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Lithium disilicate (Li»Si>Os) glass-ceramics are an ideal material for dental restoration;
however, their intrinsic brittleness and low defect tolerance limit the scope of their clinical
applications. In this study, Li»Si>Os whiskers were creatively synthesized via a mild-
condition hydrothermal reaction. Self-reinforced Li>Si>Os glass-ceramics were sintered
by introducing the Li>Si,Os whiskers, and their effects on phase, microstructure, and
mechanical properties were systematically studied. The crystal-growth and toughening
mechanisms were also discussed. The results showed that the Li>Si>Os whiskers played
an important role in inducing crystallization, and improving the microstructure and
properties of the glass-ceramics. With increasing amounts of Li>Si,Os whiskers, the
crystallinities increased slightly, and the average crystal size also increased. The
microstructure was composed of crystals of bimodal size distributions, in which some
large, rod-like Li>Si-Os crystals epitaxially grew along with the whiskers, and small crystals
directly crystallized from the parent glass-ceramic powders. The Li>Si>O5 glass-ceramics
exhibited high flexural strength (389.5 + 11.77 MPa, LDW3), and fracture toughness
(3.46 + 0.10 MPa-m'2, LDW5). The improved properties were attributed mainly to crack
deflection and bridge-toughening mechanisms.

Keywords: lithium disilicate, glass-ceramics, dental restoration, whiskers, microstructure, mechanical properties

1 INTRODUCTION

Li,S1,05 glass-ceramics are a kind of dental restoration material with Li,Si,O5 as the main crystalline
phase, which has suitable mechanical properties and aesthetical characteristics owing to its unique
crystal properties and distribution (Montazerian and Zanotto, 2017; Fu et al., 2020). These glass-
ceramics are considered promising candidates for restorative dentistry applications. However, owing
to their intrinsic brittleness and low defect tolerance, it has been claimed that these materials also
exhibit several disadvantages (Huang et al., 2014; Kwon et al., 2018; Zhang et al., 2019). As a result, it
is necessary to improve the fracture toughness of Li,Si,Os glass-ceramics, which have very important
practical significance for large-scale applications in the field of prosthodontics.

Many researchers have attempted to improve the fracture toughness of Li,Si,O5 glass-ceramics by
changing their heat-treatment process and using different nucleating agents (Huang et al., 2014; Lien
et al, 2015; Wang et al,, 2015; Sun et al., 2021), but with unsatisfactory results. Li,Si,O5 glass-
ceramics have been prepared by melting and powder sintering methods. The difference between the
two routes lies in their crystallization mechanism: the melting method involves overall crystallization
to obtain high-density materials, while the sintering method is beneficial to the surface crystallization

Frontiers in Materials | www.frontiersin.org

1 February 2022 | Volume 9 | Article 849601


http://crossmark.crossref.org/dialog/?doi=10.3389/fmats.2022.849601&domain=pdf&date_stamp=2022-02-21
https://www.frontiersin.org/articles/10.3389/fmats.2022.849601/full
https://www.frontiersin.org/articles/10.3389/fmats.2022.849601/full
https://www.frontiersin.org/articles/10.3389/fmats.2022.849601/full
https://www.frontiersin.org/articles/10.3389/fmats.2022.849601/full
https://www.frontiersin.org/articles/10.3389/fmats.2022.849601/full
http://creativecommons.org/licenses/by/4.0/
mailto:libing1975vip@163.com
https://doi.org/10.3389/fmats.2022.849601
https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#editorial-board
https://doi.org/10.3389/fmats.2022.849601

Yan et al.

of glass powders and can produce glass-ceramic materials with a
high crystallization degree (Albakry et al., 2004; Hallmann et al.,
2019; Zhao et al., 2019). However, no matter which method is
used to prepare Li,Si,Os glass-ceramics, the crystalline phase
precipitates from the parent glass, and the formation and growth
of the crystal nucleus are controlled by the nucleating agent used
and the high specific surface area of the glass powders. Therefore,
Li,Si,O5 crystals prepared by these two traditional methods
usually have small particle sizes (Hallmann et al., 2018). The
presence of these small crystals leads to a high interfacial area and
a lack of interlocking structures between crystals, resulting in
more microcracks and poor crack-propagation resistance (Li
et al., 2016; Belli et al., 2018; Zhang Z. et al.,, 2018).

