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In this study, the effects of different Li,O/Al,O; ratios on the structure, phase composition and properties of Li,0—Al,0;-SiO,
glass-ceramics were investigated. The crystallisation behaviour and structure of the glass samples were investigated
using differential scanning calorimetry (DSC), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR),
Raman spectroscopy, field-emission scanning electron microscopy (FE-SEM) and other characterisation methods. When the
Li,0/A1,0; ratio (wt. %) was increased from 0.89 to 2.4, the main crystalline phase changed from quartz to a lithium
disilicate (LD) phase, indicating that a high Li,0/Al,O; ratio (wt. %) was more favourable for the precipitation of the LD
phase. Finally, a glass-ceramic with a flexural strength of 199 + 5 MPa, a microhardness of 767 + 20 HV and a visible light
transmission rate of 80 % at 550 nm was obtained. Owing to its high Li* content, this glass-ceramic facilitates chemical
strengthening to further improve its mechanical properties and expand its range of applications, such as in electronic display

devices.

INTRODUCTION

Glass-ceramics are inorganic non-metallic materials
prepared by heat treatment which controls the nucleation
and crystallisation processes of glass [1]. They usually
comprise one or more crystalline and glass phases
and the chief properties primarily depend on the type,
distribution, content, and size of the crystal phases [2].
Glass—ceramics possess several excellent properties, such
as superior mechanical properties, high chemical durabi-
lity, adjustable transparency, high thermal stability, and
biological activity [3]. Lithium disilicate (LD) is the
main crystal phase in Li,0-Al,0,-SiO, (LAS) glass-ce-
ramics. These types of glass-ceramics possess a higher
bending strength and adjustable translucent properties,
and is widely used in dental prosthetic materials.
These glass-ceramics are new types of materials first
developed by Stookey et al. [4] The precipitated crystal
phases in LAS photosensitive glass-ceramics are also
lithium disilicate and lithium metasilicate; in addition
to their mechanical properties, they have good dielectric
properties and can be used as substrate materials in integ-
rated circuits and other fields [5].

The high mechanical strength of LD glass-ceramics
has been extensively investigated. Hugo R et al. [6] found
that chemical stability, densification and other properties

can be achieved by adding a small amount of Al,O,
and K,O, and the flexural strength can be increased to
201MPa. Huang et al. [7] successfully fabricated an LD
glass-ceramic in a SiO,-Li,0-MgO-Al,0,—P,0,—ZrO,
system with a flexural strength of 562 + 107 MPa. This
is related to the highly-intertwined rod-like interlocking
microstructure of the LD crystal phase, which could
effectively hinder the fracture propagation and increase
the flexural strength of the glass-ceramic. However, for
such microstructures, the grain size tends to be too large
and can make the glass-ceramic opaque.

The translucency of LD is essential for its applica-
tion in various fields, which mainly include the field
of dental restoration [8-10]. If the transparency of LD
glass-ceramics can be improved, it can significantly en-
hance their potential for application in electronic displays
[11]. The transparency of glass-ceramics is largely deter-
mined by light scattering, which is influenced by the
differences in the relative refractive index and crystal size
[12, 13]. LD ceramics are known for their high mechani-
cal strength; however, their large grain size generally
results in a loss of transparency. The translucency of LD
glass ceramics can be adjusted by altering the size of
the LD crystals [14]. Bai et al. [15] investigated the effect
of one- and two-step heat treatments on the crystalline
phase and microstructure of Li,0-Si0,~Al,0,—K,0-P,0;
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glass systems and found that, as compared to the one-
step heat treatment, the two-step treatment was more
effective in nucleating the LD crystals. Finally, LD glass-
ceramics with a grain size of approximately 100 nm were
obtained and the actual in-line transmittance measured at
550 nm (d = 2.0 mm) attained a value of 27.3 %, which
is significantly greater than that of commercial LD glass-
ceramics. Soares et al. [11] prepared a highly translucent
nanostructured glass-ceramic by nucleating the parent
glass for up to 72 h and subsequently, heating at 660 °C
for 2 h. This glass-ceramic was comprised of crystals of
a size less than 50 nm as well as a high crystal fraction
(52 vol. % Li,Si,05 and 26 vol. % Li,Si05); samples of
a size of 1.2 mm exhibited 80 % transparency in the vi-
sible spectrum and high flexural strength (350 + 40 MPa
in B3B tests). The results indicate that a longer nucleation
time is an important factor for obtaining a sufficiently
small crystal size to minimise the loss of light scattering.

