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Abstract

Lithium disilicate (LD) glass-ceramics are extensively employed in restorative dentistry because their superior
aesthetic properties and hardness are similar to natural teeth. The aim of this work is to investigate the me-
chanical properties and chemical solubility of lithium disilicate glass-ceramics prepared by the low-pressure
injection moulding using the PEG-based binder. The glass-to-binder ratio was varied as 60:40, 55:45, 50:50
and 45:55 vol.%. The sintering conditions of 800 °C with 2 h dwell time were selected according to thermal
analysis. Phase formation, microstructure and mechanical properties of the prepared samples were character-
ized by XRD, SEM, microhardness and three-point bending test, respectively. Besides, the chemical solubility
of the system was investigated by the immersion test in acetic acid solution. XRD analyses of the sintered sam-
ple confirmed the presence of only one prominent crystalline phase of LD. SEM result showed that the porosity
increased with decreasing glass powder content. The mechanical properties of the LD glass-ceramic samples
tended to decrease when the proportion of the glass powder decreased, while the chemical solubility tended
to increase. The mechanical properties of the glass-ceramics, i.e. the highest density value, Vickers hardness
and flexural strength were 2.55 g/cm3, 6.80 GPa, and 176 MPa, respectively. These results could be useful in
developing these LD glass-ceramics for their optimal use in dental applications.
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I. Introduction

Lithium disilicate (LD) glass-ceramics have been ex-

tensively employed in restorative dentistry such as im-

plants, crowns and bridges due to their excellent bio-

∗Corresponding author: tel: +66 53 943 376,

e-mail: kamonpan.p@cmu.ac.th

compatibility, chemical durability, similar hardness to

teeth and translucency, as well as very high fracture

strength and adequate fracture toughness [1,2]. These

properties result from the high-volume fraction of elon-

gated micron-sized LD crystals and some minor phases,

which form an interlocking network embedded into a

residual glass [3]. The properties of LD glass-ceramics
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can also be modified by varying the composition of

the glass or controlling the heat treatment process [4–

6]. These glass-ceramics are obtained from glasses of

the SiO2-Li2O system, containing some additive ox-

ides such as nucleating agent (P2O5), glass modifiers

(K2O) and glass intermediates (Al2O3 and CaO) [7–10].

The previous work showed that the increase of P2O5

content reduces the crystallization temperature and in-

creases nucleation density [11]. Furthermore, the max-

imum fracture strength of the LD glass-ceramics with

1 mol% P2O5 content could reach 310 MPa, as reported

by Wang et al. [12]. Moreover, Fernandes et al. [13]

found that the small addition of Al2O3 and K2O to

the pure Li2O-SiO2 system enhanced the densification

behaviour and the ultimate mechanical strength. The

coloured shades of these glass-ceramics could be im-

proved by adding some oxides such as CeO2, Fe2O3,

MnO2, V2O5 and TiO2 in the parent glass compositions

[14,15].

Ceramic injection moulding (CIM) is normally used

to produce complex-shaped components from feedstock

composed of ceramic powders with thermosetting or

thermoplastic binders, which render the required flu-

idity level of powder/binder mixture for successful in-

jection moulding [16]. CIM has two principal methods

consisting of high-pressure injection moulding (HIM)

and low-pressure injection moulding (LIM) [17]. The

advantages of LIM over HIM process are lower costs,

shorter binding time, more moderate die wear and the

recycling ability of slip remainders [17]. The proper

use of binders is crucially important in the processing

method of this CIM technique. The binder system con-

sisting of polyethylene glycol (PEG), polyvinyl butyryl

(PVB) and stearic acid (SA) is used to improve the flow

characteristics of the LD feedstock [18]. PEG is a very

safe chemical and it is used extensively in the food in-

dustry, and PVB facilitates excellent wetting character-

istics with powder and provides homogeneous feedstock

[19]. At the same time, SA is used as a lubricant to

make the mixture ready to combine with increasing the

strength of the binder [20].

