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ABSTRACT
Crystallization of lithium di- and meta-silicates were developed in the  SiO2–
Li2O–TiO2 glass system. Inclusion of  TiO2 relatively reduced the crystallization 
temperature. Through the sintering process at 650 °C/2 h, lithium disilicate was 
devolved in the  TiO2-free sample, whereas the incorporation of  TiO2 catalyzed 
the appearance of lithium metasilicate phases. The microstructure of lithium 
disilicate glass-ceramics was studied using differential thermal analysis (DTA), 
powder X-ray diffraction (PXRD), and scanning electron microscopy (SEM). At 
650 °C/2 h, the microstructure consists of spherulitic growths with reasonably 
sorted nanosize particles in a glassy groundmass. The electrical characteristics 
of lithium silicate glasses and glass-ceramics having variable concentrations of 
 TiO2 were tested in order to explore their electronic hopping process. To clarify 
the effects of composition and sintering on the electrical and dielectric behavior of 
glasses based on lithium silicate, a Broadband Dielectric Spectroscopy (BDS) was 
employed. While the matching-sintered glass-ceramic exhibits like an insulator 
with interfacial polarization that significantly lowers the density number of free 
ions, bulk glass nevertheless demonstrate high conductivity. Lithium oxide con-
siderably increases the conductivity of the composite instead of titanium oxide.

1 Introduction

Glass-ceramic is a polycrystalline material designed by 
adjusting crystal phases confined by the glass’s crys-
tallization and development [1]. As nucleating agents, 
transition metal oxides and sulfides, such as zirconium 
dioxides  (ZrO2) and titanium dioxides  (TiO2), are typi-
cally employed [2]. There are four, five, and six coordi-
nation modes of  Ti4+ in the glass network, which exist 

in the geometric form of tetrahedra, square pyramids, 
and octahedra, respectively.  [TiO4] is a network for-
mer to form a glass network framework,  [TiO6] is a 
network modifier, and  [TiO5] has a square pyramidal 
structure with four Ti–O single bonds and one Ti=O 
double bond [3, 4]. The declared system is a funda-
mental component of glass and glass ceramics [5]. It 
is noteworthy that transparent glasses can initially be 
found in large quantities, in a fine region close to the 
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for some of the high-melting compositions. All glass 
ceramics will be identified by X-ray diffraction, DTA, 
and SEM. Using electron microscopy and quench-
ing data, in the binary system  SiO2–TiO2 will extend 
over a substantial portion of the ternary system. 
BDS was performed to investigate the effect of com-
position, and sintered glasses at 650 °C/2 h on the 
dielectric behavior of ternary system. Broad explo-
ration by solid-state reactions in the prepared sys-
tem exposed the existence of the ternary compound 
 Li2O–TiO2–SiO2.

The use of the glass-ceramic solid electrolytes leads 
to the development of a bulk-type all solid-state lith-
ium secondary battery with excellent cycling perfor-
mance. Even though, the lithium silicate glass is one of 
the promising candidate materials as solid electrolyte 
in a secondary battery but it has a low ionic conduc-
tivity. To enhance the ionic conductivity of lithium 
silicate glass, we synthesize a couple of the high con-
centration Li ions of lithium silicate glass.

A non-invasive method called “Broadband Dielec-
tric Spectroscopy” (BDS) can be used to determine 
where and how much the system’s primary polar 
components-electrical dipoles within the molecules 
are influencing the system as a whole. It can probe 
all the dynamics at the molecular and sub-molecular 
scales in the material and the mechanisms of charge 
transport in a disordered compressed material over a 
broad frequency ranges within 12 decades [15, 16]. The 
different complex functions like dielectric permittiv-
ity ε*(ν), electric modulus M*(ν), and ac conductivity 
σ*(ν) are connected by a direct relationship. Despite 
being derived from that range of temperatures and fre-
quencies, these complex parameters may emphasize 
other features. The fluctuation is often represented 
in terms of ε* in condensed matter physics, while the 
electric conduction behavior is typically characterized 
in terms of σ*, Z*, or M*. In advanced materials, com-
plex conductivity σ*(x) or complex electric modulus 
M*(x) are typically alternative demonstrations of the 
dielectric properties. They support many aspects of 
polarization and charge transport in a material. The 
composition of the considered glasses was varied 
while conducting the current investigation, and when 
the considered glasses evolved into glass ceramics, the 
dielectric and electrical properties were examined uti-
lizing BDS. The three main complex functions, that is, 
(ε*), (σ*), and (M*) are equivalent, although they often 
are used to highlight various elements of the molec-
ular dynamic relaxation and charge carriers’ transit 

