
Journal of Physics and Chemistry of Solids 171 (2022) 110991

Available online 12 September 2022
0022-3697/© 2022 Elsevier Ltd. All rights reserved.

Effect of CaF2/P2O5 ratios on physical and mechanical properties of novel 
CaO–Na2O–B2O3–SiO2 glasses 

Zhi Wei Loh a, Mohd Hafiz Mohd Zaid a,b,*, Mohd Mustafa Awang Kechik a, Yap Wing Fen a, 
Yazid Yaakob a,c, Mohd Zul Hilmi Mayzan d, Shahira Liza e, Wei Mun Cheong a 

a Department of Physics, Faculty of Science, Universiti Putra Malaysia, UPM., 43400 Serdang, Selangor, Malaysia 
b Nanomaterials Synthesis and Characterization Laboratory (NSCL), Institute of Nanoscience and Nanotechnology (ION2), Universiti Putra Malaysia, 43400 UPM 
Serdang, Selangor, Malaysia 
c Department of Physical Science and Engineering, Graduate School of Engineering, Nagoya Institute of Technology, Gokiso-cho, Showa-ku, Nagoya, 466-8555, Japan 
d Ceramic and Amorphous Group (CerAm), Faculty of Applied Sciences and Technology, Pagoh Higher Education Hub, Universiti Tun Hussein Onn Malaysia, 84600, 
Panchor, Johor, Malaysia 
e TriPrem i-Kohza, Malaysia-Japan International Institute Technology, Universiti Teknologi Malaysia, 54100, Kuala Lumpur, Malaysia   

A R T I C L E  I N F O   

Keywords: 
Bioactive glass 
Fluoride 
Compressive strength 
Vickers microhardness 

A B S T R A C T   

This paper outlines the fabrication of bioactive glass derived from waste eggshells as a source of calcium via the 
melt and water quenching method. The influence of the CaF2/P2O5 ratio on the physical, structural and me
chanical properties of bioglass samples was investigated. XRD confirmed the amorphous structure, while the 
presence of Si–O–Si, P–O, and C–O indicated the formation of bioglass samples. It was found that increasing CaF2 
content with appropriate P2O5 content could improve the mechanical properties of the bioglass. The increase in 
density can significantly impact the bioglass samples’ compressive strength and vickers microhardness. The 
bioglass with CaF2/P2O5 ratio of 6/4 possessed better properties, showing the optimal compressive strength 
(48.98 ± 0.11 MPa) and vickers microhardness (3.09 ± 0.07 GPa), which is compatible with the human enamel 
and commercial bioglass. Thus, the findings seem to contribute to a prospective cost-effective waste-derived 
bioglass system used in dental applications.   

1. Introduction 

Bioactive glasses are promising materials that have undergone sub
stantial research over several decades [1,2]. The first invented bioactive 
glasses were named Bioglass® 45S5 by Larry Hench in the early 1970s 
[3]. It is a kind of biomaterial that can bond with hard and soft tissues by 
forming hydroxyapatite (HA) layer, mainly applied in biomedical and 
dental fields [4]. It has caught the attention of researchers over the years 
to study bioglass materials. Despite their outstanding bioactive charac
teristics, poor mechanical strength and fracture toughness are the main 
disadvantages limiting the use of non-load bearing applications [5]. 
According to the International Organization for Standardization 6872, a 
dental material needs to have better physical, chemical, biological and 
mechanical properties that are identical to natural teeth [6]. Therefore, 
several studies have been executed to enhance bioglasses’ mechanical 
properties [7,8]. 