Therefore, this study has been concentrated on the

mechanical properties and chemical solubility in the

low-pressure injection moulding of the LD glass-

ceramics using PEG-based binder for dental material

application. The LD glass-ceramics were prepared us-

ing Li2O-SiO2-P2O5-Al2O3-K2O-CaO as the base glass

system by the conventional melt quenching method. The

binder system used in this study consisted of PEG, SA

and PVB, mixed with glass powder with the glass-to-

binder ratio of 60:40, 55:45, 50:50 and 45:55 vol.%. The

thermal properties, phase formation and microstructure

of the samples were investigated by differential thermal

analysis (DTA), X-ray diffractometer (XRD) and scan-

ning electron microscope (SEM), respectively. Bulk

density, linear shrinkage, porosity, Vickers hardness,

Knoop hardness, Young’s modulus, fracture toughness

and flexural strength results were used to analyse the

mechanical properties of the samples. Also, the chemi-

cal solubility of the prepared glass-ceramics was evalu-

ated by the immersion test in acetic acid solution.

II. Experimental

Glass preparation: The LD glass with the composi-

tion of 15.64 Li2O, 69.20 SiO2, 3.37 P2O5, 3.54 Al2O3,

3.25 K2O and 5.00 CaO (mol%) was prepared using the

conventional melt quenching method. The raw materials

of the glass consisted of Li2CO3, SiO2, (NH4)2HPO4,

Al2O3, K2CO3 and CaCO3 with analytical grades and

purity of more than 99.0% (Sigma-Aldrich, Singapore).

These raw materials were mixed and melted in an alu-

mina crucible at 1450 °C for 2 h in a high-temperature

furnace in an air atmosphere with a heating rate of

10 °C/min and quenched in distilled water at room tem-

perature to obtain glass frits. The glass frits were dried

in an oven at 150 °C for 4 h, ground in an agate mortar

and sieved with a stainless steel sieving mesh (325 mesh

size) to achieve glass powder.

Binder preparation: The binder system consisted

of PEG (Sigma-Aldrich, Singapore), PVB (Sigma-

Aldrich, Singapore) and SA with the purity of more

than 98% (PanReac AppliChem and the ITW Reagents,

USA), with the ratio of PEG : PVB : SA was 65:30:5

(vol.%) [18]. The PEG, PVB and SA were mixed in a

beaker using a magnetic stirrer (IKA, C-MAG HS 7)

at 180 °C for 2 h and then the well-mixed solution was

cooled down to room temperature. Finally, the binder

was cut into small pieces by granulator (ZERMA, GSL

180).

Feedstock preparation: The glass powder and the pre-

pared binder were used to prepare feedstocks with vari-

ous compositions with glass powder varying from 60 to

45 vol.%. The mixtures were mixed in a beaker with a

magnetic stirrer at 180 °C for 30 min, then cooled down

to room temperature and finally crushed using the gran-

ulator to obtain feedstock granules.

Injection moulding method: The feedstock granules

were injected into the mould by the low-pressure injec-

tion moulding machine (TJIRIS, AX-YDA) at 120 °C.

After that, the green bodies were de-bound by water

leaching to remove the PEG for 6 h and thermal pyroly-

sis to remove residual binders at 500 °C for 2 h. Finally,

the green bodies were sintered at the optimum temper-

ature for 2 h with a heating rate of 10 °C/min according

to the DTA result to form LD glass-ceramics for dental

material applications.

Differential thermal analysis (DTA: 1600 DTA, Du

Pont Instrument) was used to analyse the thermal prop-

erties of the glass powders for determination of glass

transition temperatures (Tg), crystallization tempera-

tures (TC) and melting temperatures (Tm) in small alu-

mina crucible by using highly pure alumina powder as

reference material by heating from room temperature to

1200 °C with a heating rate of 10 °C/min.

Phase formation of the LD glass-ceramic samples

239



A. Kraipok et al. / Processing and Application of Ceramics 15 [3] (2021) 238–245

was determined by the X-ray diffractometer (Rigaku,

SmartLab) using Cu Kα radiation generated at 30 mA

and 45 kV in the 2θ range from 10–60° at a scanning

speed of 1 °/min.

The microstructure was examined by the scanning

electron microscope (JEOL, JSM-IT300LV). After sin-

tering, the LD glass-ceramic samples were polished and

etched by immersion in the 3 wt.% hydrofluoric acid

(HF) for 30 s. The glass-ceramic samples were then

cleaned with distilled water and coated with gold by ion

sputtering device (JEOL, JFC-1200) for 30 s.

The bulk density measurements were conducted on

the glass-ceramic samples using the Archimedes’ prin-

ciple, on an analytical balance with an attached density

kit. The bulk density of the glass-ceramic samples (ρ)

was obtained by the following equation:

ρ =
Mdry

Mdry − Mwet

ρliquid (1)

where, Mdry and Mwet are the masses of the glass-

ceramic samples in air and liquid, respectively, and

ρliquid is the density of water at room temperature.

