
17

Non-Metallic Material Science | Volume 03 | Issue 02 | October 2021

Non-Metallic Material Science
https://ojs.bilpublishing.com/index.php/nmms

Copyright © 2021 by the author(s). Published by Bilingual Publishing Co. This is an open access article under the Creative Commons 
Attribution-NonCommercial 4.0 International (CC BY-NC 4.0) License. (https://creativecommons.org/licenses/by-nc/4.0/).

DOI: https://doi.org/10.30564/nmms.v3i2.3806

*Corresponding Author:
S. Mollazadeh,
Department of Materials Engineering, Faculty of Engineering, Ferdowsi University of Mashhad (FUM), Azadi Sq, Mashhad, Iran;
Email: Mollazadeh.b@um.ac.ir

1. Introduction

Glass Ionomer Cements (GICs) are a group of 
biocompatible atraumatic restorative materials which 
have been widely used to repair damaged teeth [1]. GICs 
consist mainly of bioactive glass (BGs) (e.g., calcium 
alumino-fluoro-silicate glass) powder and an aqueous 

solution containing polyacrylic acid [2]. The GICs have 
the remarkable ability to develop an ion-exchange 
hydroxyapatite layer and uptake of fluoride ions which 
can enhance their adherence to the tooth and the metal 
substrate [3]. GICs can also release fluoride ions due to 
their specific chemical composition [4]. Furthermore, their 
low cytotoxicity and low coefficient of thermal expansion, 
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microscopy (SEM). Besides, the mechanical properties of GICs were 
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test. According to DTA analysis, the glass transition temperature (Tg) of 
aluminosilicate BGs was decreased from 575 to 525 °C. According to the 
results, the aluminosilicate BGs with an amorphous state (~90%) and the 
grain size of 36 μm were synthesized. Doping of the ZnO to glass network 
up to 3 wt. % could increase the amorphous phase up to 95% and decrease 
the grain size of the particles up to 28 μm. The microhardness and DTS of 
the GIC samples containing the aluminosilicate BGs were about 677 Hv 
and 8.5 MPa, respectively. Doping of ZnO to the glass network increased 
the mentioned values up to 816 Hv and 12.1 MPa, respectively.
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which is close to that of the enamel, have made them 
be desirable dental restorative materials [5,6]. However, 
due to the relatively short lifetime and poor mechanical 
properties of these materials, their application has 
encountered some limitations [5,6]. Mechanical properties 
of GICs have been affected by altering the composition 
of the polymeric matrix or the filler material [7]. Since 
GICs are brittle, any inhomogeneity produced during 
manufacturing can potentially be a defect resulting 
in a catastrophic failure [7]. Therefore, controlling and 
improving the composition of aluminosilicate BGs is 
necessary to overcome the challenge of GICs [8]. 

A new formulation of GICs -with relevant properties 
and applications- with the incorporation of some agents 
to GICs based-formulation was used to improve/generate 
self-adhesive, esthetically pleasing, and antibacterial 
properties [9-11]. These improvements could be involved 
in decreasing the incidence of recurrent caries [9]. 
Several investigations have been conducted in order to 
produce GICs with better mechanical properties through 
the modification of polymeric matrix [12]. Besides, the 
application of various filler materials was investigated to 
improve the mechanical properties of GICs [13]. Among 
these investigations, few studies have been focused on 
the composition of base aluminosilicate BGs particles. 
The presence of a second phase, mostly a ceramic, can 
improve mechanical properties; however, crystallization 
of ceramic crystalline phase causes some challenges 
for the glass system in which the setting reaction of 
GIC may be hindered [13]. Therefore, the effect of 
altering the compositions on the physicochemical and 
structural properties of glass has been considered in this 
investigation. It is believed that silicon and phosphorus 
existing in the amorphous matrix of the glass can form an 
inorganic framework which makes the cement durable in 
aqueous environments and improves its final mechanical 
properties [14]. The effect of additives on the mechanical 
properties of dental cement should be clarified through the 
well-designed study.

Zinc oxide (ZnO) is a well-known oxide in culturing 
bone tissue [15]. Also, zinc ions are vital for correcting the 
function of the immune system [16]. Zinc can be beneficial 
for dental decay due to its antibacterial properties [17-

19]. The Zn-O-P structural groups could substitute with 
Ca-O-P gropes of aluminosilicate glass network [20]. 
Consequently, the mechanical properties of the BGs 
could be altered. The effect of ZnO on the properties of 
aluminosilicate BGs and the mechanical properties of 
GICs should be clarified. 