It is worth knowing that adding fluoride into bioglasses has a better 

chance of promoting fluorapatite (FAp) formation instead of HA, a key 
element of enamel and dentine. FAp is less soluble in acidic environ
ments and exhibits antibacterial characteristics, making it ideal for the 
dental fields [9]. Moreover, fluoride is also found to promote the density 
and mechanical strength of the glass system [10]. Hence, due to the 
fluoride’s benefits, the studies on the influence of fluoride ions on bio
glasses are still improving. Apart from that, P2O5 plays an essential role 
in enhancing the bioactivity of the bioglass. It allows the rapid apatite 
growth on the glass surface within the 2–10% range. The high content of 
P2O5 in the bioactive glass means that the content of P2O5 that is higher 
than 10 wt% will inhibit the bioactivity reaction of the bioglass [11]. 
Hence, in excess of P2O5 may inhibit the sign of bioactivity. However, 
previous researchers claimed that the P2O5 content that more than 7 wt 
% in the glass has a negative effect on the mechanical properties [12, 
13]. To improve the mechanical properties and bioactive performance of 
the bioglass, this is challenging to choose the proper ratio of CaF2/P2O5 
to get the optimal properties for the novel bioglass composition. 

* Corresponding author. Department of Physics, Faculty of Science, Universiti Putra Malaysia, UPM., 43400 Serdang, Selangor, Malaysia. 
E-mail address: mhmzaid@upm.edu.my (M.H. Mohd Zaid).  

Contents lists available at ScienceDirect 

Journal of Physics and Chemistry of Solids 

journal homepage: www.elsevier.com/locate/jpcs 

https://doi.org/10.1016/j.jpcs.2022.110991 
Received 6 June 2022; Received in revised form 9 August 2022; Accepted 1 September 2022   

mailto:mhmzaid@upm.edu.my
www.sciencedirect.com/science/journal/00223697
https://www.elsevier.com/locate/jpcs
https://doi.org/10.1016/j.jpcs.2022.110991
https://doi.org/10.1016/j.jpcs.2022.110991
https://doi.org/10.1016/j.jpcs.2022.110991
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpcs.2022.110991&domain=pdf


Journal of Physics and Chemistry of Solids 171 (2022) 110991

2

Improving the recycling rate of waste resources to develop valuable 
materials is an ongoing research focus worldwide [14]. Eggshells (EG) 
waste has great potential to reduce the cost of production while making 
the waste resource into more valuable material [15]. Doh and Chin re
ported that Malaysia is one of the biggest egg users globally, where EG 
waste has been disposed of in massive quantity in Malaysia [16]. It has 
also been ranked as the fifteenth major pollution problem in the food 
industry by the Environment Protection Agency [17]. ES waste contains 
97–99% of calcium oxide after high sintering treatment of the eggshells. 
Hence, it has been suggested to use as a calcium source due to its low 
cost and availability [18]. 

The effect of the CaF2/P2O5 ratio on the physical, structural and 
mechanical properties of the bioglass is expected to enhance and get the 
optimal ratio. The increase of the CaF2/P2O5 ratio is expected to increase 
the densification and lead to an improvement in mechanical properties 
of the bioglass. Therefore, the current study aimed to fabricate the 
bioactive glass using EG waste as a source of calcium, with various ratios 
of CaF2/P2O5 through the melt and water quenching method. The 
impact of CaF2/P2O5 ratios of bioglass on the physical, structural and 
mechanical properties was experimentally investigated to determine 
their suitability for dental materials, which matches the mechanical 
properties of natural teeth. 

