
indentation fracture toughness as,

&)

where E is the Young’s modulus, Hv is the Vickers hardness calculated
under the 100-degree indenter, P is the load, and c is half of the average
crack length. The coefficient depends on the tip geometry and was here
set to 0.035 for the 100° four-sided pyramidal tip [41].

1
E

)

P
2

2

7 )

2.6. Single-edge precracked beam

The fracture toughness (Kj.) was measured based on the single-edge
precracked beam (SEPB) method, which included two steps, namely the
generation of pre-crack (Fig. 1a) and three-point bending test (Fig. 1b).
The measurements were performed on samples with dimensions of 1
mm < B<2mm, 2mm < W < 3 mm, L > 10 mm, where B is the
broadness, W is the width, and L is the length. The results measured on
such relatively small samples have been shown to provide consistent
results [42,43]. First, we cut the samples with a diamond cutting ma-
chine (Secotom-60, Struers). The cutting speed and feed speed were 100
rpm and 0.05 mm s}, respectively, to obtain samples with dimensions
of 1.5 x 2 x 10 mm?® after polishing all sides of the samples with SiC
paper of different abrasive particle size (from 320 to 4000 grit). After
polishing, the B sides of the samples were subjected to indentation to
form five to ten Vickers indents at a load of 9.8 N, which was sufficient to
generate corner cracks. To form the precrack through the growth of
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Fig. 2. SEM images of (a) precursor glass and (b—d) glass-ceramics heat-treated at (b) 860°C-2h, (c) 860°C-4h, and (d) 860°C-8h. The magnification is 30,000 times.

corner-crack of these indentations, we placed the samples in a bridge
compression fixture as shown in Fig. 1a. Firstly, the indented side of the
sample was faced down in the center of the groove (length of groove was
4 mm). Then, a compressive load was applied to the fixture with a
universal testing machine (Z100, Zwick, with 100 kN load cell) and a
loading rate of 0.05 mm/min. The cracks on the surface with indentation
began to grow and became connected and then propagated until it
reached the middle of the specimen width. Finally, we obtained a pre-
crack with the size of ~0.5W.

Fig. 1b shows a schematic diagram of a three-point bending test. The
precracked samples were subjected to three-point bending and fractured
by using a cross-head speed of 0.9 mm/min. All fracture samples were
collected after testing in order to measure the pre-crack length (a). The
pre-crack length of the sample was determined through light optical
microscopy, where three points were measured in the middle of the
crack (see details in the bottom of the dotted circle in Fig. 1b), and the
average value was taken as the pre-crack length. The maximum load
Pax during the loading process was determined by the load cell, which
was used to calculate Kj. [44],

Pmax

K. = WY* ®

y =3 VB g ©

_ﬁﬁ

where Ppy is the peak load during the loading process, B and W are the
breadth and width of the sample, respectively, a is the ratio of pre-crack
to width (@/W, a=(q1+ax+as)/3), fa@) = [1.99-(a-a®)*
(2.15-3.930+2.7a%)1/(1+2a) for S/W = 4, f(a) = 1.9109 — 5.1552a +
12.6880a* — 19.5736a° + 15.9377a* — 5.1454a° for S/W = 5. § is the
distance of adapted three-point bending span (here 8 mm). The fracture
toughness was measured five times for each sample.

3. Results and discussion
3.1. Phase identification

The crystal size, content, and distribution uniformity can influence
the properties of the glass-ceramics, for example rapid grain growth

¢ Ba,TiSi,0,

860°C for 8h

860°C for 4h

W 860°C for 2h

Intensity (a.u.)