The linear shrinkage of the glass-ceramic samples

(S L) was calculated using the standard equation:

S L =

(

1 −
l

l0

)

× 100 (2)

where, l0 and l are the diameter of the glass-ceramic

samples before and after sintering, respectively.

The porosity (Po) of the glass-ceramic samples was

obtained by employing the following equation:

Po =
m2 − m1

m2 − m3

× 100 (3)

where, m)1, m2 and m3 are the masses of the glass-

ceramic samples weighed after drying, in air and in liq-

uid, respectively.

The hardness was measured on a polished surface of

the glass-ceramic samples using Vickers and Knoop mi-

crohardness measurement (Buehler, Karl Frank GMBH

Type-38505) by applying a load of 1 kg for 15 s. The

Vickers hardness (HV) was calculated using the stan-

dard equation [21]:

HV =
1.8544 · P

d2
(4)

The Knoop hardness (HK) number was calculated using

the equation:

HK =
14.229 · P

d2
(5)

where P is the applied load, d is the diagonal length of

the indenter impression, 1.8544 is a constant geometri-

cal factor for diamond pyramid and 14.229 is the geo-

metrical constant of the diamond pyramid.

The fracture toughness can be predicted by crack

propagation that can be determined by measuring the

length of the cracks extending from the indent impres-

sion [22]. The fracture toughness (KIC) was calculated

using the following equation [23]:

KIC = 0.016

(

E

HV

)1/2 (

P

C3/2

)

(6)

where 0.016 is an empirical fitting constant and the half

crack length is represented by C. The Young’s modulus

(E) was calculated using the following equation:

E =
0.45 · HK

0.1406 b
a

(7)

where a and b are the longer and shorter Knoop inden-

tation diagonals, respectively.

The flexural strength was measured by the three-point

bending test according to ISO 6872 [24] with a uni-

versal strength machine (Hounsfield, H10Ks) using a

crosshead speed of 0.5 mm/min. The fracture strength

(σ) of the samples was obtained using the following re-

lation:

σ =
3P · l

2w · b2
(8)

where P is the breaking load, while the width (4 mm)

and the thickness (3 mm) of the samples, and the test

span (30 mm) are represented by w, b and l, respectively.

The chemical solubility (CS ) of the glass-ceramic

samples was investigated by following the ISO 6872

[24] standard test method. The samples were washed,

dried and weighed before and after immersion in

4 vol.% acetic acid solution at 80 °C for 16 h. The CS

was calculated according to the following relation:

CS =
m1 −m2

A
(9)

where m1 and m2 represent the mass of the samples be-

fore and after acid leaching, respectively, and A repre-

sents a cross-sectional surface area.

III. Results and discussion

The DTA result was used as a guide for determining

the sintering condition applied to induce crystallization.

Figure 1 shows the DTA curve of the LD glass powder

with a heating rate of 10 °C/min. The Tg was estimated

to be 465 °C from the point of intersection of the tan-

gents drawn at the slope change [25]. The two exother-

mic peaks at 626 and 800 °C were observed, which

could be related to the first crystallization temperature

(TC1) and the second crystallization temperature (TC2)

of the glass. TC1 was attributed to the precipitation tem-

perature of the lithium metasilicate (LM) phase, while

TC2 was the transition temperature from the LM phase

to the LD phase [26–29]. Therefore, the green body was

sintered at 800 °C according to the crystallization tem-

perature of the LD phase at TC2. Finally, the endother-
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Figure 1. DTA curve of the LD glass powder

Figure 2. Appearance of the LD glass-ceramic samples with
the powder-to-binder ratio of: a) 60:40, b) 55:45, c) 50:50,

and d) 45:55 (vol.%) before and after sintering
at 800 °C for 2 h

mic peak at 881 °C was observed as Tm of the glass.

Figure 2 shows the appearance of the LD glass-ceramic

samples, mixed with glass powders with various glass-

to-binder ratios before and after sintering at 800 °C for

2 h. Before sintering, the samples have a whitish colour

and after sintering samples have shrunk and changed in

colour. The shrinkage results are shown in Table 1.

XRD patterns of the LD glass-ceramic samples after

sintering at 626 and 800 °C for 2 h are shown in Fig. 3.