In the current study, the effect of adding different 
amounts of ZnO (1,2, and 3 wt.%) to the properties of 
melt-quench aluminosilicate BGs containing Al2O3, SiO2, 
CaF2, P2O5, CaO, K2O, Na2O components was studied. 
The effect of ZnO doping on the properties of melt-quench 
glass was studied using differential thermal (DTA), X-ray 
diffraction (XRD), Fourier transform infrared (FTIR), 
and scanning electron microscopy (SEM). Besides, the 
GICs samples were fabricated by mixing the synthesized 
aluminosilicate BGs with Riva-self cure liquid to clarify 
the role of ZnO on the mechanical properties of dental 
cement. The effect of ZnO addition on the mechanical 
properties of GIC was investigated using Vickers 
microhardness and Diametral Tensile Stress (DTS).

2. Materials and Method

2.1 Glass Synthesis

The compositions of BGs systems are presented in 
Table 1. The glass samples were prepared using the 
reagent grade powders containing alumina (Al2O3, 99.9%, 
Merck, Germany), quartz (SiO2, 99.9%, Merck, Germany), 
calcium Fluoride (CaF2, 99%, Merck, Germany), mono-
ammonium phosphate (MAP, 98%, Merck, Germany), 
calcium carbonate (CaCO3, 8.9%, Merck, Germany), zinc 
oxide (ZnO, 99%, Merck, Germany), potassium carbonate 
(K2CO3, 99%) and sodium carbonate (Na2CO3, 99%).

The components of the samples were accurately 
weighed and mixed thoroughly in a porcelain mixer for 
about 30 min. The weighed samples were melted in an 
electrically heated furnace in alumina crucibles with a 
heating rate of 10 °C/min to 1450 °C and heated for 2h. 
Frits were obtained by quenching the melt samples in 
water at 25 °C. After quenching, frits were dried and then 
milled in a high-speed porcelain ball mill for 30 min. The 
glass samples were labeled according to their approximate 

Table 1. Composition of the synthesized BGs in wt. %.

Sample Al2O3 SiO2 CaF2 P2O5 CaO ZnO K2O Na2O

0% 33 24 21.6 18.7 9.8 0 3 1.98
1% 33 24 21.6 18.7 9.8 1 3 1.98
2% 33 24 21.6 18.7 9.8 2 3 1.98
3% 33 24 21.6 18.7 9.8 3 3 1.98
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ZnO content, i.e., 0, 1, 2, and 3 wt.% ZnO for the samples.

2.2 GIC Samples Preparation

In order to prepare GIC samples, each synthesized glass 
and Riva self-cure liquid polymer (powder to polymer 
volume ratio 3.8) were mixed in a porcelain mixer for 15 
min. The cylindrical specimens were prepared according 
to ASTM D3967 with 6 mm diameter and thickness of 4 
mm. The schematic presentation of the BGs synthesis and 
the fabrication of GIC samples is shown in Figure 1.

2.3 Characterizations

The effect of ZnO on the thermal behavior of BGs 
samples was analyzed using differential thermal (DTA) 
analyses (STA 503, BAHR, Germany) with a heating rate 
of 10 °C/min in air. X-ray diffraction (XRD) (X'Pert PW 
3040/60 Philips, Netherland) at the range of 2θ=20-70° 
was used to identify the phase compositions of powder. 
Fourier transform infrared (FTIR) analysis at the range 
of 400-4000 cm-1 (Avatar 370, USA) were conducted to 
examine the chemical bonds of the synthesized BGs. The 
morphology of synthesized BGs and the GIC samples 
were determined using scanning electron microscopy 
(SEM) (Vp-1450-Leo, Germany).

The microhardness of GIC samples was evaluated by 
using the Vickers microhardness (MITECH HV-1000, co 
LTD, China) test. To do this test, the load of 50 gr-f and 
the holding time of 20 seconds were used. The diametrical 
tensile stress (DTS) was performed according to ASTM 
D3967 by using SANTAM STM-20 tensile machine with 
a crosshead speed of 0.5 mm/min.

2.4 Statistical Analysis

The micro-hardness and DTS tests were performed at 
latest 8 times and the data were represented as mean ± 
standard deviation. The data was statistically analyzed 
via the one-way ANOVA analysis (GraphPad Prism, 9.1.0 
(221), USA) followed by post hoc analysis (*p ≤ 0.05, **p 
≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001). The correlation 
matrix presentation of the data was calculated using 
Origin software (version 2021b). The type of correlation 
plot was Pearson and the significant level (* p < 0.05) was 
specified. 