Several methods have been successfully employed to
strengthen and toughen glass-ceramics such as the addition of
zirconia into the glass composition (Huang et al., 2014). The
improved properties are mainly attributed to compressive stress
reinforcement, phase transformation, and bridging toughening
mechanisms (Huang et al., 2014; Elsaka and Elnaghy, 2016;
Hussain et al., 2021). However, the introduction of zirconia
presents some disadvantages, such as uneven dispersion of the
second phase, difficulty in densification, and poor machining
performance (Zhang et al.,, 2019; Chen et al., 2020).

Whiskers are a kind of tiny single crystal with a large aspect
ratio and fewer structural defects, such as silicon nitride,
magnesium oxide, carbon nanofibers. Their diameter is
generally at the nanometer level, and their length can reach
the micron level (Liang et al., 2017; Zhang Y. et al, 2018).
The addition of whiskers to ceramic material can improve the
material properties of the latter through crack deflection, crack
bridging, and pull-out effects (Zhang Y. et al., 2018). For Li,Si,O5
glass-ceramics, cracks usually occur at the weak interface between
crystals and through the residual glass matrix (Zheng et al., 2008;
Yuan et al., 2013; Kirsten et al., 2020; Leenakul and Kraipok,
2021). Nevertheless, few studies on Li,Si,O5 whisker-reinforced
glass-ceramics have been performed. Therefore, our aim is to
improve the properties of Li,Si,O5 glass-ceramics by adding large
Li,Si,O5 whiskers.

In this paper, Li,Si,05 whiskers were synthesized via a mild-
condition hydrothermal reaction, and different amounts of the
whiskers were added to the glass composition to prepare high-
performance Li,Si,05 glass-ceramics with elongated, rod-like
Li,S1,05 crystals. The effects of adding the Li,Si,Os whiskers
on the glass-ceramic phase, microstructure, and mechanical
properties were systematically studied, and the crystal-growth
and toughening mechanisms were also discussed.

2 MATERIALS AND METHODS
2.1 Preparation of the Li;Si,O5 Whiskers

The Li,Si,Os whiskers were synthesized in a one-step
hydrothermal process. The molar mass proportion of
LiOH-H,O to SiO,-H,O was maintained at 1:1 according to
the stoichiometric composition. After mixing the constituents,
batches were dissolved in deionized water for 4h. The

resultant solutions were transferred and sealed in a

Li»Si>O5 Whisker-Reinforced Glass-Ceramics

TABLE 1 | Composition of the base glass (Unit: mol%).

Si0, Li,O P205 K20 Al,03 La,03
65.5 27.5 1.2 1.8 2 2
Teflon-lined stainless-steel autoclave under autogenous

pressure and heated to 150°C for 6 h. The solutions were then
cooled naturally to room temperature, sieved, washed several
times in turn with distilled water and ethanol, and finally dried at
80°C for 24 h; the resultant white precipitates were recovered. The
detailed process is the same as our previous studies (Liu et al,
2022).