Alumina is a typical intermediate oxide in glass-ce-
ramic systems, and AI’" can exhibit a variety of coordi-
nation states in oxide glass, resulting in different struc-
tural effects. When the alumina content is low, the glass-
ceramic of the LAS system is more likely to precipitate
the LD phase, whereas, when the alumina content is
high, it is easy to precipitate the B-quartz solid-solution
phase [16]. Hugo R et al. [6] showed that adding a small
amount of Al,O; can improve the mechanical strength
and translucency of glass-ceramics. Ananthanarayanan
et al. [17] studied the magic-angle spinning nuclear mag-
netic resonance (MAS-NMR) spectroscopy of several
samples with different Li,0—Al,O, ratios and found that
those with a higher Li,O/AL,O; ratio were more likely
to precipitate the LD phase. Leenakul et al. [18] studied
the effect of changes in Al,O, content (3-6 mol. %) on
the phase formation and mechanical properties of glass-
ceramics and reported that as the Al,O; content increases,
secondary crystalline phases such as quartz and lithium
pyroxene are produced and the mechanical strength
decreases. Li,0O is a typical glass network modifier body
oxide and Li" has the typical characteristics of alkali
metal elements, such as low charge, large ion radius, etc.
The electric field strengths of Li* and O* are greater
because of the smaller force generated. Soares et al. [19]
studied the influence of the composition of two different
Si0,/Li,0 ratios (2.39 and 3.39) on their crystallisation
behaviour in the SiO,-Li,0-K,0-ZrO,—P,05 system and
found that the LD phase was absent at 900 °C in glass
with a higher SiO,/Li,0 ratio.

The excellent mechanical properties of LD glass-
ceramics have been investigated by a number of resear-
chers; however, preparing a transparent LD glass-cera-
mic with good mechanical properties at the same time
is the key problem. Owing to the important roles of
Li,0 and Al,O; in the nucleation process and phase
composition, in this study, we investigated the effect of
different ratios of Li,0/Al,0; on the structure of the base
glass, phase composition and properties of the glass-ce-
ramics to prepare transparent glass-ceramics.

EXPERIMENTAL

Preparation of samples

Base glasses were prepared using pure Li,COj;, SiO,,
AlO,, K,CO,, NH,H,PO,, and ZrO, as source materials.
Si0,, AL,O; and Li,O are the main components of glass,
while K,O can be used as a flux, and P,O5 and ZrO, can
be used as the nucleating agents. Table 1 lists the specific
oxide content of the materials. For the preparation of the
parent glass, 200 g of the glass mixture was evenly mixed
and melted in an alumina crucible in a high-temperature
furnace at 1560 °C for 2 h. Pre-heated graphite moulds
were then used to form glass blocks of approximately
40 x 40 x 25 mm. Subsequently, the glass was annealed in
a muffle furnace at 550 °C for 2 h to eliminate the internal
stresses. Finally, using an internal circle cutter, the glass
block was sliced into a base glass strip with dimensions
of approximately 40 % 4 x 4 mm and subjected to suitable
heat treatment to prepare the glass-ceramics. The heat
treatment system was determined from the differential
scanning calorimetry (DSC) test results.