3. Results and Discussion

3.1 DTA Analysis

The DTA analysis results of the BGs samples are shown 
in Figure 1. The summary of characterized temperatures 
containing glass transition temperate (Tg) and the first 
and second crystallization temperature (Tc1 and Tc2) are 
summarized in Table 2. According to obtained data, it can 
be said that the Tg and the crystallization temperatures of 
the BGs were decreased by increasing the amount of ZnO 
up to 3 wt.%. The Tg of un-doped BGs, doped BGs with 1, 
2, and 3 wt.% of ZnO were about 575, 575, 550, and 525 
°C, respectively. Decreasing the Tg of the doped samples 
is related to changing the glass network [21]. Ca2+ ions (ionic 
raids 231 pm) could substitute with Zn2+ ions (ionic radius 
74 pm) in the glass network. Doping of the structure could 
decrease its stability due to increasing the lattice strain 
and increasing the entropy of BGs, as reported in [22,23]. 
Consequently, in line with which was observed in this 

Figure 1. Schematic representation of the BGs synthesis and the fabrication of GIC
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study, the substitution of ZnO instead of CaO decreased 
the Tg and the crystallization temperatures. 

Figure 1. The results of DTA analysis of the  
synthesized BGs.

Table 2. The glass transition temperature (Tg) and first and 
second crystallization temperature (Tc1 and Tc2).

Tc2 °CTc1 °CTg °CSample
8707855750%
8407755751%
8507755502%
8257505253%

3.2 XRD and FTIR Analyses 

The XRD results  of  BGs after  quenching are 
represented in Figure 2. According to the diffraction 
patterns, all samples have shown an amorphous state. The 
results of the calculation of the crystallinity of the samples 
are presented in Table 3. According to the data, the 
crystallinity of the samples was decreased by increasing 
the amount of ZnO. The crystallinity degree of un-doped 
BGs, doped BGs with 1, 2, and 3 wt.% of ZnO were about 
11, 8, <5, and <5 %, respectively. As reported, doping 
of agents to multi-components BGs, could increase 
the network’ complexity of the glass [21]. Increasing the 
complexity of glass structure due to increasing the density 
of bridging oxygen at the effect of doping of agents (in 
this study, ZnO) could prevent the crystallization of glass 
[24,25]. 

The major FTIR bands of the samples are shown in 
Figure 3. The marked bands over the range of 450-480 
cm-1 are related to bending vibration of O-Si-O groups in 
the non-bridging oxygen (NBO) sites of SiO4

4- tetrahedral 
structure [26]. The broad bands around 1000 cm-1 are 
related to Si-O-Si groups [26]. The marked bands over the 

range of 640-750 cm-1 are related to the Al-O structural 
groups of aluminosilicate BGs [10,27].

Figure 2. The results of XRD analysis of the  
synthesized BGs.

Table 3: The crystallinity and grain size of the  
synthesized BGs.

Grain size (μm)Crystallinity (%)Sample
36 ± 5110%
35 ± 481%
32 ± 2< 52%
28 ± 2< 53%

Figure 3. The results of FTIR analysis of the synthesized 
BGs.

3.3. SEM Micrographs 

The SEM micrographs of the synthesized BGs are 
represented in Figure 4. According to these figures, all 
glass has an irregular shape and morphology, stating the 
amorphous state of the samples, as XRD patterns (see 
Figure 3) illustrated. The irregular shape morphology of 
the melt-quench synthesized BGs was also observed in 
[28]. The average grain size values of the synthesized BGs 
are repressed in Table 3. According to the data, adding 
ZnO to BGs could decrease the grain size of the BGs. 
The grain size of un-doped BGs, doped BGs with 1, 2, 
and 3 wt.% of ZnO were about 36, 35, 32, and 28 μm, 
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respectively. According to the literature [29,30], doping of 
ZnO to BGs prevents grain growth as well as increasing 
the homogeneity of grain distributions. Besides, the lower 
ionic radius of Zn2+ than Ca2+ in which Ca2+ substituted 
with Ca2+ in the glass network could decrease the final 
grain size of the particles.

Figure 4. The results of SEM analysis of the 
 synthesized BGs.