2.2 Preparation of the Li>Si>O5

Glass-Ceramics
Reagent-grade powders of Li,COs;, SiO,, NHH,PO,, ALO;,
K,CO;, and La,O; were used as raw materials. The
composition of the base glass is given in Table 1. After mixing
the constituents, batches were placed in a Pt crucible and melted
in an electric furnace at 1,450°C for 30 min in air. Then, the glass
melts were quenched in deionized water to obtain frits for milling.
The dried glass frits were ball milled with high-purity zirconia
balls in an ethanol environment. The blended powders were
washed and then dried to obtain glass powders (Liu et al., 2022).
To investigate their crystallization effect on glass-ceramics,
Li,Si,05 whiskers (0, 1, 3, and 5 wt%) were then added to the glass
powders. These glasses were represented as LDWO0, LDWI,
LDWS3, and LDWS5, respectively. The glasses were wet-mixed
with zirconia balls in 99.7% anhydrous alcohol for 2h. After
drying, the mixtures were placed in a hardened-steel die and
uniaxially pressed under 20 MPa. Then, the samples were sintered
in a vacuum furnace at 900°C for 1.5 h. Finally, after cooling to
ambient temperature, the surface layers of the samples were
removed for subsequent characterization.

2.3 Characterization

The crystalline phases of the samples were characterized by X-ray
diffraction analysis (XRD-7000S, Japan) using Cu-Ka radiation
with a scanning velocity of 5°/min, a step width of 0.02°, a
scanning range of 10-60°, an acceleration voltage of 40kV,
and a current of 30 mA. In addition, the relative crystallinities
of the samples were calculated by Jade 6.0 software using the
number, relative intensity, and location of diffraction peaks
according to the XRD pattern. The relative crystallinity of the
glass-ceramics is estimated according to the following equation:

I
X, = 2

“SToK x 100% (1)

where Xc is the crystallinity, Ic is the integrated intensity of the
crystal diffraction peaks, Ia is the integrated intensity of the
amorphous fraction, and K is a constant related to the
measurement conditions and glass compositions.

The Li,Si,05 glass-ceramic samples were polished and etched
using a 10 vol% HF solution for 15s, and their microstructures
were observed by scanning electron microscopy (SEM,

Frontiers in Materials | www.frontiersin.org

February 2022 | Volume 9 | Article 849601


https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Yan et al.

Li»Si>O5 Whisker-Reinforced Glass-Ceramics

500 nm

FIGURE 1 | (A) SEM image and (B) XRD pattern of the Li,Si,Os whiskers. Adapted with permission from (Liu et al., 2022).

+ Li3Siz05

Intensity(a.u.)

10 20 30 40 50 60

JSM6701F, Japan). The three-point flexural strength of the
specimens (24mm X 4mm X 15mm after chamfering,
smoothing, and polishing) was determined by a universal
mechanical machine (Instron 3366, United States) with a span
(center-to-center distance between support rollers) of 16 mm and
a crosshead speed of 0.5 mm/min according to ISO 6872. Ten test
bars were prepared to obtain average values. The three-point
flexure is calculated using the following equation:

3P
T 2wb?

2

where o is the flexural strength in units of MPa, P is the breaking
load in N, and [, w, and b represent the sample test span, width,
and thickness in mm respectively.

The fracture toughness of the specimens (24 mm x 4 mm X
3 mm) was measured following the single-edge V-notched beam
(SEVNB) method. A U-shaped groove was notched at the surface
of the 3 x 24 mm side with a diamond cutting wheel cooled with
water, and a V-shaped notch with a tip radius of less than 15 pm
was machined on the bottom of the groove. The notched side of
the bar was placed under tension in the three-point bending
apparatus with a span of 16 mm and a crosshead speed of
0.5 mm/min. Fracture toughness tests were carried out for
each group of five samples per group of glass-ceramic
specimens to verify accuracy and dispersion.

3 RESULTS AND DISCUSSION

3.1 Characterization of the Li>Si>O5

Whiskers

The SEM morphology and XRD pattern of the Li,Si,Os whiskers
synthesized by the hydrothermal method are shown in Figures
1A,B, respectively. It was clearly observed that the Li,Si,Os
whiskers were rod-like crystals with an average length of
1.37 + 0.23 pm, width of 0.13 + 0.02 um, and aspect ratio of
5-12 (Figure 1A). XRD analysis showed no impurity peaks, as
seen in Figure 1B, indicating that the obtained samples had high
purity, and the diffraction peaks were consistent with those of

A # Li,Si,0; Li,Si0, #Quartz
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*
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FIGURE 2 | (A) XRD patterns and (B) crystallinity of the Li»Si,Os glass-
ceramics with different compositions.