Sample characterisation

The thermodynamic behaviour of the base glass
powder during heating was studied at a rate of 10 °C-min'
using a simultaneous thermal analyser (STA449F3,
NETZSCH). Air was used as the test environment, and
the test temperature was from ambient temperature to
1000 °C. An X-ray diffractometer (XRD) (D8 Advance,
Bruker) was used to identify the type of crystalline
phase that precipitated in the glass-ceramics. The local
structure of Al*" ions in the base glasses was investigated
using a solid-state nuclear magnetic resonance (NMR)
spectrometer (Avance 111 400 MHz, Bruker) (9.4 T). The
Al MAS-NMR spectra were recorded at a rotational
speed of 12 kHz. Raman spectroscopy of the samples
was performed in the range of 300-1600 cm™ using
a Raman spectrometer (RM-1000, Renishaw) equipped
with an Ar laser. Gaussian solution convolution of the
Raman spectra of the parent glass was performed using
the Origin software. The infrared (IR) spectra of the glass
samples were obtained in the range of 400-1400 cm™
using a Fourier transform infrared (FT-IR) spectrometer
(Nicolet 6700, Thermo Electron Scientific Instruments).
AField-electron scanning electron microscope (FE-SEM)
(Zeiss Ultra Plus, Zeiss) was used to view the microstruc-
ture of the glass-ceramics and the surface of the sample
was eroded in a 5 vol. % HF solution for 50 s prior to
testing. Measurement of the coefficient of thermal expan-
sion (CTE) of the glass-ceramics was performed with
a dilatometer (DIL 402C, NETZSCH) in the range of
30-700 °C at arate of 10 °C'min™". The transmittance cur-
ves of the glass-ceramics were recorded in the range of
300-800 nm using an ultraviolet-visible-near-infrared
(UV-Vis-NIR) spectrophotometer (Lambda 750S, Perkin-
Elmer). The thickness of the glass-ceramic samples was
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2 mm. Measurements of the mechanical properties of
the glass-ceramic samples included the flexural strength
and the Vickers hardness (HV). A universal material tes-
ting machine (AG-IC50kN, Shimadzu) was used to test
the flexural strength of the specimens (40 x 4 x 4 mm)
using the three-point bending method. The pivot span
and loading speed in this test were set at 25 mm and 9.8
+ 0.1 n's”, respectively. The average flexural strength
of each composition was determined by calculating the
average flexural strength of five samples with the same
composition. A Vickers hardness (HV) tester was used
to measure the HV of the samples using a load of 1.96 N
and holding time of 10 s. The average microhardness was
calculated for each sample with different compositions
based on 15 measurements.

RESULTS AND DISCUSSION

Structural analysis of the parent glass

In Figure 1, a broad bun peak representing the glass
phase was observed between 20°-30° for samples A1-A5
and the diffraction feature did not appear sharp at any
other angles. Thus, the parent glass did not exhibit any
signs of crystallisation and predominantly remained in
a glass body state dominated by the amorphous phase.

Figure 2 shows the FT-IR absorption spectra of
the samples. The shapes of the absorption bands of the
samples A1-AS were essentially the same, as can be ob-
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Figure 1. XRD diffraction patterns of the parent glass with
different Li,0/AlO; ratios.
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Table 1. Composition of the Li,0—-Al,0,-SiO, glass (wt. %).

served in Figure 2, with wider absorption bands obser-
ved at approximately 467 cm™, 782 cm™ and 1047 cm™,
and the strongest absorption band occurring in the
range of 900-1200 cm™. As the Li,O/AlL,O; ratio was
increased (A1-AS), the peaks of all three absorption
bands shifted from higher to lower wavenumbers.
Studies have demonstrated that the vibration peak at
approximately 467 cm™ is due to the Si-O-Si in-plane
bending vibrations within the glass network [20], and
a vibration peak at approximately 782 cm™ can be
associated with the symmetric stretching vibrations
of Si—O-Si and Si—O—Al in the glass network structu-
res [21, 22]. The asymmetric stretching vibrations of
Si—O-Si and Si—O-Al in the silicate network can be
associated with the vibration peak at approximately
1047 cm™ [23]. The FT-IR spectra of glasses are affected
by differences in the bond lengths and bond angles of
Si—O-Si owing to the varying degrees of polymerisation
of the anionic groups in the silicate network structure.
As anion clusters polymerise within this structure, the
corresponding IR vibration band shifts towards higher
wave numbers. The glass grid structure changes as
the Li,O/Al,0O; ratio changes; for instance, the highly
polymerised silica-oxygen anion clusters in the silicate
network structure decompose into smaller ion clusters,
so that the internal density of the glass decreases and
the structure becomes looser, ultimately causing the
absorption peaks of samples A1-AS5 to shift from higher
to lower wavenumbers [24].

1000 800 600 400
Wavenumbers (cm™)

1400 1200

Figure 2. FT-IR patterns of the parent glass with different
Li,0/Al,0; ratios.

