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The microstructural transformation from lithium disilicate glass with the chemical composition (mol. %) SiO2 (65.35), Li2O 
(30.23), K2O (1.76), Al2O3 (1.77), and P2O5 (0.89) to a glass-ceramic (GC) was detailed in this study. The X-ray diffraction 
and Fourier Transform Infrared Spectroscopic analysis detected the crystalline phases in the GC sample, including lithium 
disilicate, lithium metasilicate, and traces of other crystals. The scanning electron microscopic images illustrated the 
characteristic interlocking microstructure of the lithium disilicate GC. The [SiO4]4- tetrahedra arranged and linked together 
through n shared O2- vertices to create a characteristic structural framework of each silicate phase (symbolised as Qn 

species). The examination of the Si 2p and O 1s high-resolution XPS spectra revealed that the structure of the GC sample 
possessed a broader distribution of Qn species and an increase in the proportion of low n-index Qn species compared to the 
glass sample. The Si 2p3/2 peak position of the glass sample shifted to a 0.26 eV lower binding energy level than that of the 
GC sample. This change demonstrates that lithium silicate glass readily crystallises into GC, the more stable state. The 
results are the arguments to determine the crystallisation mechanism and structural variation of the studied lithium disilicate 
system.

INTRODUCTION

 Glass-ceramics (GCs) are ceramic materials made 
by the controlled crystallisation of glass. GCs consist of 
fine, uniform, dispersed crystals in the remaining glass 
matrix with almost no pores. These materials possess 
high strength and tailored unique properties. In the field 
of dental materials, GCs that have the main crystalline 
phase of lithium disilicate (Li2O∙2SiO2 – LS2) can match 
natural tooth performance and meet modern porcelain 
prosthetic technologies, such as powder sintering, hot-
press casting, Computer-aided design/Computer-aided 
manufacturing (CAD-CAM) processing, etc. [1–4]. LS2 
GC, in particular, has a much higher flexural strength than 
the parent glass due to the presence of LS2 microcrystals, 
which is an orthorhombic phyllosilicate with a layered 
structure [5, 6].
 LS2 GC has a prosperous chemical composition 
that includes various components apart from the primary 
SiO2 and Li2O components, which are used to design 
its microstructure and properties for different dental 

applications. Moreover, the fabrication process for ma-
king GC dental restoration parts from LS2 glass is com-
plex and involves several stages. Based on the chemi-
cal composition and controlled crystallisation process, 
the phase composition of LS2 GC usually comprises the 
main crystal phase LS2, lithium metasilicate (Li2O∙SiO2 
- LS), Li3PO4, cristobalite (SiO2), etc., and the remaining 
glass phase. 
 The basic structural unit of silicate compounds in 
the crystalline or glassy state is the [SiO4]4- tetrahedron. 
These tetrahedra can exist independently or link together 
through shared oxygen vertices known as non-bridging 
oxygens (NBOs). The symbol for the silicon types of 
the different bonded [SiO4]4- tetrahedra is Qn, where n 
(0 ≤ n ≤ 4) represents the number of bridging oxygens 
surrounding the silicon atom at the tetrahedral vertices 
connecting the adjacent tetrahedra. In LS2 GCs, LS 
is a metastable phase that forms at low temperatures 
before the crystallisation of LS2 [1, 7, 8]. The LS crystal  
(SiO2/Li2O = 1) possesses a Q2 chain structure (chain 
silicate structure). On the other hand, the LS2 crystal 
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(SiO2/Li2O = 2) possesses a Q3 layer structure (layer 
silicate structure/phyllosilicate) [7]. The microstructural 
changes during the fabrication process determine 
the properties of the resulting materials. In recent 
years, extensive research in glass-ceramic science 
and engineering has focused on comprehending the 
crystallisation process from the glass phase [9–11]. 
Spectroscopic methods have been beneficial in this 
regard. The X-ray diffraction (XRD) method is used to 
determine the phase composition, lattice parameters, 
crystallinity ratio, and crystal size of the materials. 
The Fourier transform infrared (FTIR) spectroscopy 
analyses the material’s infrared (IR) absorption peaks, 
revealing the bond of the functional groups to explain 
the structural transformations of GC materials during 
the heat treatment stages [12–14]. X-ray photoelectron 
spectroscopy (XPS) is an effective analytical technique 
for studying the elemental surface composition 
(determining binding energies of atomic orbitals), bond 
nature, and oxidation state of the cations in the material 
[14–16]. Many previous studies have used XPS to show 
the binding energy differences of elements in glasses and 
GC. 
 In this study, the crystalline phases in the material 
were determined using an XRD analysis. The FTIR 
analysis identified the bonds or functional groups 
representing the Qn species. Most importantly, the bin-
ding energy of the atomic orbitals in Qn was quantified 
by XPS. The combination of spectroscopic analyses and 
Scanning Electron Microscopy (SEM) results helped 
to discover the crystallisation mechanism and the 
microstructural variation of the lithium disilicate glass 
and GC.