3.4 Microhardness

The results of the microhardness of GIC samples 
are represented in Figure 5 and Table 4. The significant 
changes were marked based on P values (*p ≤ 0.05, 
**p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001) in Figure 5. 
According to the data, the microhardness values of the 
GIC sample containing un-doped BGs, doped BGs with 
1, 2, and 3 wt.% of ZnO were about 677, 770, 816, and 
775 Hv, respectively. Increasing the microhardness to 
an optimum value could be related to smaller grain size 
and better particle size distribution of the BGs particles 
[31]. As reported in [32], the dopants are distributed at the 
bulk and the surface of the BGs. It is assumed that some 
amounts of the dopants play as the functionalization 
agents at the BGs surface  (see ref [33]) and could diffuse 
and accumulate on the Stern layer of the glass structure, 
as shown in the schematic representation of Figure 6. 
Besides, increasing the concentration of the dopants could 
generate the surface defects such as oxygen vacancies 
on the glass surface; these defects could enhance the 
mechanical and biological properties of the glass [34]. 
These phenomena could contribute to obtaining a 
homogenous structure of GIC samples. Besides, the lower 
ionic radius of Zn2+ ion than Ca2+ resulted in the formation 
of stronger bonds with oxygen atoms in the structure 
of BGs. Decreasing the crystallinity degree of BGs at 
the effect of ZnO could also increase the microhardness 
values of GIC samples in line with the previous study 
[31,35,36]. In summary, the homogenous distribution of BGs 
in the polymeric substrate and the smaller particles size 

of the samples could increase the microhardness of the 
samples. It’s noted that the different particles size and 
various distribution of particles at the effect of additives 
directly affected the morphology of GIC samples (Figure 
8) and could be altered microhardness.

Figure 5. The results of statistical analysis of 
microhardness of GIC samples.

Figure 6. The schematic representation of the 
accumulation of Zn2+ ions on the Stern layer of BGs.

Table 4. The microhardness results of GIC samples.

Average microhardness (Hv)Number of 
SamplesSamples

677 ± 1580%

770 ± 1281%

816 ± 1082%

775 ± 1183%
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3.5 Diametral Tensile Stress (DTS)

The average values of fracture stress of GIC samples 
are represented in Table 5 and Figure 7. The significant 
changes were marked based on P values (*p ≤ 0.05, 
**p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001) in Figure 
7. According to the data, the microhardness values of 
the GIC sample containing un-doped, doped with 1, 2, 
and 3 wt.% of ZnO were about 8.5, 11.8, 12.1, and 11.7 
MPa, respectively. According to the previous sections 
that indicated increasing the amounts of amorphous 
phase with increasing the amount of ZnO, the higher 
mechanical properties of GIC containing ZnO-doped 
BGs was expected as reported in [37,38]. Besides, ZnO 
could improve the formed inorganic framework of silicon 
and phosphorous in the glass structure and mechanical 
properties [17]. SEM micrographs of the fracture surface 
are shown in Figure 8. According to these figures, the 
main defect in the samples was the cavities. These cavities 
are probably air bubbles that have been formed during 
composite preparation techniques [39].

Figure 7. The results of statistical analysis of fracture 
stress of GIC samples.

Table 5. The average fracture stresses of GIC samples

Average fracture stress (MPa)Number of 
samplesSample

8.5 ± 1.580%
11.8 ± 1.281%
12.1 ± 1.682%
11.7 ± 1.383%

Figure 8. The SEM micrographs of the fracture  
surface of BGs.

3.6 Correlation Matrix Presentation of the Data

Correlation matrix presentation is a simple way to 
show the relationship between the obtained porpoise 
of materials [40]. The correlation matrix of the data was 
calculated and presented in Figure 9. According to this 
matrix, it can be said that increasing the amount of ZnO to 
the BGs network could directly increase the hardness and 
fracture stress of the GIC samples. Besides, the direct and 
significant relation of grain size values of the synthesized 
glass with the mechanical properties of the GIC was 
observed.

Figure 9. The correlation matrix representation of the 
results.

4. Conclusions

The s igni f icant  e ffec t  of  adding ZnO to  the 
aluminosilicate BGs network (SiO2-Al2O3-P2O5-CaF2-
CaO-K2O-Na2O) on the physicochemical properties 
of BGs was observed in the current study. Besides, 
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the incorporation of ZnO to BGs could successfully 
improve the mechanical properties of GIC samples. The 
mechanism behind the improvement of the mechanic 
properties of GICs related to decreasing the particles size 
and increasing the homogeneity of the ZnO-doped BGs 
samples; ZnO could diffuse to the Stern layer of BGs and 
increase its surface charge and homogeneity. The Tg of 
the aluminosilicate BGs was changed from 575 to 525 °C 
at the effect of doping BGs structure with ZnO. Besides, 
the grain size of the particle was reduced from 36 to 28 
μm at the effect of the role of ZnO dopant on the particles’ 
growth prevention. The microhardness of the GIC 
samples was increased from 677 Hv and 8.5 MPa to 816 
Hv and 12.1 MPa, respectively, at the effect of increasing 
the amorphous phase and homogeneity of the ZnO-doped 
samples. In conclusion, this study suggested ZnO could 
improve the physicochemical properties of aluminosilicate 
BGs, and these samples are suggested as a good candidate 
for dental cement. Investigation of in vitro and in vivo 
properties of the fabricated samples was suggested for 
future studies.
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