Composition SiO, Li,O Al O, K,0 P,0; 710, Li,0/ Al,O,
Al 76.70 8.00 9.00 1.60 1.50 3.20 0.89
A2 76.70 9.00 8.00 1.60 1.50 3.20 1.13
A3 76.70 10.00 7.00 1.60 1.50 3.20 1.43
A4 76.70 11.00 6.00 1.60 1.50 3.20 1.83
A5 76.70 12.00 5.00 1.60 1.50 3.20 243
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Figure 3 shows the Raman spectra of the parent glass
samples A1-AS5 with a Raman shift of 200-1600 cm™ and
their peak fitting diagrams. It is generally accepted that

in silicate glasses, the [SiO,] tetrahedra are classified
into five types based on the number of bridging oxygens,
as expressed by Q”, where n represents the number of
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Figure 3. Raman peak fitting patterns of the base glass with different Li,0/ALO; ratios: a) sample A1-AS5, b) Al, c) A2, d) A3,

¢) A4, f) AS.
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bridging oxygens in each [SiO,] tetrahedron, and has
a value ranging from 0 to 4. The glass network connec-
tion degree increases with an increasing n value, resul-
ting in a higher polymerisation degree and a larger
Raman shift of the corresponding peak position [17].
The Raman spectra of the parent glass exhibited three
distinct broad peaks in the range of 300-600 cm™,
750-840 cm™ and 900-1200 cm™. The strong band in
the range of 300-600 cm™ can be attributed to the ben-
ding vibration (Q*) of Si—Q° in the fully polymerised
[SiO,4] unit [25, 26] and can be correlated to the sym-
metric stretching vibrations of Si—-O-Si or Si—O-Al
in an aluminosilicate glass at 800 cm™ [27], while the
band in the range of 900-1200 cm™ corresponds to the
asymmetric tensile vibration of Si—O-Si [26]. In the
range of 900-1200 cm™, the peak adjacent to 950 cm
can be attributed to the asymmetric tensile vibration
of Si-O-Si(Q?% and P-O bond [28, 29], while that
closer to 1050 cm™ can be attributed to the asymmetric
tensile vibration of Si-O-Si(Q?) [30]. Figure 3 clearly
indicates that with an increasing Li,O/ALO; ratio, the
peak strength around 1050 cm™ is gradually enhanced,
indicating that the quantity of the corresponding groups
increases. Therefore, the fitting of the broad peak with
a Raman shift of 900-1200 cm™ can be used to semi-
quantitatively analyse the polymerisation degree of the
glass network. According to some literature, Q? is lo-
cated close to 950 cm™, Q* is near 1050 cm™, and Q* is
near 1150 cm™ [28-31]. Figure 4 displays the result of the
peak fitting of the parent glass. It can be observed that
with an increasing Li,0/Al,O; ratio, the Q* group gra-
dually increased, while the Q* and Q* groups gradually
decreased, indicating that the glass structure gradually
becomes loose, which is conducive to the adjustment
of the glass structure and the precipitation of specific
crystalline phases.

Figure 5 exhibits the ?A1 MAS-NMR spectra of the
parent glass samples A1-A5 with different Li,0/Al,0,
ratios. The asymmetric peaks in the spectrum are affec-
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Figure 4. Q" area fraction of the parent glass with different
Li,0/Al,0; ratios.

ted by the four-pole coupling of Al. Typical chemical
shifts of ?A1 MAS-NMR are concentrated at 50-70 ppm
for [AlO,], 30-40 ppm for [AlOs] and 0-20 ppm for
[AlO,] [32-34]. The *’Al MAS-NMR spectra of all the
samples exhibited an asymmetric formant with distinctly
similar shapes in the range of 20 to 70 ppm with gradual
broadening towards negative values. The main peak in
the spectra of all the samples changed only in terms
of peak intensity with changes in the Li,O/Al,O; ratio
and there was no appreciable shift in the position or
appearance of other shoulder peaks. The resolution of
the ?A1 MAS-NMR spectrum is poor; therefore, it can-
not be simply processed by peak fitting to quantify the
different Al coordination polyhedron coordination units.
This is consistent with the report that Al is mainly present
in the [AlO,] group and participates in the network
structure when R,0/AL,O;> 1 (mol. %) in aluminosilicate
glasses [28]. Therefore, a change in the Al,O; content
does not significantly change the coordination state of
AP in the LAS parent glass; AI*" mainly exists in the
form of [AlO,] coordination.

80 60 40 20 0 20
27A1 Chemical Shift (ppm)

Figure 5. ’Al MAS-NMR spectrum of the parent glass samples
A1-AS with different Li,0/Al,O; ratios.