Precursor glass

PDF#84-0923

10 20 30 40 50 60 70
Angle 26 (Degree)

Fig. 3. XRD patterns of precursor glass and glass-ceramic samples. PDF card
#84-0923 corresponds to the fresnoite Ba,TiSi»Og crystal.

during crystal growth can result in reduced transparency [46]. The
crystal morphology as determined by SEM is shown in Fig. 2. As shown
in Fig. 2a, there are no crystals in the precursor glass. With the increase
of heat-treatment time, crystals appear in the BTS glass matrix, and the
crystal size and content increase. In addition, with the extension of the
heat-treatment time, the crystal morphology changes. Upon 2 h
heat-treatment, the crystals are small and tend to form clusters randomly
distributed in the matrix. Although the clustered nanocrystals in Fig. 2b
appear to be larger than the bulk nanocrystals, they are less widely
distributed in the glass-ceramics. The heat treatment time of 2 h is
insufficient to make them fully agglomerate and grow extensively, and
their content is thus below the detection threshold of XRD. This phe-
nomenon has previously been reported in other glass-ceramics systems
[47]. When the heat-treatment time increases to 4 h, the crystal size
increases (average 131 nm, Fig. 2c, red arrow), the crystal morphology
becomes more irregular, and the crystal density increases. When the
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Fig. 4. (a) Raman spectra of the precursor glass and the glass-ceramics. (b) and (c) shown the Raman spectra in the 200-400 cm ! and 800-900 cm ™! band regions,

respectively.

heat-treatment time is further extended to 8 h, the crystals shape
changes from irregular lumps to longer strips, the average size increases
to 274 nm, and the crystal density further increases (Fig. 2d). It can be
clearly seen in the 8 h heat-treated sample that the BTS glass-ceramics
with non-stoichiometric ratios (i.e., glass and crystal have different
compositions) have c-axis oriented BayTiSizOg crystals (yellow dashed
circle) [48].

Fig. 3 shows the XRD patterns of the present samples, as well as the
fresnoite BayTiSipOg standard PDF card. The precursor glass and the
sample heat-treated for 2 h have no sharp diffraction peaks. Note that we
removed a thickness of about 0.1 mm from the surface of the sample
before characterization, but there was also no excessive crystal growth
on the surface of the sample heat-treated for 2 h prior to polishing
(Supporting Fig. S2). This may be due to (1) the small size of the crystal
below the detection threshold, or (2) insufficient heat treatment time
leads to thinner crystal layers [49]. After prolonging the heat-treatment
time to 4 and 8 h, crystalline diffraction peaks appear. The diffraction
intensity of the main peak at 29° is highest after 8 h treatment and the
intensity of the broad amorphous peak decreases. All the diffraction
peaks can be assigned to the fresnoite single crystal diffraction pattern,
which shows that extending the heat treatment time can form crystals
inside the glass, and c-axis oriented crystals tend to form in
non-stoichiometric BTS glasses [50].

Fig. 4 shows Raman spectra of the samples, revealing only minor
changes upon heat-treatment. Based on the previous studies, we divided
the spectrum into four main band regions. The bands below 400 cm™!

(Fig. 4b) are difficult to clearly assign because of the presence of external
modes as well as bending modes of Si;O7 and TiOs groups [50], and we
therefore do not consider them further herein. The Raman peaks in the
400-700 cm™! band region are attributed to the Si-O-Si symmetrical
stretching and bending motions [51,52]. The band of the sample
heat-treated for 8 h shifts to a higher wavenumber (Fig. 4c), likely
because the Si-NBO (where NBO is non-bridging oxygen) content in the
glass sample after heat-treatment decreases, and the Si-O-Si bond
content increases. In turn, this is because the fraction of network mod-
ifier Ba®" decreases in the glass matrix after heat treatment and pref-
erentially precipitates in the form of crystal, i.e., the bridging oxygen
content increases. The conversion of Si-NBO to Si-O-Si bonds increases
the rigidity of the residual glass network. The peaks in the 700-900 cm ™!
region are assigned to Ti-O* bonds and symmetric stretching between Si
and NBO groups, where O* represents the top oxygen of the TiOs pyr-
amid [53]. The peak at 860 cm " is attributed to the short Ti-O bond. As
shown in Fig. 4c, the Raman peak in the 8 h heat-treated sample moves
to the higher frequency region. Because Ti in the fresnoite crystal is in
the five-fold coordinated pyramid structure, the precipitation of the
crystal enhances the formation of the TiOs pyramid. The peaks in the
900-1200 cm ™! band region are assigned to the symmetric Si-O
stretching motion [54]. The bands in this region have no obvious shifts.
However, we note that two small peaks appear at 561 and 977 cm ™},
which may originate from excess SiO in the non-stoichiometric chem-
ical composition of the glass [55].