2. Materials and methods 

2.1. Glass synthesis 

The starting materials of the bioactive glass system with the empir
ical formula 45 SiO2–25CaO–10B2O3–10Na2O-(10-x)P2O5-xCaF2, where 
x = 0, 2, 4, 6, 8, and 10 wt%, were fabricated using melt and water 
quenching method. The eggshells (ES) waste has been chosen to replace 
the pure chemical CaO, while Na2CO3 was used for Na2O. Firstly, the ES 
waste was cleaned and dried at room temperature. The ground dried ES 
was then sent for calcination process at 900 ◦C for 2 h, at a heating rate 
of 10 ◦C/min. During this process, the ES waste, CaCO3, will be con
verted into ES powder, CaO, with the release of CO2. X-ray fluorescence 
(XRF, ZSX Primus IV, Rigaku) was used to identify the elements and 
purity of the CaO produced in ES waste. After that, the ES powder was 
ground and sieved to 45 μm and prepared for the mixing of other 
chemicals. A total of six chemicals included SiO2 (Commercial), CaO 
(Extracted from ES waste), B2O3 (Acros Organics, 98%), Na2CO3 (Alfa 
Aesar, 99.5%), P2O5 (Sigma Aldrich), and CaF2 (R&M Chemicals, 97%) 
were weighted following the empirical formula and mixed. The mixture 
was transferred into an alumina crucible for the melt and water 
quenching process at 1450 ◦C for 2 h at a heating rate of 10 ◦C/min. The 
water used to do quenching in this experiment is in room temperature. 
Next, the obtained glass frits were then crushed and sieved into 45 μm 
particle size powder form. Last but not least, the bioglass samples with 
various CaF2/P2O5 ratios were pressed into a 13 mm diameter size of 
pellet. The bioglass sample pellet will not undergo sintering and was 
sent for physical, structural, and mechanical characterization. The de
tails of the investigated bioglass composition are revealed in Table 1. 

2.2. Glass characterization 

The Archimedes method was used to determine the density mea
surement for bioglass samples. An average of five measurements were 
performed to get the density value provided with the accuracy of 

±0.001 g/cm3. The formulation of density can be denoted as: 

ρglass =(
wair

wair − wwater
)ρwater (1)  

where wair is the samples’ weight in the air, wwater is the samples’ weight 
in water, and ρwater is the density of water which is 1.00 g/cm3. The 
calculation of molar volume for bioglass samples can be expressed as: 

Vm =
MT

ρglass
(2)  

where MT is the total molecular mass of the glass sample and ρglass is the 
density of glass. The accuracy of this measurement is ±0.001 cm3/mol. 

The onset of glass transition temperature (Tg), crystallization onset 
temperature (Tx), glass crystallization temperature (Tc) and thermal 
stability factor (ΔT) of the glass sample were analyzed using differential 
scanning calorimetry (DSC) with a heating rate of 10 ◦C/min using 
thermogravimetric analyzer (model: Mettler Toledo, TGA/DSC 1 HT). 
DSC analysis was done on each sample placed on platinum base up to 
900 ◦C. X-ray diffraction (XRD, X’Pert PRO MPD diffractometer, PAN
alytical, Philips; Cu-Kα radiation = 1.5406 Å at 40 kV and 40 mA was 
used), in the range of angle 20◦–80◦ to identify the amorphous nature 
structure of the bioglass samples. The absorption spectra of the samples 
were analyzed to determine the functional group using Fourier Trans
form Infrared (FTIR) spectrometer (Spectrum 100 series, PerkinElmer) 
in the Attenuated Total Internal Reflectance mode in the wavenumber 
ranging from 400 to 4000 cm− 1. FESEM model (FEI NOVA NanoSEM 
230) was used to analyze the microstructure of the bioglass system with 
various CaF2/P2O5 ratios. The samples were coated by platinum by 
using a spin coating machine to prevent electrostatic charge during the 
scanning process. The bioglass samples were observed with 5000×
magnification. The identification of weight percentage of C, O, F, Na, Si, 
P and Ca was measured by quantitative analysis. 

To determine the mechanical properties of the bioglass samples, a 
compressive strength test (CST) and Vickers microhardness (HV) mea
surements were conducted. In this work, a compressive strength of 
bioglass is performed in cylinder dimension of 4.0 mm × 13.0 mm pellet 
size. Compressive strength of the bioglass samples was performed by 
using Instron 3366 Dual Column Tabletop Universal Test System with 
10 kN load cell at a crosshead of 1 mm/min. The compressive strength 
value is calculated using the formula below: 

σc =
F

πr2 (3)  

where σc is the compressive strength, F is the is the force applied, and r is 
the radius of the cylinder pellet. 