Thermal behaviour analysis

The parent glass sample was subjected to thermal
analysis testing, by which the characteristic temperature
point of the glass can be obtained. A thermodynamic
analysis allows a general investigation of the structural
changes, crystallisation temperature range and crystalline
phase transformation of the base glass, so that the heat
treatment regime of the glass can be determined. The
parent glasses with different Li,O/Al,O, ratios were
subjected to DSC analysis at a heating rate of 10 °C-min™*
under air atmosphere and the corresponding DSC curves
are shown in Figure 6. With an increasing Li,O/Al,0,
ratio (wt. %) (A1-AS), the glass transition temperature
(T,) of the parent glass gradually decreased from 553 °C
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to 506 °C. This is because, as the ratio of Li,O/Al,0,
increases, the “free oxygen” increases, and the glass net-
work becomes looser, making it easier to restructure
the interior of the glass [35]. In addition, the Al and A2
samples exhibited a wide range of single peaks between
750 and 850 °C; a variety of crystal phases may form in
this temperature range and multiple peaks are stacked to

T, 750 °C 802 °C
A5 506 °C 3

. 690 °C

' 794 °C
A4 519 °C)
| 781 °C

Exo thermic —
>
w
n
N
(38 ]
o
o .
(o))
O
(o]
o
@}
~]
N
.
o
0

T T T T T T T
200 300 400 500 600 700 800 870

Temperature/°C

Figure 6. DSC curves of the parent glass with different Li,0/
/AL, O; ratios.

form a single wide peak. For samples A3 and A4, two
distinct crystallisation peaks were observed, and the first
crystallisation peak of A4 was lower than that of A3.
This may be owing to the different types of crystalline
phases of A5 at high temperatures.

Figure 7 shows the CTE test curves of the parent
glass samples A1-AS and the average CTE values in
different temperature ranges. As can be observed from
Figure 7b), with a change in the Li,O/Al,O; ratio, the
average CTE value in different temperature ranges of the
parent glass exhibited a gradual increasing trend. This is
because, with an increase in the Li,0/Al1,05 ratio, the glass
network structure becomes looser and as the temperature
increases, the thermal vibration amplitude of the points
in the glass also increases and the distance between the
points becomes more spaced, thus exhibiting a gradual
increase in the CTE. In particular, we obtained 7, and
the softening point temperature (7;) of the base glass
from the thermal expansion test, as shown in Table 2.
The T, value gradually decreased from 543 °C to 494 °C
with an increase in the Li,0/Al,0, ratio (Table 2), which
is similar to the results obtained from the DSC.

Combined with the thermal behaviour analysis of
the parent glass, the heat treatment system of the glass-
ceramic was formulated using a two-step method, as

Table 2. CTE, T, and T, of the parent glass with different Li,0/Al,0, ratios.

a x 10 (°C) 30-300 °C 30-400 °C 30-500 °C T, T,
Al 6.389 6.519 6.729 5433 611.4
A2 6.996 7.196 7.475 530.0 583.3
A3 7.367 7.595 8.077 514.8 572.3
A4 7.637 7.928 8.489 503.4 554.3
AS 8.288 8.544 9.463 494.1 546.5
6
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Figure 7. CTE curves of the parent glass with different Li,0/AlLO; ratios: a) CTE test curve, b) Average CTE curve with different

Li,0/Al,0; ratios.
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shownin Table 3. Furthermore, the nucleation temperature
can be defined in the temperature range of 7, and 50 °C
above T,, and the crystallisation temperature can be de-
fined before the crystallisation peak temperature.

Table 3. Heat treatment schemes of the LAS parent glasses.

Nucleation Dwell Crystallization Dwell

temperature time temperature time
575 °C 4h 615°C 2h
575 °C 4h 635°C 2h
575 °C 4h 655 °C 2h