They reveal the presence of only one prominent crys-

talline phase of LM (Li2SiO3 - JCPDS No. 29-0829)

after sintering at 626 °C, while after sintering at 800 °C,

LD (Li2Si2O5 - JCPDS No. 40-0376) was detected. This

result was used to confirm the crystallization tempera-

ture from the DTA result where the TC1 and TC2 were

attributed to the LM phase’s precipitation temperature

and the transition temperature from the LM phase to the

LD phase, respectively.

Microstructures of the LD glass-ceramic samples af-

ter sintering at 626 and 800 °C for 2 h are shown in Fig.

4. It was found that the sample sintered at 626 °C (Fig.

4a) has uniform spherical like structures which could be

ascribed to the LM phase. This is consistent with the

previous XRD analysis. Also, this is consistent with the

report done by Lien et al. [30] and Sun et al. [31]. For

the sample sintered at 800 °C (Fig. 4b), the image shows

the rod-like shapes of the LD phase corresponding to the

XRD results.

SEM images of the fracture surfaces of the LD glass-

ceramic samples with various compositions after sinter-

ing at 800 °C for 2 h are shown in Fig. 5. These surfaces

were not been polished and acid-etched as the pores

not generated by the etching process can be clearly ob-

served. As expected, the noticeable amount of pores

can be revealed. This result is consistent with the bulk

porosity values tabulated in Table 1 with the maximum

value of about 3.5% as measured from the LD glass-

ceramic samples with the lowest glass-to-binder ratio of

45:55 vol.% (Fig. 5d). These pores possibly occur from

the removal of the binder during sintering.

Table 1 shows the bulk density, linear shrinkage and

porosity of the LD glass-ceramic samples after sinter-

ing at 800 °C for 2 h. The results indicate that the bulk

density values tend to decrease with decreasing glass-to-

binder ratio. The LD glass-ceramic samples with glass-

to-binder ratio of 60:40 and 45:55 vol.% have the high-

est and the lowest bulk density of 2.55 ± 0.13 and

2.35 ± 0.19 g/cm3, respectively. The bulk density of all

Figure 3. XRD patterns of the LD glass-ceramic samples
after sintering at 626 and 800 °C for 2 h

Table 1. Bulk density, linear shrinkage and porosity of the LD glass-ceramic samples

Glass-to-binder ratio [vol.%] Bulk density [g/cm3] Linear shrinkage [%] Bulk porosity [%]

60:40 2.55 ± 0.13 16.90 ± 0.37 1.18 ± 0.11

55:45 2.50 ± 0.09 17.25 ± 0.68 1.78 ± 0.13

50:50 2.42 ± 0.16 17.98 ± 0.11 2.38 ± 0.16

45:55 2.35 ± 0.19 18.64 ± 3.25 3.55 ± 0.20
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Figure 4. SEM images of the etched surfaces of the LD glass-ceramic samples after sintering at: a) 626 and b) 800 °C for 2 h

Figure 5. SEM images of fracture surfaces of the LD glass-ceramic samples with the ratio of glass powder-to-binder:
a) 60:40, b) 55:45, c) 50:50 and d) 45:55 (vol.%) after sintering at 800 °C for 2 h

prepared glass-ceramic samples was close to the density

of natural teeth (∼2.5 g/cm3) [32]. In contrast, the linear

shrinkage and porosity of the samples tended to increase

with the reduction of glass-to-binder ratio. The lowest

glass powder concentration of 45 vol.% gave rise to the

highest linear shrinkage and porosity, corresponding to

the microstructure results.

Table 2 shows the Vickers hardness (HV), Knoop

hardness (HK), Young’s modulus (E), fracture tough-

ness (KIC), flexural strength (σ) and chemical solubility

(CS ) of the samples after sintering at 800 °C for 2 h. Ten

indentations were used to evaluate the standard devia-

tion of the mean values for the errors in measured hard-

ness and crack lengths. Five samples per group were

used to investigate the flexural strength and chemical

solubility. The HV , HK, E, KIC and σ results were

used to analyse the mechanical properties of the sam-

ples. Ordinarily, the mechanical properties of the LD

glass-ceramics depend on the microstructure and the

porosity [33,34]. Especially the volume fraction of elon-

gated micron-sized LD crystals and some minor phases,

which form an interlocking network embedded into a

residual glass, is crucially important in controlling the

mechanical properties of this LD glass-ceramics [3].