lithium disilicate  (LS2), which is classified as a glass-
ceramic, in the category of particle-filled glass materi-
als [6, 7]. In contrast to compositions richer in  Li2O, 
which rapidly crystallize to produce the binary sys-
tem of lithium silicate  (Li2SiO2), compositions richer 
in silica gloomy melted [8]. The interaction of titanium 
and silicon dioxides in the formation of ceramics, glass 
ceramics, and glasses must be understood in terms of 
the  SiO2–TiO2 system [9]. The sizable region of liq-
uid immiscibility and lack of binary compounds are 
two characteristics that set the  SiO2–TiO2 system apart 
from other structural systems. With an increase in  SiO2 
content, crystallization progresses more slowly. No 
equilibrium data have been reported for the ternary 
system  Li2O–TiO2–SiO2. The order of the produced 
phases was proven to be unaffected by the employ-
ment of alkali and divalent metal oxides as technologi-
cal additives; however, they did speed up the liquid 
phase separation and glass crystallization via the  TiO2 
[10]. The development of different crystalline phases 
depends on the original composition, increasing the 
 SiO2 concentration while simultaneously reducing the 
 Li2O concentration, as well as the thermal treatment 
conditions [11]. In the lithium disilicate glass-ceramic 
system, the  SiO2:Li2O ratio is an important success 
factor in the creation of the primary crystal phase. 
Crystallization is achieved through repeated thermal 
processing, leading to the production of glass-ceramic. 
Lithium titanate silicate  (Li2TiSiO5) and lithium silicate 
 (Li2SiO3) are likely the two major crystal phases that 
separate. The degree of crystallization was reduced 
as the  SiO2 content was increased [12]. It was antici-
pated by Monmaturapoj et al., 2013 that a change in 
the microstructure of the lithium disilicate crystals 
was caused by the Si:Li ratio in glass compositions ris-
ing [13]. Titanium dioxide  TiO2 is a well-known and 
well-probed material because of its biocompatibility, 
chemical, physical, optical, and electrical properties. 
Titanium dioxide is an n-type semiconductor having 
a wide bandgap ranging from 3 to 3.2 eV. It has a high 
refractive index which is n = 2.614. Consequently, by 
adding titania to glass, the optical bandgap is altered, 
causing the electrical resonance in the ultraviolet spec-
tral range to shift to a longer wavelength [14].

This task of the current study suggests the glass 
co-derived from the  Li2O–TiO2–SiO2 system to inves-
tigate how the glass composition affects the crystal 
characteristics and forms. Glasses were made by 
melting in a platinum crucible, frequently in a Glo-
bar oven but sporadically in a gas-fired pot furnace 
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underlying processes. The three parameters are inter-
related with each other according to Eq. (1):

The relationship between these functions and others 
can be found in some details elsewhere [17–19].

Due to the appropriate dielectric properties of the 
advanced glasses and glass ceramics, the present 
work introduces a new application for electric insula-
tors and semiconductor purposes. There is now huge 
attention in this research field owing to their expanded 
use in fields comprising electronic, optical, and stor-
age devices [20, 21]. But, there are challenges concern-
ing changes in their electrical properties and thermal 
stability. For example, density and permittivity can 
be easily altered as a result of processing techniques, 
including annealing and sintering, since the sintering 
process is employed to create the various crystalline 
phases in quenched glasses [22]. The nature of atomic 
bonds, bond length, polarizability of the constituents, 
and crystalline phases can all be factors in the change 
in characteristics (dielectric constant and dielectric 
loss). The dielectric constant usually called permittiv-
ity is the real part of the complex dielectric function 
and defined as a measure of the material’s ability to 
store electrical energy. However, the dielectric loss, 
the imaginary part of the complex dielectric function 
is a measure of the energy absorbed in the material. It 
was standing that in case of forming new non-bridging 
oxygens in silicate glass, directly the number of hop-
ping sites can be enhanced. This makes the transport 
of ions easier.