Structural analysis of the glass-ceramics

The XRD patterns of the glass-ceramic samples
at different crystallisation temperatures are shown in
Figure 8. Figure 8b shows the XRD pattern of the glass-
ceramics at a crystallisation temperature of 615 °C and
the precipitated crystal phases are LD (Li,Si,05, ICDD,
PDF Number: 40-0376) and lithium monosilicate (LS)
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(Li,Si0;, ICDD, PDF Number: 08-0829). With an
increase in the Li,0/Al,O; ratio, the diffraction peaks
of samples A1-A4 gradually became distinct and sharp.
The crystallisation degree of sample A5 was low due
to the low temperature. Therefore, formation of the LD
and LS crystal phases is facilitated by an increase in the
Li,0/AlL O, ratio. Figure 8c shows the XRD patterns at
a crystallisation temperature of 635 °C. The variation
trend is similar to that at 615 °C. When the crystallisation
temperature was increased to 655 °C (Figure 8d), the
XRD patterns exhibited a few distinct changes. A sharp
peak appeared for sample Al, which can be attributed
to the quartz crystals after matching with the standard
(quartz, ICDD, PDF Number: 76-1390), while the second
phase was permeable lithium feldspar (LiAlSi, O,
ICDD, PDF Number: 75-1716). Quartz crystals can
precipitate more easily in the Al parent glass because
they contain more Q* groups, while the precipitation
of the quartz phase increases the Li-rich and Al-rich
phases in the residual glass phase, thus promoting the
precipitation of the Li-permeable feldspar phase. With
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Figure 8. XRD diffraction patterns of different Li,O/Al,O; ratios: a) Parent glass, b) 615 °C, c) 635 °C, d) 655 °C.
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an increasing Li,0/AlLO; ratio, the diffraction peaks of
LS and LD in samples A2-A5 were gradually enhanced,
indicating that the amount of the crystalline phase also
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Figure 9. FT-IR spectra of the parent glass and glass-ceramics
with different crystallisation temperatures: a) 615 °C, b) 635 °C,
¢) 655 °C.

increases. This is because with an increase in the Li,O/
/Al,0, ratio, the amount of Q* groups in the parent glass
increases, which is more beneficial for the precipitation
of the LD crystalline phase. The A5 sample exhibited a
low diffraction peak and a sudden increase in the strength
of the lithium metasilicate peak, which is due to the fact
that, at high temperatures, lithium metasilicate is rapidly
converted to LD [36, 37].

Figure 9a-c shows the FT-IR curves of the LAS
glass-ceramics with different Li,O/Al,O; ratios. From
Figure 9a, it can be observed that the absorption peak
band of sample Al is basically the same as that of its
base glass, indicating that sample Al exhibits no crys-
tallisation. The absorption peak bands of samples A2-AS
were essentially similar in shape and were observed at
472cm™”,610cm™, 730 cm™, 758 cm™, 785 cm™!, 850 cm’!
and 1057 cm™', which are more distinct absorption bands,
and the strongest absorption band occurred in the range
0£900-1200 cm™. In contrast to the parent glass, crystals
appeared inside the glass-ceramic, causing the IR spect-
rum to show a few different characteristics. It is clear
from Figure 9a and Figure 9b that the spectral band of
the glass-ceramic has split, adding four vibrational peaks
at610cm™, 730 cm™, 758 cm™ and 850 cm™!, out of which
the one at 758 cm™ is less distinct. The peaks at 610 cm™
and 730 cm™ are attributed to the Si—O-Si symmetric
tensile vibration in Li,SiO;, while the one at 850 cm
can be attributed to the Si—~O-Si or O-Si—O asymmetric
tensile vibration in Li,SiO,. The peak at 758 cm™ is
attributed to the Si—O-Si symmetric tensile vibration in
Li,S1,05 [30, 38]. In Figure 9¢, a new absorption band
observed at 926 cm™ in the glass-ceramics can be attri-
buted to the asymmetric tensile vibration of Si—O-Si or
0-Si—0 in Li,S1,0,[30]. In samples A2-A4, the intensity
of the absorption gradually increased with a change in
the components, which is due to the increasing crystal
content. The intensity of the two absorption peaks of
AS, 758 cm™ and 921 ¢cm’, slightly decreased, which
is consistent with the XRD analysis results. The FT-IR
absorption peaks of the glass-ceramics are provided in
Table 4.

Table 4. FT-IR absorption peaks of the glass-ceramics [25-30].

Wave number  Vibration types
(em™)
467 Bending vibration of Si-O-Si
610, 730 Stretching vibrations of Si—O-Si in Li,Si0;

755 Stretching vibrations of Si—O-Si in Li,Si,05

784 Stretching vibrations of Si—O—Si

250 Stretching vibrations of Si—O—Si
and O-Si-O in Li,SiO;

91 Asymmetrical stretching vibrations of
Si—O-Si or O-Si—O in Li,Si,05

1060 Asymmetrical stretching vibrations of

Si—O-Si or Si—-O-Al
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Figure 10 shows the Raman spectra of glass-cera-
mics A1-A5 with different Li,O/AlLO; ratios, and a new
Raman peak was observed. The peak close to 610 cm™
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Figure 10. Raman spectra of the glass-ceramics with different
Li,0/Al,0;, ratios: a) 615 °C, b) 635 °C, ¢) 655 °C.