b
80 -

8 604 B
5 Precursor glass 860°C for 2h
E ,
2 —— Precursor glass
S 20 ——860°C for 2h
= ——860°C for 4h

———860°C for 8h 860°C for 4h 860°C for 8h

0

400 500 600 700
Wavelength (nm)

800

Fig. 5. (a) Transmittance of precursor glass and glass-ceramics samples normalized to a thickness of 1.0 mm and (b) photographs of double polished precursor glass

and glass-ceramics samples under visible light.
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Table 1
Mechanical properties of BTS glass and glass-ceramics samples. The estimated
error for CR is 20% of its value.

Precursor Heat treated Heat treated Heat treated
glass 2h 4h 8h
Density (g/cm®) 3.922 3.907 3.938 3.911
(+0.006) (+0.016) (+0.011) (40.008)
Hardness (GPa) 5.8 (+0.1) 6.0 (£0.1) 6.4 (+0.4) 6.6 (+0.6)
Young’s 77.5 (£0.2) 77.6 (£0.7) 78.0 (£1.3) 78.3 (£0.4)
modulus (GPa)
Poisson’s ratio 0.269 0.269 0.268 0.268
(+0.01) (+0.01) (+0.01) (+0.01)
Shear modulus 30.5 (£0.1) 30.6 (+£0.3) 30.8 (+£0.7) 30.9 (+£0.2)
(GPa)
Bulk modulus 55.9 (+£0.4) 55.9 (+£0.4) 56.1 (£1.2) 56.2 (+0.4)
(GPa)
Kgr (MPam'?) 077 (£0.03)  0.79 (£0.06)  0.83(+£0.07)  1.00 (£0.06)
Kic sep 0.73 (£0.11)  0.74 (£0.07)  0.84 (+0.07)  0.91 (+0.08)
(MPa~m1/ 2)
CR(N) 0.68 0.54 0.48 0.23

3.2. Transmission properties

The obtained precursor BTS glass was slightly yellowish due to the
presence of TiO,. Studies have shown that the addition of a high fraction
of TiO2 can cause the color of BTS glasses to change from colorless to
yellowish to brown [56]. Fig. 5a shows the UV-VIS transmittance spectra
of the different samples in the visible range and Fig. 5b shows photo-
graphs of the same two-side polished samples. The transmittances of the
precursor glass and 2 h heat-treated glass are in the range of 80-91% and
80-93% in the visible range (400-800 nm), respectively. These relatively
high values are due to the absence of crystals and the small size of the
crystals, respectively. However, when the heat treatment time is pro-
longed, the transmittance decreases to 60-88% and 34-60% for samples
heat-treated for 4 and 8 h, respectively. Combined with the SEM results,
the increase of crystal size and content cause increased scattering of
light, resulting in a decrease in transmittance due to the refractive index
difference between the crystal and glass after heat treatment [57].