2  Experimental and materials

Three glasses compositions were prepared within 
 Li2O–TiO2–SiO2 system with fixed ratio of  Li2O (20%) 
and different  TiO2 and  SiO2 ratios (Fig. 1 and Table 1). 
The starting materials were lithium carbonate  (Li2CO3, 
Cl: 0.01%, SO4: 0.01%, Fe: 0.002, Pb: 0.001, BDH—Eng-
land), titanium dioxide  (TiO2, 98%, Fe: 0.05%, BDH—
England), and silica sand (local Silica’ sand  SiO2 :99.5). 
The well-mixed powder batches were melted in a plat-
inum crucible at 1250 °C for two hours. Part of poured 
melted sample was shaped as rods then transferred to 
an annealing furnace (pre-heated at 450 °C) and the 
residual one was quenched with water to form glass 
frits. The frits of glass were crushed using a ball mill 
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to develop powder of grain size < 0.083 mm. The glass 
powder was shaped in the form of disk after being 
subjected to sintering at 650 °C/ 2 h. Afterward, the 
rods after annealing were used in electrical properties.

2.1  Characterization

The thermal behavior of the glass samples was tested 
using differential thermal analysis (DTA-STDQ 600 
TA-USA). The glass powder (∼ 20 mg) was used 
against inert alumina as reference at a 10 °C/min heat-
ing rate in a nitrogen environment and samples holder 
was open.

A Broadband Dielectric Spectroscopy, BDS, is per-
formed to investigate the effect of composition and 
sintered glasses at 650 °C/2 h on the dielectric behav-
ior of ternary system of  SiO2–Li2O–TiO2 glasses. BDS 
utilizes Novocontrol Technologies, GmbH & Co. KG, 
high-resolution alpha analyzer in the frequency win-
dow ranging from 0.1 Hz up to 20 MHz. The sample 
cell consists of two parallel plate capacitors made of 
10 mm diameter stainless steel disk electrodes. To 

Fig. 1  Glass compositions through the  Li2O–TiO2–SiO2 system

Table 1  Compositions of the glass batches

Oxides Glass compositions in wt%

G0 G71 G62

SiO2 80 70 60
TiO2 – 10 20
Li2O 20 20 20
Melting Temp.
about

1250 1250 1250

Product Glass Glass Glass
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remove any further influences from the cables and 
the measurement cell, the sample capacitor that was 
empty from the sample was utilized as a reference 
in this case. The adjusted sample thickness typically 
differs from the thickness determined using a digi-
tal micrometer. BDS was provided with a Win data 
software application so that it could determine the 
sample’s electrical and dielectric properties from the 
output parameters. Every investigation was done at 
room temperature.

The crystalline phases after sintering process were 
carried out using powder X-ray diffraction analysis 
(PXRD-model BRUKER Axs, D8 ADVANCE, Ger-
many). The X-ray diffraction spectra were examined 
over 2θ range from 2 to 60° using Cu-Kα radiation 
(wavelength = 1.54056 Å, current 40 mA and applied 
voltage 40 kV) through a scanning speed of 2° in 
20  min−1.

The microcrystalline structure was studied by 
means of scanning electron microscopy (SEM, Philips-
XL30, the Netherlands). The SEM micrographs of 
the crystalline samples were scanned on the freshly 
fractured surfaces after chemical etching (using 1% 
HF + 1%  HNO3 for 30 s) and then rinsed with distilled 
water before being scanned.