belongs to the stretching vibration or bending vibration
(Q?) of Si—O-Si. The peak at 950 cm™ corresponds to
the asymmetric tensile vibration of Si—~O-Si(Q?) and the
vibration of the P-O bond, while the peak at 978 cm™
corresponds to the O-Si—O vibration in LS, and the
peak at 1105 cm™ corresponds to the Q* vibration in LD

Figure 11. SEM images of the glass-ceramics with different
Li,0/Al0; ratios crystallised at 635 °C for 2 h: a) Al, b) A2,
c) A3. (Continue on next page)
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Figure 11. SEM images of the glass-ceramics with different
Li,0/Al,0; ratios crystallised at 635 °C for 2 h: d) A4, e) AS.

[30, 38]. At 615 and 635 °C, the Raman spectra of the
Al sample and Al basic glass were almost unchanged,
and the peak intensities at 610 cm™ and 978 cm™ of
samples A2-A4 gradually increased with a change in the
components. Small peaks at 610 cm™ and 978 cm™ were
observed for the AS sample. These results are consistent
with the those of XRD analysis. At 655 °C, the peak
intensities at 610 cm™ and 978 cm™ of samples A1-AS
increased gradually with a change in the components,
while the peak intensities at 1105 ¢cm™ increased gra-
dually for samples A2-A4, and decreased for sample
AS. Sample A1 exhibited a small sharp peak at 480 cm™,
belonging to the Q* group, which corresponds to quartz
crystal. This is also consistent with the results of XRD
analysis.

FE-SEM was used to directly study the morphology,
size, and distribution of the crystals in the samples. Figure
11 shows the microstructure of the glass-ceramic samples
nucleated at 575 °C for 4 h and crystallised at 635 °C for
2 h. It can be observed that different Li,O/Al,O, ratios
have a remarkable effect on the microstructure of the
glass-ceramics, which, in turn, affects their mechanical
properties. Figure 11a shows a large depression formed

by the erosion of the glass phase. A small number of
granular crystals were also be observed in the depression,
which may be because the crystal content is too small to
be detected by XRD. A small number of larger grains can
be observed in Figure 11b; however, the residual glass
phase remained as it was not eroded. As shown in Figure
11c, the nucleation density was high; however, large
holes still existed. As shown in Figure 11d, the grain size
increased and tended to agglomerate with more small
pores. As shown in Figure 11e, the grain size increased
further and agglomerated into sheets. The eroded glass
phase left large pores.

Performance analysis

The degree of crystallisation was lower at a crys-
tallisation temperature of 615 °C and the samples heat
treated at a crystallisation temperature of 655 °C showed
emulsion formation or loss of transmission. Both of these
affected the properties of the glass-ceramics; therefore,
the samples of the glass-ceramics at a crystallisation
temperature of 635 °C were selected for performance
testing. Figure 12 shows the microhardness curves and
flexural strengths of the glass-ceramics crystallised at
575 °C for 4 h and at 635 °C for 2 h. It can be observed
that with an increase in the Li,0/Al,0; ratio, the flexural
strength of samples A1-AS5 gradually increased, with the
highest being 213 MPa for AS. Sample A1 was found
to contain very few crystals in Figure 11a; hence, the
XRD analysis could not detect them. Therefore, sample
A1 had the lowest flexural strength. The crystal content
of samples A2 and A3 increased with an increase in
the Li,0/Al,0; ratio, and the crystal distribution of A3
samples was dense, which was favourable for improving
the mechanical properties. However, a reduction in the
flexural strength of sample A4 could be owing to the
occurrence of microcracks in the uneven crystallisation,
accelerating the crack expansion. The increase in the
flexural strength of sample AS may be owing to the
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Figure 12. Mechanical properties of the glass-ceramics with
different Li,0/Al, O, ratios crystallised at 635 °C for 2 h.
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agglomeration of the grains into sheets, which may be
useful in preventing any crack extension, contributing to
the enhancement in the flexural properties. The micro-
hardness of the glass-ceramics first increased and sub-
sequently decreased, with a maximum of 838 HV for
sample A4, as shown in Figure 12. The increase in the
microhardness can be attributed to the increase in the
Li,0/Al,0; ratio, which promotes crystallisation causing
the inside of the glass to be more compact. The decrease
in the microhardness of the A5 sample was due to the
low degree of crystallisation. This is consistent with the
XRD results.