ICDD PDF #33-0816 (Liu et al., 2022). Therefore, the synthesis of
the Li,Si,Os whiskers by the hydrothermal method laid the
foundation for the subsequent Li,Si,Os whisker-reinforced glass-
ceramic. In this work, we report a simple hydrothermal approach
for the synthesis of Li,Si,Os whiskers with regular, new
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FIGURE 3 | SEM images of the Li»Si,Os glass-ceramics with different compositions:

(A) LDWO; (B) LDW1; (C) LDW3; and (D) LDWS.
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FIGURE 4 | Grain size and porosity of the Li»Si»Os glass-ceramics with
different compositions.

morphology. At present, the hydrothermal method has broad
application prospects in the synthesis of nanophase materials
under low-temperature conditions. The hydrothermal method is
environmentally friendly, as its reaction is carried out under closed-
system conditions, saving energy (Alemi et al., 2014a; Alemi et al.,
2014b).

3.2 Phase Formation

XRD patterns of the Li,Si,Os5 glass-ceramics are shown in
Figure 2A. The main precipitated crystalline phase of all
samples was Li,Si,05 (ICDD PDF#40-0376). With an increase
in the amount of Li,Si,05 whiskers, the intensity of the diffraction

peaks of the Li,Si,Os crystals shifted slightly, owing to changes in
crystallinity and crystal size. Under an identical preparation
process, the intensity of the diffraction peaks of the Li,Si,Os
crystals increased slightly from LDWO to LDW5. As seen in
Figure 2B, the crystallinity of the samples remained relatively
constant (from 75.98 + 5.72% to 78.09 + 8.89%) upon varying the
whisker content from 0 to 1 wt%, while it increased significantly
to 86.86 + 7.18% in LDW5.

Enormous efforts have been made to optimize the Li,Si,O5
crystals embedded in glass-ceramics in multicomponent
systems with nucleating agents or glass modifiers. Among
these additives, P,Os is known to be the most effective for
increasing the nucleation rate since it promotes the bulk
nucleation of Li,Si,Os by forming a steep compositional
gradient in the vicinity of the amorphous Li;PO, phase,
where it acts as the heterogeneous nucleation site for both
Li,SiO3 and Li,Si,Os phases (Clausbruch et al., 2000; Huang
etal., 2013). As for the Al,O3 component, it can reduce phase-
separation trends and increase thermal stability, and a small
amount is beneficial for improving the crystallization
controllability of the Li,0-SiO, system (Thieme and Riissel,
2014). As for K,O, it can promote the rupturing of bridging
oxygen bonds between silicon and oxygen tetrahedrons,
improving the O/Si ratio in the system, which is conducive
to the precipitation of Li,SiOj; crystals (Fernandes et al., 2012).
In addition, La,03 can be added to reduce the viscosity of the
glass system.

In this study, phase separation was promoted during the
crystallization heat treatment to form Li-rich and Si-rich
phases, after the addition of P,O5 to the Li,Si,Os glass system.
Li,O interacts with P,Os in the Li-rich regions to form Li;PO,
crystal nuclei, which can occur at non-uniform nucleation sites of
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Li,Si, 05 glass-ceramics

LDWsx (x> 0)

Li,Si,05 glass powder

<= Li,Si,O5 whisker

Glass powder nucleation +
Li,Si, O whisker epitaxial growth

FIGURE 5 | Crystallization models of the Li,Si»Os glass-ceramics with and without LiSiOs whiskers.