EXPERIMENTAL

Materials

 The glass batch was prepared by mixing amounts 
of raw materials, including precipitated amorphous silica 
(Rhodia Silica Korea Co., Ltd-Korea); Li2CO3, Al(OH)3, 
KH2PO4, K2CO3 (Analytical Reagent grade, Xilong 
Scientific Co., Ltd, China). The ratio of the mixture was 
carefully calculated to ensure that the glass sample had 
a specific chemical composition with a ratio of oxides in 
mol. %: SiO2 (65.35), Li2O (30.23), K2O (1.76), Al2O3 
(1.77) and P2O5 (0.89). SiO2 and Li2O are the two prima-
ry components; K2O and Al2O3 improve the chemical 
stability; and P2O5 acts as a heterogeneous nucleation 
agent for the volumetric crystallisation process. The 
ingredients were thoroughly mixed and melted in a pla-
tinum crucible at 1450 °C for 1.5 hours before being 
poured into a preheated steel mould to form a cylinder 
(H = 20mm, Ф = 12mm). The glass blocks were then 
annealed in the kiln at 450 °C for 1 hour before cooling 
naturally to reduce the stress inside the glass. The glass 
sample was denoted M-Glass.

 The heating regime for the M-Glass crystallisation 
and formed dental GC pieces was determined based on 
a differential thermal analysis (DTA) [17]. Firstly, The 
M-Glass blocks were two-stage heat treated at 600 °C 
for 90 minutes and 720 °C for 30 minutes in an electric 
furnace (Magma – Renfert – Germany) to create GC 
ingots. Secondly, these ingots were hot-pressed at 965 °C 
in an EP3000 furnace using the lost-wax casting process 
to create the dental GC products denoted M-GC.

Structural analysis methods

 The M-Glass and M-GC samples for the XRD, FTIR, 
and XPS analyses were ground using an alumina cera- 
mic mortar until the fine-grained powder could pass 
through a 63 µm sieve. The resulting powders were 
then dried at 110 °C until their weight remained 
consistent and cooled in a desiccator. The XRD analysis 
was performed on a D8 Bruker instrument with the 
following measurement conditions: KαCu = 1.5406 Å, 
2θ = 10 –70°, step and scan rate 0.01°/16.38 s.  
 The FTIR spectra were recorded using a NICOLET 
6700 device (Thermo Scientific). The samples for the 
FTIR analysis were compressed into pellets with KBr 
(the powder was mixed with KBr in a ratio of 1 mg of 
the sample to 100 mg of KBr and pressed with a high 
pressure of 1.5 tonnes to create a transparent sample 
pellet) with the number of scans: 32 times, the speed: 
0.6329 m∙s-1 at room temperature in the infrared range 
from 400 - 4000 cm-1.  
 The XPS was analysed on an AXIS Nova (XPS) 
surface analysis spectrometer (Shimadzu-Kratos) using 
Al Kα radiation with hν = 1486.6 eV, the base pressure of 
the chamber was lower than 10-8 Pa, and the swell time 
was 0.1 s for the wide-scan and 0.1 - 0.6 s for the high-
resolution scan. High-resolution Si 2p and O 1s XPS 
spectra were studied in this paper.
 The microstructure characterisations of the fracture 
surface of the samples before (M-Glass) and after the 
(M-GC) crystallisation process were performed using 
a Philips XL30 scanning electron microscope. The 
fracture samples were cleaned in an ultrasonic bath with 
deionised water for 5 minutes, dried, and then sputtered 
with Au before being examined by SEM.