3  Results and discussion

3.1  Characterization

The melting temperatures of the prepared batches 
were ∼ 1250 °C (Table 1). The thermal behavior of 
the glass samples exhibited a clear exothermic effect, 
whereas the endothermic effect was not clear (Fig. 2). 
The DTA curves show the absence of the endothermic 
and clear exothermic effect. However, the function of 
 TiO2 insertion in simulating the ratio of  SiO2 in alter-
ing the location of the exothermic peak temperature 
as denoted in Fig. 2. In general, the incorporation of 
 TiO2 led to lowering the exothermic peak from 683 °C 
in G0 to 626 °C in G62, such notification clears the 
role of  TiO2 in catalyzing the crystallization to lower 
temperature. The sintering process of the G0, G71, and 
G62 glasses at 650 °C/2 h revealed the crystallization 
of the lithium disilicate  (Li2Si2O5, ICDD 96-231-0436) 
and lithium metasilicate  (Li2SiO3, ICDD 96-231-0663). 
Therefore, it seemed clearly that the incorporation of 
 TiO2 lead to the appearance of both lithium silicate 
phases (Fig. 3).

The scanning electron micrographs (SEM) of sin-
tered glasses at 650 °C/2 h are presented in Fig. 4. Clear 
spherulitic growths were present in all G0, G71, and 
G62 samples. These spherulitic growths appeared as 
overlapping sheets in which, each sheets enclosed 
spread of nanosize particles of glassy groundmass. 
The nanoparticles were relatively well sorted (in the 
range of 40 and 100 nm). The role of  TiO2 in forming 
the sinters for the nanosize microstructure was accom-
panied with the presence of the  Li2O which facilities 
the mobility of the  SiO2 and the formation of both 
lithium meta- and disilicate phases.

3.2  Dielectric spectroscopy investigations

Figure 5 shows the change in relative permittivity 
(ε′) and the inset shows the dielectric loss (ε″) of the 
three considered samples against frequency (Fig. 5). At 
higher frequencies starting from 10 kHz, no effect of 
frequency on the permittivity of the samples noticed 
here. Also, the permittivity values of the six investi-
gated samples (that is glasses and glass-ceramics) 
are collapsed in one decade. This can be explained 
according to the fact that the change of the externally 
applied electric field is followed by a delay in all taken 

Fig. 2  DTA curves of the prepared present glasses
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into account dynamics. Further decrease of frequency 
rather than 10 kHz shows abrupt and linear increase 
of permittivity of the glass samples. This reflects the 
contribution of dc conductivity of the prepared glasses 
originated from the free  Li+ ions. One has to conclude 
that, at the lower frequencies, the ions and charge 
accumulation have enough time, so they have respon-
sibility to increase permittivity in the glass samples 
[23–25].

The permittivity decreases as the  TiO2 increases. 
The dielectric loss spectra show gradual increase of 
ε″ with decreasing frequency without any indication 
of dynamic peak behavior in case of glass samples 
(Fig. 5).

The sintering process of the G0, G71, and G62 
glasses at 650 °C/2 h revealed a semi-crystalline struc-
ture. The incorporation of  TiO2 leads to the appear-
ance of both lithium silicate phases and hence the 
heterogeneous-like structure. This explains the peak 
like behavior at higher frequency range that originated 
from the buildup of charge carriers during the transi-
tion between the crystalline and glassy phases. This 
leads to a remarkable reduction of permittivity and 
the conductivity as well in the glass ceramics.  TiO2 
seems to act as a glass former which poses strong 
glass network and hinders the ionic motion. On the 
other hand, one has to think about the reduction of 
porosity (increase of density) upon heat treatment of 

the glasses. In addition to the interfacial polarization 
that blocked huge number of free charge carriers, the 
increase of density could be responsible in reducing 
the dielectric constant [25–27].