Li,Si,05 glass-ceramics

Small rod-like Li,Si,O5 crystal

Large rod-like Li,Si,O5 crystal

4.2
400
% 4139 a
380 S
£
< I
S 30 | J36 £
2 %
2 340 / é
£ i__’—-——— 433 5
@ =
= - S
= 320 @
= -
5 =430 2
= 300} 8
g £
- 2.7
280
260 L L L L 24
LDWO0 LDW1 LDW3 LDW5
Sample
FIGURE 6 | Flexural strength and fracture toughness of the Li»Si,Os
glass-ceramics with different compositions.

Li,Si05 and Li,Si,Os crystals according to the following reaction
scheme, which was conducive to reducing the nucleation energy
(Wen et al., 2007; Lodesani et al., 2020).

P,0s (glass)+3Li,O (glass)= 2Li;PO, (crystal) (3)
Li,O (glass)+SiO; (glass)= Li,SiO; (crystal) (4)
Li,SiO; (crystal)+SiO; (glass)= Li,Si, Os (crystal) (5)

Upon increasing the amount of Li,Si,O5 whiskers, the whisker
content in the Li-rich regions also increased. The added Li,Si,05
whiskers could act as nuclei sites, so the simultaneous effect of
surface nucleation from the glass powders and that induced by
the whiskers increased the degree of crystallization (Zhao et al,,

2021). Consequently, the nucleation rate rose, and the
crystallinity increased.

Although pure SiO, glass crystallizes above 1,000°C, a small
amount of quartz appeared at lower temperatures in this study.
This was because Li;PO, and the added Li,Si,05 whiskers may
have provided some heterogeneous nucleation sites to induce the
crystallization of quartz (Zhao et al., 2019).

3.3 Microstructure

The SEM morphologies of the Li,Si,O5 glass-ceramics are shown
in Figure 3. The Li,Si,O5 crystals exhibited a closely packed and
rod-like morphology, forming multi-directionally interlocking
microstructures. However, the sizes of the crystals were quite
different. The crystal sizes of the LDWO samples were uniform,
and no large crystals were found. In the LDW1, LDW3, and
LDWS5 samples, a bimodal crystal size distribution in which both
large, elongated Li,Si,Os crystals and fine crystals existed was
observed. This was because the surface nucleation of some
whiskers began to occur, where the glass phase nucleates to
form Li,Si,0Os5 crystals on the surfaces of these whiskers. These
crystals then grow from the interfaces between whiskers and the
glass phase in the center of the adjacent glass region. The large
rod-like Li,Si,Os crystals were believed to result from the
epitaxial growth of the Li,Si,Os whiskers, while the small
crystals were directly crystallized from the Li,Si,Os glass
powders. The specific crystal size and porosity data are
summarized in Figure 4. These results showed that the
average length and width of the Li,Si,Os crystals increased
from 1.85 + 0.53 to 3.23 + 1.14 um and 0.39 + 0.07 to 0.66 +
0.2 um, respectively, moving from LDWO to LDW5. Further, the
porosity increased after first decreasing. The lowest porosity of
1.15 + 0.11% was obtained in the LDW1 sample.

The essence of the crystallization mechanism could be
understood through the different samples with and without
the Li,Si,Os whiskers, as compared in Figure 5. In the LDWO0
specimen, the parent glass powders, with high surface energy,
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TABLE 2 | Comparison of the mechanical properties of Li»Si,Os glass-ceramics between reported studies and the current study.

Author Chemical composition

Wenetal. (2007)  31Li,0, 62Si05, 2Zn0, 3K,0, 1Ca0, 1 P,0s (Mol%)

Base-glass:

Hot-pressed at 820°C/1 h

Thermal treatments Flexural Fracture
strength (MPa) toughness K¢/
(MPa-m'?)