3.3. Mechanical properties

Table 1 summarizes the measured mechanical properties of the BTS
samples. The density of the four samples does not change and fluctuates
around a value of 3.92 g/cm®. The hardness of glass-ceramics increases
with the increase of crystal content (Table 1). Studies have shown that
the hardness of non-transparent 40BaO-20TiO2-40SiO, glass-ceramic
with a crystal volume fraction of 54% is nearly 20% higher than that
of the precursor glass [31]. Here, the crystal volume fraction of the 8 h
heat-treated glass is significantly lower than in this study (as can be seen
from the SEM and XRD results), allowing the samples to remain partially
transparent, but the increase in hardness is then only about 12%.
However, in both cases, the BTS crystals cause an increase in the hard-
ness of the glass-ceramics. This could be due to that both the shear flow
[45] and the local densification around the indentation [58] can
partially be hindered by the presence of crystals. Nanocrystals drive
asymmetric movement of shear flow by confining the expansion of the
plastic zone [45], that is, as the residual glass phase content decreases
with increasing heat-treatment time, the crystals impede the shear flow
and the density around the indent increases [45]. The stresses generated
during indenter loading cause the glass structure to reorganize, creating
a dense, plastically deformed region. During unloading, in
glass-ceramics, the expansion of the elastic region of the indentation is
suppressed due to the inhibition of the shear flow by the crystals. This
leads to incomplete release of the residual stress generated in the elastic
region, and the same phenomenon has also been found to occur in
glasses with a higher bulk modulus [59]. The measured hardness value
increases due to the reduced amount of elastic recovery in the indented
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Fig. 7. Fracture toughness of the sample determined using indentation fracture
toughness method (Kipr) and single-sided pre-cracked beam method (K.).

area. The higher hardness of the crystal relative to that of the glass (as
expected based on its high modulus, see below) is another reason for the
increase in hardness upon crystallization.

Regarding the elastic properties, the Young’s modulus (E), bulk
modulus(K), and shear modulus (G) all increase with the increase of
heat-treatment time, whereas Poisson’s ratio (v) decreases (Table 1).
The increase in modulus may be due to: (1) the higher modulus of BTS
nanocrystals relative to the precursor glass; and (2) the increase in the
content of Si-O-Si bonds. Point (1) is supported by the work of Shino-
zaki et al. [31], who have estimated Enanocrystal = 125 GPa, Gnanocrystal =
48 GPa, and Bjanocrystal = 101 GPa for Ba,TiSi;Og nanocrystals. In
relation to point (2), according to the analysis of the Raman spectros-
copy data, the fraction of non-bridging oxygen in the heat-treated
samples appears to slightly decrease due to the precipitation of Ba*.
This increases the average bond energy of the residual glass network
(Si-O bonds have energy of 443.5 kJ/mol [60]) and the internal network
structure of the samples after heat treatment is also more compact,
which increases the modulus.

To evaluate the crack initiation resistance, we have determined the
CR values [61,62]. Fig. 6 shows the crack probability vs. load curves. We
find that the crack resistance of the precursor glass is better than that of
the glass-ceramics. This decrease in CR may be due to the increased
packing density of glass-ceramics, considering that the driving force for
crack initiation is related to residual stress [63]. Due to the periodic
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Fig. 8. SEM images of the indentation tip crack path in the (a) precursor glass and (b) the 8 h heat-treated glass-ceramic.

close arrangement of atoms in the crystal, compared with the relatively
looser glass structure, the crystal is prone to form more residual stress in
the glass-ceramic with the denser atomic packing density under the
stress state. In addition, due to the difference in the coefficient of ther-
mal expansion (CTE) between the crystal and the glass, residual stresses
will be generated on the surface of the glass upon cooling from the
heat-treatment temperature. Such stresses can lead to a greater tendency
for crack initiation [64,65]. At the same time, glasses with different
crystal contents show different capacities to accommodate strain energy
during the indentation process. The softer glass substrate will accom-
modate more energy, and therefore relatively high crystal content of
glasses often tend to be more prone to crack initiation [66].

Fig. 7 shows the fracture toughness values determined using both the
indentation and SEPB methods. With the increase in crystal content, the
fracture toughness measured by both methods increases. The indenta-
tion fracture toughness increases from 0.77 MPa m'/2 for the precursor
glass to 1.00 MPa m'/2 for the 8 h heat-treated sample. In the case of the
SEPB method, the corresponding increase is from 0.73 MPa m'/? to 0.91
MPa m'/2. It can be seen from the SEM image (Fig. 2) that the crystal
orientation on the glass surface varies. Therefore, the crack at the di-
agonal line of the indentation needs to bypass or pass through the crystal
that is inconsistent with the crack propagation direction during the
expansion process (see Fig. 8). As such, energy is consumed and the
fracture toughness increases [67]. At the same time, the error bars of
fracture toughness values obtained by the indentation method are larger
for glass-ceramics than precursor glass due to the different number of
crystals passing through or bypassing during the crack propagation
process, but with the increase of heat treatment time, the increase of
fracture toughness is confirmed.