RESULTS AND DISCUSSION

Result of the XRD analysis

 In Figure 1, the X-ray diffraction patterns of the 
M-Glass and M-GC samples, and the Joint Committee 
on Powder Diffraction Standards (JCPDS) pattern 
of the crystalline phases present in the M-GC are 
displayed. The XRD pattern of the M-Glass shows the 
characteristic form of an amorphous phase without any 
peak for the presence of the crystalline phase. It means 
that the M-Glass was completely vitrified by melting its 
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raw material mixture. The pattern of the M-GC exhibits 
distinctive peaks for the crystalline phases, with LS2 

constituting the principal component alongside LS and 
a small proportion of Li3PO4. The presence of minute 
traces of Li3PO4 points towards the usage of P2O5, acting 
as a heterogeneous nucleating agent, which has been 
previously discussed [17, 18], as well as in the works 
of other authors [5, 19–21]. These results confirm that 
the M-Glass has been transformed into the glass-ceramic 
material (M-GC) after the heat treatment and hot-press 
processing.

SEM images

 The SEM images of the fractured surfaces of the 
M-Glass and M-GC samples are presented in Figure 2. 
The SEM image of the M-Glass sample displays a flat 
surface without scattered phases, which is typical of a 

glass material’s fractured surface. Meanwhile, the SEM 
image of the M-GC fractured surface shows a terraced 
topography with interlocking sheets and rod crystals. 
This glass-to-GC microstructural transformation 
predicts potential improvements in the strength and other 
properties of the material. Indeed, it was demonstrated in 
our previous publication’s results when measuring the 
physicochemical properties of the M-GC [17].

FTIR spectra

 The absorption peaks of the FTIR spectra provide 
insight into the material’s characteristic bonds. Figu-
re 3 presents the FTIR spectra of the M-Glass pre-

Figure 1.  Results of the XRD analysis of the M-Glass and 
M-GC.

Figure 2.  SEM images of the M-Glass and M-GC.   