290 + 10 (TPBS) 3.3+ 0.1 (SENB)

Huang et al. 62Si0,, 31Li,0, 2Zn0, 3K,0, 1Ca0, 1P,0s5 (mol%) Hot-pressed at 800°C/1 h 340 + 38 (TPBS) 3.5 + 0.3 (SENB)
(2014) 85Base-glass + 152rO, (Wt%)
Base-glass:
Zhang et al. 28.6Li,0, 68.6Si0,, 2K,0, 0.8La03 (Mol%) Sintered at 600°C/30 min + hot-pressed at 300 (TPBS) 2.7 (F)
(2018a) 90Base-glass + 10 mullite whiskers (wt%) 860°C/1 h
Base-glass:
Zhao et al. 68.6Si05, 28.6Li,0, 2.0K,0, 0.8 LayOg (mol%) Hot-pressed at 840°C/1 h 373 £ 12 (TPBS) 3.35 + 0.12 (SEVNB)
(2019) Li,SiO3 crystals powder: SiO,: Base-glass = 1:1.5:0.5
(in molar ratio)
Base-glass:
Zhao et al. 68.6Si0,, 28.6 LiO, 2K,0, 0.8La,0O3 (mol%) Sintered at 800°C/20 min + hot-pressed at 396 + 7 (TPBS) 3.31 + 0.19 (SEVNB)
(2021) 95Baseglass + 5Li>Si>-O5 seeds (Wt%) 850°C/0.5 h
Base-glass:
Our work 65.5Si05, 27.5Li,0, 2A1,03, 1.8K50, 2Lay0g, 1.2P,05  Sintered at 900°C/1.5 h 389.5 + 11.77 3.46 + 0.10 (SEVNB)
(mol%) (TPBS)

97Base-glass + 3Li»Si-Os whiskers (wt%) (LDW3)
95Base-glass + 5LiSi>Oswhiskers (wt%) (LDW5)

TPBS, three-point bending strength; SENB, single edge notch beam; IF, indentation fracture test; SEVNB, single-edge V-notched beam.

directly precipitated small, rod-like crystals. In the case of LDWx
(x > 0), in addition to the glass powders, Li,Si,Os whiskers were
added to induce crystallization and encourage epitaxial growth to
form large, rod-like crystals, thus forming the coexistence of
multi-scale crystals.

3.4 Mechanical Properties

The improvement in the mechanical properties of the samples
was also a consequence of obtaining an appropriate
microstructure, crystalline phase composition, and lower
porosity. The flexural strength and fracture toughness of the
four specimen groups are listed in Figure 6. Compared with the
whisker-free glass-ceramics (LDWO), flexural strength was found
to increase upon adding Li,Si,Os whiskers. With increasing
whisker amount, the flexural strength increased and then
decreased after its peak value, increasing from 356.8 +
8.4 MPa for LDW1 to 389.5 + 11.77 MPa for LDW3, then
slightly decreasing for LDW5. The fracture toughness of the
glass-ceramics strongly improved with the addition of the
Li,Si,05 whiskers, reaching a maximum (3.46 + 0.1 MPa-m'?)
for the LDW5 specimens.

Concerning the LDWO sample, the flexural strength and
fracture toughness were lower than those of LDW1, LDW3,
and LDW5. Although the LDWO sample had a relatively low
porosity, its crystallinity was not high, and the sizes of its crystal
distribution were concentrated, which cannot effectively hinder
crack propagation and transfer interfacial stress. The flexural
strength of the LDW3 sample was the highest. In part, this was
because the crystallinity was more suitable, and the porosity was
within an acceptable range. Further, the microstructure was more
compact, and the average aspect ratio of the sample was suitable.