The higher ratio of this interlocking network in a resid-

ual glass is better mechanical property of the materials

can be achieved. It can be seen that there is a tendency of

all values of mechanical properties (Table 3) to reduce

with a decrease of glass-to-binder ratio. These results

correspond to the previous results of the microstructure

and porosity. All values of the mechanical properties

had the maximum and minimum for the samples with

glass-to-binder ratio of 60:40 and 45:55 vol.%, respec-

tively. For the HV and HK values, regardless of the fact

that these two methods had distinctively different values

of hardness, there are quite similar trends in values with

increasing glass-to-binder ratio. The HV values of all

prepared glass-ceramic samples were found to be higher

than the HV (∼5.8 GPa) of the LD glass-ceramics nec-

essary for dental applications [35].
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Table 2. The mechanical properties and chemical solubility of the LD glass-ceramic samples

Glass-to-binder ratio [vol.%] HV [GPa] HK [GPa] E [GPa] KIC [MPa·m1/2] σ [MPa] CS [µg/cm2]

60:40 6.80 ± 0.65 5.78 ± 0.53 66 ± 5 2.28 ± 0.17 176 ± 8 13 ± 3

55:45 6.66 ± 0.73 5.48 ± 0.41 58 ± 3 2.22 ± 0.32 137 ± 5 17 ± 4

50:50 6.39 ± 0.94 5.29 ± 0.49 47 ± 2 2.20 ± 0.43 127 ± 9 21 ± 6

45:55 6.23 ± 0.89 4.81 ± 0.62 38 ± 4 1.90 ± 0.51 91 ± 7 27 ± 5

Table 3. Comparison of the mechanical properties of the commercially available glass-ceramics and other studies with the
optimum glass-ceramics in this study

Material Manufacturing Technique HV [GPa] σ [MPa]

Mica-based [36,37] Castable CAD/CAM 4–6.5 90–130

Leucite-based [38] Hot press CAD/CAM 6.5 80–120

Lithium disilicate [39] Hot press CAD/CAM 4–6.5 350–450

Lithium disilicate [15] Uniaxial pressing 5.27–5.34 165–201

This study Injection molding (optimal conditions) 6.80 ± 0.65 176 ± 8

Table 3 shows the comparison of the Vickers’ hard-

ness (HV) and flexural strength (σ) values of the com-

mercially available glass-ceramics and other studies

with the optimum glass-ceramics in this study. It is ob-

vious that the differences in manufacturing techniques

provide different values of the HV and σ. Moreover,

it can be noted that our HV value from the optimum

composition (glass-to-binder ratio = 60:40) is compa-

rable with that of commercially available mica-based,

leucite-based and lithium disilicate based glass ceramics

made by casting and hot press CAD/CAM techniques

and higher than that from uniaxial pressing technique.

Although our σ value is quite low compared to that

from lithium disilicate made by hot press CAD/CAM

method, it is higher than that for the commercial mica-

based and leucite-based glass-ceramics. This implies

that our lithium disilicate glass-ceramics with optimum

composition can be one of the potential candidates

for alternative dental restoration materials. Additionally,

the injection moulding method has been used in many of

dental material industries worldwide due to its ability to

form a complex shape of a dental component, overcom-

ing the simple uniaxial technique which has limitation

in forming such a complex-shape object.
The CS values are mostly dependent on the crys-

talline phase, microstructure, and amounts of crystals

in the glassy matrix [40]. It was found that the CS

increased with decreasing glass-to-binder ratio corre-

sponding to the microstructure results. The flexural

strength and chemical solubility results indicated that

the prepared glass-ceramic samples could be used for

fixed prostheses in the second class, according to ISO

6872 [24].

IV. Conclusions

In this study, the effects of glass-to-binder ratio on

the microstructures, mechanical properties and chemi-

cal solubility of LD glass-ceramic samples were stud-

ied. The LD glass-ceramic samples were prepared by

low-pressure injection moulding using the PEG-based

binder. According to the differential thermal analysis re-

sult, the optimum sintering temperature of 800 °C could

induce crystallization of the LD phase. Even though the

addition of PEG-based binder causes negative effect on

the bulk density, linear shrinkage and porosity, in this

study the optimal glass-to-binder ratio of 60:40 gives

the glass-ceramics with acceptable mechanical proper-

ties compared to those of the commercially available

glass-ceramics and mentioned in the other studies. The

highest value of the bulk density, Vickers hardness, frac-

ture toughness and flexural strength could be obtained

as 2.55 g/cm3, 6.80 GPa, 2.28 MPa·m1/2 and 176 MPa,

respectively. Further development of this LD glass-

ceramics based on the results from this study should be

carried out for alternative dental restorative materials.
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