Figure 3. FTIR spectra of the M-Glass and M-GC.
Notation: ν: Stretching vibration, δ: deformations/ Ben-
ding vibrations, s.: symmetric, as.: asymmetric. 
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crystallisation and M-GC post-crystallisation samples. 
The M-Glass spectrum displayed broad absorption bands 
and obtuse peaks, whereas many sharp peaks were visible 
in the M-GC spectrum. The results indicated significant 
alteration in the phase composition and structure of the 
material. 
 The FTIR spectrum of M-Glass exhibits discernible 
absorption bands that correspond to the vibrational modes 
of the 4-corner shared [SiO4]4- tetrahedra (Q4 species) in 
a silicate glass structure: the band at 482 cm-1 presents 
the bending vibration δ O-Si-O [22] corresponding the 
bonding of central Silicon atom with oxygen atoms  
at four corners of [SiO4]4-; asymmetric stretching νas as 
Si-O-Si at 1066 cm-1 and symmetric stretching νs Si-O-Si 
at 783 cm-1 [14, 22, 23] correspond the bridging oxygens 
(BOs) linking the [SiO4]4- tetrahedra together. In addition, 
the band at 937 cm-1 is characteristic of ν Si-O-[NBO] 
[14, 22] showing that there are [SiO4]4- tetrahedra with 
one non-bridging oxygen (NBO) corner (Q3 species); 
the peak at 872 cm-1 is typical for ν Si-O-[2NBO] 
[14] belonging to [SiO4]4- tetrahedra with a two NBO 
corner (Q2 species) in the glass network. The absorption 
bands on the spectrum of M-Glass clearly showed the 
characteristic structure of silicate glass with modified 
ions (Li+, K+) along with an intermediate ion (Al3+) in 
the composition. These ions interrupted the continuum 
of the glass network by breaking some linking between 
[SiO4]4- tetrahedra, resulting in the attendance of NBOs 
(Q3 and Q2 species).
 The FTIR spectrum of M-GC, as depicted in 
Figure 2, features a distinct cluster of absorption peaks 
that are characteristic of LS2 crystalline bonds [22, 23]: 
the peak at 470 cm-1 corresponds to bending vibration ν 
O-Si-O (belonging to the bonding of Si atom with oxygen 
vertices); the peaks at 640, 757, and 1108 cm-1 correspond 
to the stretching vibration ν Si-O-Si (belonging to the link 
of the BO located tetrahedral corner); the peaks at 1108, 
1022, and 960 cm-1 correspond to the stretching vibration 
ν Si-O-[NBO] in the layer structure (Q3 species). In 
addition, a group of absorption peaks characteristic of 
the bonding of LS crystals is also present [23]: the peaks 
at 526 and 552 cm-1 correspond to ν O-Si-O; at 610 and 
737 cm-1 corresponds to ν Si-O-Si; the peak at 850 cm-1 
corresponds to ν Si-O- [2NBO] in the chain structure (Q2 
species). Whereas the absorption peaks at 1066, 937, and 
783 cm-1 that characterise the bonds in the glass phase 
(residual after crystallisation) also exist in the M-GC 
spectrum.
 LS2, LS crystal, and residue glass phases were 
detected on the glass-ceramic FTIR spectrum, clearly 
showing types of Qn species. Nevertheless, the 
mechanism of network structure transformation to form 
these crystalline phases during crystallisation still needs 
to be clarified.

XPS analysis

 Figure 4 illustrates the XPS broad spectra of the 
M-Glass and M-GC samples. The sharp peaks at the 
different binding energies correspond to the O Auger,  
O 1s, C 1s, Si 2s, and Si 2p. A C 1s peak is visible in 
all the XPS wide-scan spectra, even if the sample does 
not contain carbon. The peak arises due to the absorption 
of dusty hydrocarbon impurities, ethanol, organic 
matter, and the low environmental vacuum, resulting in 
unexpected carbon. However, this peak does not impact 
the analysis of the findings. In many XPS studies [14–16, 
24–26], including this study, the C 1s was set at 284.6 eV. 
This value was used as the reference for calibrating the 
binding energy values on the XPS spectra.

 The results of the broad spectrum XPS analysis 
of the M-Glass and M-GC after calibration are shown 
in Figure 4. The peaks of K 2p (located in the range of 
binding energies 302 - 287 eV), Al 2p (78 - 68 eV), and 
Li 1s (56 - 54 eV) exhibit very low intensity. According 
to Buchner [27], although Li in the LS2 GC systems 
has a high content (33.33 mol. %), the detection of 
Li 1s (48 - 62 eV) by XPS analysis in these materials 
processed at high temperatures gives a fragile signal. 
Hence, there is almost no characteristic peak appearance 
of Li 1s on the obtained XPS spectra. Similarly, 
Al2O3 (1.77 mol. %), K2O (1.76 mol. %), and P2O5 
(0.89 mol. %) are components with a relatively small 
content and are usually soluble in the glass phase. Hence, 
the peaks of K 2p, Al 2p, P 2p have very low intensity, 
which is consistent with the results of the broad spectrum 
XPS analysis of four commercial LS2 GC products in the 
study conducted by França et al. [28]. For the analysis 

Figure 4. XPS broad spectra of the M-Glass and M-GC.
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of silicate material structure changes, high-resolution 
XPS spectroscopy was performed in the binding energy 
regions corresponding to Si 2p and O 1s (presented in 
Figure 5). 
 The high-resolution photoelectron peaks exhibit 
distinct differences that indicate a significant change in 
the structural configuration from the glass state to the GC 
state. When the peaks are asymmetrical, with inflection 
points or shoulder regions, it suggests the superposition 
of multiple peaks. The Si 2p spectrum comprises the 
contributions of Si 2p1/2 and Si 2p3/2, while the O 1s 
spectrum includes contributions from all the BOs and 
NBO in the glass and crystalline phases. Therefore, Si 
2p and O 1s spectra were deconvoluted into Gaussian 
peaks using Origin software.