Micro residual stress existed in the Li,Si,O5 glass-ceramics
owing to the thermal expansion coefficient mismatch between the

glass matrix and crystal (Pinto et al., 2007). At room temperature,
there existed radial residual compressive stress in the crystal and
tangential residual tensile stress in the glass matrix (Serbena and
Zanotto, 2012; Serbena et al., 2015). With the increase of crystal
size, the residual stress level increased (Li et al., 2016). In the
three-point bending process, the residual tensile stress in the glass
matrix overlapped with the macroscopic external tensile stress on
the tension side of the specimen, which was beneficial to crack
propagation in the glass matrix and reducing the bending fracture
load. In this study, although LDWS5 showed the highest
crystallinity (86.86%), its flexural strength was not optimal.
There were several reasons to explain these phenomena.
Firstly, the coarse crystals were also controlled by the micro
residual stress effect, the existence of which led to the decrease in
strength. Secondly, increasing the amount of whiskers led to an
increased porosity. Thus, the optimal flexural strength appeared
in LDW3.

As for fracture toughness, the values of the glass-ceramics
increased with the addition of Li,Si,O5 whiskers, with the highest
value (3.46 + 0.10 MPa-m"?) exhibited by the LDW5 samples.
The increase in the fracture toughness of the LDWx (x > 0)
samples may be related to the interlocking microstructure of
coexisting elongated Li,Si,Os crystals with smaller ones, which
was related to crack bridging and crack deflection. A
microstructure consisting of bimodal crystal size distributions
could cause crack blunting or branching, which was advantageous
for enhancing the mechanical properties. The presence of rod-like
whiskers was equivalent to a bridge between two crack surfaces
and provided a force that brought the crack surfaces close to each
other, which canceled out the effect of applied stress to a certain
extent and significantly reduced the strength of the effective stress
field at the crack tip. As the crack expanded further, the increase
in the distance between the crack surfaces was bound to be
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inhibited and constrained by the bridge action of the crystals,
which increased the crack propagation resistance of the material.
The crack-propagated in the glass matrix and through some small
crystals, while it was deflected by large crystals. As seen in
Figure 3, the LDWS5 sample had a large amount of
abnormally enlarged Li;Si;Os crystals (Lyax of 6.81 pm, and
Winax of 1.83 um), which resulted in a larger angle of crack
deflection. This deflection meant that the cracks had to
surmount this additional surface area as they progressed
through the material. As a result, more energy was absorbed,
which contributed to the purpose of increasing the toughness.
Consequently, LDWx (x > 0) in the present study had a better
fracture toughness than LDWO.

Table 2 compares the mechanical properties of the Li,Si,O5
whisker-reinforced glass-ceramics investigated in this work with
those of other reported studies. The three-point flexural strength
was higher than conventional sintered Li,Si,Os glass-ceramics
and even comparable to commercial IPS e.max Press and IPS
emax CAD (Ivoclar Vivadent, Liechtenstein), with flexural
strengths reaching 400 and 360 MPa according to the
manufacturer’s  specifications, respectively. The fracture
toughness of LDW5 was superior to those of most reported
studies, including IPS e.max Press (2.75 MPa-m'?) and IPS
emax CAD (2.25MPam'?). Thus, we improved the
mechanical properties of Li,Si,O5 glass-ceramics by adding
Li,Si,Os whiskers. The results showed that Li,Si,Os whisker
reinforcement has great potential in improving the mechanical
properties of Li;Si,Os5 glass-ceramics.

4 CONCLUSION

In this study, we reported a simple hydrothermal approach for the
synthesis of Li,Si,O5 whiskers. High-performance Li,Si,05 glass-
ceramics with bimodal microstructures in which some large rod-
like Li,Si,05 crystals and fine crystals were embedded in the glass
matrix were prepared by adding Li,Si,Os whiskers directly into
glass powders. Some large rod-like Li,Si,Os crystals epitaxially
grew along with the whiskers, and small crystals directly
crystallized from the parent glass powders. With an increase
in the amount of Li,Si,Os whiskers, the crystallinity increased
slightly, and the average crystal size also increased. The
microstructure, with a bimodal crystal size distribution,
contributed to high mechanical properties. The Li,Si,O5 glass-
ceramics exhibited high flexural strength (389.5 + 11.77 MPa,
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