Figure 13 shows the CTE curves for different Li,0/
/Al,O; ratios of the glass-ceramics. At a crystallisation

T 1 T T T T
300 400 500 600 700 800
Temperature (°C)
a) CTE test curve

T T
0 100 200

temperature of 635 °C, the CTE value increased gradually
with an increase in the Li,0/Al,0, ratio, because, at this
temperature, the XRD of sample A1 exhibited a steamed
bun peak of the amorphous state, indicating that sample
Al is mainly in the glass phase; therefore, the CTE of
sample Al is basically the same as that of the Al basic
glass after heat treatment. The CTE values of samples
A2-A5 were slightly lower than that of the basic glass
because of the precipitation of LS, the permeability of
feldspar, and the LD crystals at this temperature. How-
ever, due to the low degree of crystallisation, the glass-
ceramics contain more glassy phases, and the CTE value
is mainly related to the glassy phase, thus showing
an overall gradual increasing trend. The values are listed
in Table 5.
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Figure 13. CTE curves of the glass ceramics with different Li,0/Al,0; ratios crystallised at 635 °C for 2 h: a) CTE test curve, b)

Average CTE curve of with different Li,0/Al,0; ratios.
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Figure 14. Transmittance curves in the UV-Vis range (300-800 nm): a) parent glass, b) the glass-ceramics with different Li,0/

AL O, ratios crystallised at 635 °C for 2 h.
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Table 5. CTE of the glass-ceramics with different Li,O/Al,0,
ratios crystallised at 635 °C for 2 h.

ax10 (°C) 30-300 °C 30-400 °C 30-500 °C
Al 6.254 6.478 6.704
A2 6.696 6.894 7.055
A3 7.501 7.713 7.877
A4 7.492 7.785 7.988
A5 8.156 8.424 8.845

The visible light transmittance of the glass-ceramics
is affected by defects such as bubbles and stripes, the
surface roughness and colour of the glass-ceramics [39].

Figure 14 shows the transmittance curves of the
parent glass and glass-ceramics crystallised at 635 °C
in the UV-Vis range (300-800 nm). As can be observed
in Figure 14a, the visible light transmittance of the
parent glass was above 80 %, which may be related
to the presence of more bubbles in the parent glass.
The transmittances of the glass-ceramics nucleated
at 575 °C for 4 h and crystallised at 635 °C for 2 h
are shown in Figure 14b. The transmittance of A1-A3
was approximately 80 % at a wavelength of 550 nm,
while that of A4 decreased to approximately 50 %. The
decrease in the transmittance of sample A4 is caused
by uneven crystallisation. However, the transmittance
of sample A5 was as low as 2 %, which appears to be
a permeability phenomenon. Combined with the SEM
analysis results, this is because the large particles formed
by the grain agglomeration led to a large scattering loss
so that sample A5 becomes opaque.

CONCLUSIONS

In this study, we investigated the phase formation,
structure, and properties of LAS glass—ceramics with
different Li,O/AL,O; ratios. The main conclusions are
summarised as follows:

e The glass network structure gradually loosened with
an increasing Li,O/ALO; ratio (wt. %) (A1-AS), the
Q* group gradually increased, the Q* and Q* groups
gradually decreased, and the Q° group was similar to
the LD structure. A change in the Li,0/Al,0; ratio (wt.
%) did not significantly change the coordination state
of Al in the basic glass, and most of the Al coordination
in all the basic glasses is the [AlO,] unit.

e When the Li,0/Al,0; ratio (wt. %) was increased from
0.89 to 2.4, the main crystal phase changed from quartz
to the LD phase, implying that a high Li,0/Al,O; ratio
(wt. %) is more conducive to the precipitation of the
LD phase.

e When the crystallisation temperature was 635 °C,
with an increase in the Li,O/AL,O; ratio (wt. %), the
CTE of the glass-ceramics also increased, the visible
light transmittance gradually decreased, the flexural

strength gradually increased, and the microhardness
initially exhibited an increasing trend and then
decreased. In addition, the comprehensive properties
of the A3-635 sample were good: the flexural strength
was 199 + 5 MPa, the microhardness was 767 + 20 HV,
and the visible light transmittance attained a value of
80 % at 550 nm.
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