High resolution Si 2p XPS spectra

 The Si 2p spectrum comprises one or more pairs 
of peaks related to pairs of Si 2p1/2 and Si 2p3/2 rotating 
atomic orbitals. The peak of Si 2p1/2 appears at a higher 

binding energy than that of Si 2p3/2. In the Si 2p XPS 
spectra of silicate minerals and glasses, the intensity of 
the Si 2p1/2 peak is half that of the Si 2p3/2 peak (measured 
by peak area) [16, 24, 27]. The distance between the 
two peaks ranges from approximately 0.617 eV [24] 
to 0.63 eV [28]. Therefore, the Si 2p high-resolution 
spectral peaks of M-Glass and M-GC were deconvoluted 
following the peak fit parameters: Baseline mode: 
constant, Auto parameter initialisation, max. Number of 
Iterations: 200, tolerance: 1E-6; with constraints:

1. The peak positions of Si 2p1/2 are observed to be at 
higher binding energy levels compared to those of Si 
2p3/2. The distance between the two peak maxima is 
approximately 0.63 eV.
2. Si 2p1/2 peak area is half of Si 2p3/2 peak area.
3. The Full Width Half Maximum (FWHM) values of 
Si 2p1/2 and Si 2p3/2 peak are equal.

 The Si 2p peak deconvolution results for M-Glass 
and M-GC are presented in Figure 6 and Table 1.
 The fitting results exhibit the changes in the position 
and the FWHM of the Si 2p3/2 XPS peaks. Both glass and 

Figure 5. High resolution (A) Si 2p and (B) O 1s XPS spectra of the M-Glass and M-GC. 

Figure 6. The deconvolution of the Si 2p high-resolution XPS spectra of the (A) M-Glass and (B) M-GC.
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GC states contain a variety of ratios of linked [SiO4]4- 
tetrahedron (Qn species) in the structure, as illustrated in 
Figure 6. Each Qn species has a distinct peak position 
in the binding energy range of the Si 2p spectrum. The 
electron density of the Si atom depends on the number 
of BOs and NBOs bound to this Si atom. An increase in 
the NBO vertices increases the valence electron density 
of the Si atom at the tetrahedron centre, causing a shift in 
the Si 2p peak position to a lower binding energy level 
[16, 24].
 After analysing the peak parameters obtained from 
the deconvoluted Si 2p XPS spectra of two samples, it was 
observed that M-GC had a broader Si 2p3/2 peak FWHM 
than the M-Glass. Additionally, the Si 2p3/2 peak position 
of M-GC shifted towards 102.68 eV, which is 0.26 eV 
lower than that of M-Glass. These findings indicate that 
the binding energy of the Si4+ ions decreased during 
the crystallization process, suggesting the favourable 
crystallisation ability of the lithium disilicate glass-
ceramic system. Furthermore, the results suggest that the 
M-GC structure, after crystallisation, exhibits a broader 
distribution of Qn species and an increased proportion 
of low n-valued Qn species (Q3 and Q2 belong to the 
structure of LS2 and LS crystals, respectively).

High resolution O 1s XPS spectra

 The O 1s spectrum displays overlapping peaks 
comprising BOs and NBOs. The photoelectron peaks of 
the BOs in the Si-O-Si bond are located at a binding energy 
range of 532.7 – 531.8 eV. Meanwhile, the photoelec-
tron peak of NBOs in the Si-O- bond was discovered 
at a lower binding energy range of 530.8 – 530.7 eV, 
with a difference of 1.5 – 2.0 eV from BO peaks due 
to the higher electron density on the NBOs [14], which 
is a consequence of the NBOs bonding to Li+ ions (or 
other modifying ions) and the almost complete transfer 
of electrons of Li 1s to the unoccupied molecular orbitals 
of the NBO. The peak area ratio is used to measure the 
proportions of each type of BO and NBO in the material. 
Figure 7 and Table 2 display the O 1s peak deconvolution 
results for the M-Glass and M-GC. 