Comparing the fracture toughness values measured by the two
methods, it can be found that the fracture toughness values obtained by
the SEPB method are lower. Indeed, there is typically a 20%-60% offset
between Kipr and Kj., depending on the chemical composition of the
glass [68], as differences in chemical composition lead to differences in
atomic packing density and densification deformation [63], and radial
cracking is very limited in low Poisson’s ratio glasses. Typically, this
leads to overestimation of Kjgr. The geometry of the indenter also affects
the value of Ky, as a sharper indenter can minimize the effect of
indentation-induced densification. In the SEPB method, due to the
introduction of pre-cracks, the glass sample breaks along the pre-cracks
during the loading process. The tip radius of the propagating crack is
made to achieve atomic sharpness, which solves the problem of the
roundness of the crack tip or notch width [68]. Therefore, the SEPB
method is the preferred method of the two, as it is based on a
well-defined crack geometry and benefits from a self-consistent
expression of the stress intensity factor [69].

To explore the toughening mechanism, we have obtained SEM im-
ages of the indentation tip crack path. Fig. 8 shows the SEM images of
the indentation tip crack in the precursor glass and the 8 h heat-treated
glass-ceramic. The crack propagation in the precursor glass is not hin-
dered by crystals, resulting in a straight crack propagation path. In the

glass-ceramic sample, the formation of crystals leads to deflection and
higher tortuosity for crack propagation. Moreover, the driving energy of
crack propagation appears to decrease gradually as the crack propaga-
tion proceeds, as manifested from the transition from crack penetration
to crack bridging to crack deflection, with the fracture mode changing
from transgranular to intergranular due to the decrease in fracture en-
ergy as the crack propagates [23]. That is, we infer that the crack con-
sumes more energy when passing through the BTS crystal compared to
the residual glass phase. As the crack propagates and consumes energy,
the crack deflects along the interface between the matrix and the BTS
crystal, and the crystal forms a bridge on the main crack, causing crack
bridging. The energy is also gradually consumed in the subsequent crack
propagation process, causing the deflection of the crack at the front of
the crystal until the crack disappears. Overall, compared with the
straight cracks in the precursor glass, the crystals in the glass-ceramics
effectively inhibit the crack propagation and increase the fracture en-
ergy, which increases the fracture toughness.

4. Conclusions

In this paper, we have studied the mechanical and transmission
properties of 30BaO-15Ti02-55Si03 (in mol%) glass-ceramics. With the
increase of heat-treatment time, the content and size of crystals in the
glass-ceramics increase, and the shape of crystals changes to long strips,
which overall reduces the light transmittance. Due to the generation of
high modulus fresnoite crystals, the elastic modulus of glass-ceramics
increases after heat treatment, whereas the crack initiation resistance
decreases because the crystals are harder and more prone to generate
residual stress during the indentation process, which leads to a decrease
in CR. The fracture toughness results show that the indentation fracture
toughness is lower than the fracture toughness tested by the SEPB
method, but both methods show a pronounced increase upon crystalli-
zation. The silicate structure characterized by Raman spectroscopy
confirmed the formation of TiOs pyramidal crystals and the increase in
the fraction of bridging oxygens. The above results confirm that nano-
crystals can be used to tune the mechanical properties of glasses, but at
the expense of reduced light transmission and crack resistance. This
study thus provides guidance for the future preparation of glass-
ceramics with large size and content of crystals, highlighting the need
to discover crystals with similar refractive index to the residual glass
phase to maintain high light transmittance.
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