Figure 6 displays clearly how ac conductivity has 
been affected after being subjected to sintering at 
650 °C/2 h. Apart from the case of  TiO2 free sample 
(G0), there is a remarkable reduction of conductiv-
ity. The substitution of 10 wt%  SiO2 by  TiO2 (G71) 
shows the optimum reduction of conductivity that 
reaches four orders of magnitude lower than that of its 
glass sample at the lowest measured frequency point 
(0.1 Hz).

The ac conductivity (σac) patterns of the as-pre-
pared samples (glass ones) exhibit dispersion at 
higher frequencies and a frequency-independent 
plateau in the low-frequency range. In other words, 
frequency reliance of σ′ is delineated on the low-
frequency side by a plateau-like pattern. The char-
acteristic frequency (νc), at which dispersion begins 
to manifest and transforms into a power law at 
higher frequencies, are directly derived from the 
plateau value as well as the dc conductivity (σdc). 
However, this behavior became now main feature of 
conducting and semiconducting materials, the inter-
facial polarization shown in the sintered glasses at 
650 °C/2 h confirms their ability to store electrical 
energy [28–30]. More inspection of the figure shows 

Fig. 3  X-ray diffraction patterns of G0-, G71-, and G62-sintered glasses at 650 °C/2 h
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that the heat-treated sample G0, that is,  TiO2 free 
sample sintered at 650 °C/2 h behaves as highly con-
ducting glass-ceramic material. This confirms the 
magic influence of  LiO2 in increasing conductivity 

as compared with  TiO2. This may attributed to the 
less volume of the Ti.

Figure 6 depicts the calculated electric loss modulus 
(M″) against frequency for the three investigated glass-
ceramics as compared with their as-prepared glasses 
G0, G71, and G62.

The electric loss modulus has been used recently 
in order to study the relaxation mechanism of the 
conductivity in many conductive materials like 

Fig. 4  SEM micrographs of G0-, G71-, and G62-sintered glasses 
at 650 °C/2 h
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conductive polymers [31, 32], conductive compos-
ites [33], ion conductive glasses [34], crystals [35], 
and ceramics [36]. The description of some specific 
relaxation processes is quite beneficial. It became 
well known that a conductivity contribution to the 
dielectric spectra shows up as a peak in the modulus 
representation [17, 37].

The three glass samples show only one sharp and 
clear peak for each sample. This peak originated 
from the hopping mechanism of the ions and hence 
the conductivity contribution. Frequency of the peak 
maximum position (reciprocal of the hopping time) 
is directly related to the dc conductivity. There is, 
once again, no indication of interfacial polarization 
meaning that all free charge carriers are involved 
in the transport mechanism (Fig. 7). As the three 
glass samples are sintered at 650 °C (open symbols 
in the figure), the peak of conductivity contribution 
shifted remarkably toward lower frequencies (the 
hopping mechanism became very slow and hence 
the glass-ceramics became insulator). However, a 
new clear peak related to the interfacial polariza-
tion is produced. Only the sample G0 has a compa-
rable conductivity peak position in the two phases 
indicating the high conductivity even in case of G0 

glass-ceramic confirming once again the effect of free 
ions  Li+ in enhancement of conductivity.

4  Conclusion

Through the  SiO2–Li2O–TiO2 glass system, both lith-
ium di- and meta-silicates were developed. Combi-
nation and increase of  TiO2 relatively decreased the 
crystallization temperature. Although lithium disili-
cate crystallized at 650 °C in  TiO2-free glass, whereas 
incorporation of  TiO2 simulate the crystallization of 
lithium metasilicate phases. Spherulitic growths 
were developed in the microstructure at 650 °C/2 h 
which nearly sorted in nanosize and spread in glassy 
groundmass. When the bulk glass was amorphous, it 
had a clear conductivity devoid of lithium mobility; 
but, when the glass-ceramic samples were sintered 
or crystalline, they behaved like insulators. Further-
more, in the case of glass-ceramic structures, there 
is a definite interfacial polarization that results from 
the accumulation of charge carriers at the interface 
between glassy and crystalline phases. The very 
high conductivity of the  TiO2 free sample confirms 
the impact of Li + free ions on the samples’ electric 
characteristics.
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