 The O 1s spectrum of the M-Glass showed two 
peaks in the binding energy region of the BO. The BO-1 
peak was found at a high binding energy of 532.22 eV 
(BO in Q4 or Q3), while the BO-2 peak was found at a 
lower binding energy level of 531.91 eV (BO in Q3 or 
Q2), with proportions of 43 % and 57 %, respectively. 
However, the O 1s spectrum of the M-GC displayed 
three peaks, which were more complex than that of 
the M-Glass. The BO-1 peak position (BO in Q4 or Q3) 

Figure 7.  Results of the deconvolution of the Si 2p high-resolution XPS spectra of the (A) M-Glass and (B) M-GC.

Table 1. Peak parameters obtained from deconvoluting the Si 
2p XPS spectra.

Sample Peak Peak  FWHM
 deconvolution position (eV) (eV)
M-Glass Si 2p1/2 103.57 1.42
 Si 2p3/2 102.94 1.42
M-GC Si 2p1/2 103.31 1.58
 Si 2p3/2 102.68 1.58

Table 2. Peak parameter obtained from deconvoluting O 1s 
XPS spectra

Sample Peak Peak  FWHM % of % of 
 deconvolution position (eV) (eV) BO O 1s
M-Glass BO-1 532.22 1.95 43.0 43.0
 BO-2 531.91 1.27 57.0 57.0
M-GC BO-1 532.63 1.05 9.2 8.0
 BO-2 532.26 2.10 90.8 79.0
 NBO 530.72 1.19 - 13.0
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shifted to a higher binding energy, and its proportion 
decreased to 8 %. The BO-2 peak position (BO in Q3 
or Q2) also changed to a higher binding energy, but its 
proportion increased to 79 %. Notably, an NBO peak was 
observed at a low binding energy position of 530.72 eV, 
accounting for 13 % of the O 1s spectrum. 
 It has been observed that the crystallisation process 
of the LS2 primary crystals (layer structure-Q3) and LS 
crystals (chain structure-Q2) from the glass phase (Q4, Q3, 
and Q2) resulted in a significant increase in the amount of 
Q3 species, Q2 species, and NBOs, while decreasing the 
amount of Q4 in the network structure of the material. 
Consequently, the mechanism of crystallisation and the 
microstructural changes in the lithium disilicate material 
can be effectively illustrated using the summary graphic 
provided below, based on the model of the structural 
units that exist in the two states of this material: 

CONCLUSIONS

 The crystallisation from the studied glass into 
glass-ceramic led to a significant change in the phase 
composition and microstructure. The XRD and SEM 
results showed that the phase composition of the M-GC 
consisted of LS2, LS, and a trace of Li3PO4 crystal phases 
interlocking and dispersing in the residual glass matrix. 
The FTIR spectrum displayed the absorption peaks that 
characterise the vibrations of O-Si-O, Si-O-Si (involving 
bridging oxygens), and Si-O- (involving non-bridging 
oxygens) bonds in these silicate phases. The interpretation 
of Si 2p and O 1s high-resolution XPS spectra indicated 
that the GC structure had a broader distribution of Qn 
species and an increased proportion of low n-valued Qn 
species. The Si 2p3/2 peak position of M-GC shifted to a 
lower 0.26 eV than that of M-Glass. The reduction in the 
binding energy of the Si4+ ions during the crystallisation 
process implied the favourable crystallisation ability 
of the lithium disilicate glass-ceramic system. By 
examining spectral analysis results, the crystallisation 
mechanism and microstructural change of the studied 
lithium disilicate material can be clearly visualised.
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