Vickers microhardness (HV) measurements were performed on the 
bioglass samples’ surface by giving a load of 4.905 N or HV 0.5 for 15 s. 
The measurements obtained five readings to get the average results on 
each various ratio bioglass samples. The calculation of the hardness test 
can be calculated using the formula as shown: 

HV = 1.854(
2P sin θ

D2 ) (4)  

where P is the applied load, D is the mean diagonal of the indentation 
(mm), and θ is the angle between the opposite faces of the diamond, 
which is 136◦. 

Table 1 
The bioglass composition with various CaF2/P2O5 ratios in weight.%.  

Composition SiO2 CaO B2O3 Na2O P2O5 CaF2 

BG0F 45 25 10 10 10 – 
BG1F 45 25 10 10 8 2 
BG2F 45 25 10 10 6 4 
BG3F 45 25 10 10 4 6 
BG4F 45 25 10 10 2 8 
BG5F 45 25 10 10 – 10  
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3. Results and discussion 

3.1. XRF analysis 

The purpose of XRF analysis is to confirm the chemical composition 
and the purity of the ES powder after calcination. The weight percent
ages of the ES composition are highlighted in Table 2. The table clearly 
shows that CaO produced in ES powder after calcination is 97.90%. 
Calcinated ES at 900 ◦C for 2 h is the optimal temperature and duration 
to get a higher percentage of CaO [19,20]. Hence, calcined ES is 
considered an excellent choice to replace the conventional CaO. 

3.2. DSC analysis 

The DSC curves obtained for the glass samples are presented in 
Table 3. All the DSC thermograms reveal a distinct onset of the glass 
transition temperature (Tg) and follow by crystallization onset temper
ature (Tx) and also glass crystallization peak temperature (Tc). The glass 
thermal stability (ΔT) also been measured. From Table 3, it can be 
concluded that the glass transition temperature, Tg, decreased gradually 
from 545 ◦C to 491 with the increase in CaF2 concentration. The crys
tallization peak temperature also drops from 682 to 652 ◦C with the 
progress of CaF2 addition in the glass matrix. However, the glass stability 
factor shows a very interesting trend with linearly increasing from 108 
to 141 ◦C (until glass sample BG3F) and suddenly reduced to 138 ◦C with 
further addition of CaF2. From the trend, it can be concluded that the 
BG3F glass sample has the maximum thermal stability compared to 
other glass samples. 

3.3. XRD analysis 

XRD investigation is conducted on the bioglass system to confirm the 
amorphous glass structure. Fig. 1 clearly shows the XRD patterns of the 
bioglass (BG0F, BG1F, BG2F, BG3F, BG4F, and BG5F) with various 
CaF2/P2O5 ratios. The graph reveals a broad hump shape for all the 
bioglass samples showing the characteristics of the amorphous glassy 
structure. It reflects the presence of short-range order in the bioglass 
samples; no sharp peak is observed. The result is agreed with ref. [21] 
claimed that the addition of CaF2 content at below 10 wt% will not lead 
to the crystallization of the bioglass system, which will affect the 
bioactivity of the glass system. 

3.4. FTIR analysis 

The FTIR is a widely used analytical tool for discovering the func
tional groups of the materials. The FTIR spectra of bioglass with various 
ratios are presented in Fig. 2. Similar studies from different authors’ 
previous work are gathered and compiled, as shown in Table 4. There 
are three characteristics mode of vibrations of Si–O bands of all the 
bioglass samples which can be noticed at ~440, ~717, and ~998 cm− 1. 
The peak at ~440 cm− 1 is assigned to the bending vibration mode of 

Si–O–Si. The bands at ~717 cm− 1 and ~998 cm− 1 correspond to the 
Si–O–Si stretching vibration and Si–O–Si asymmetric stretching modes. 
These findings are similar to the de Siqueira and the co-workers in 
Ref. [22]. Moreover, the absorption peak at ~552 cm− 1 is attributed to 
the P–O bending mode, shown in BG0F to BG3F. This band starts to 
disappear with the increase of CaF2/P2O5 ratios. Another band situated 
in ~1401 cm− 1 is attributed to the C–O stretching vibration mode. The 
appearance of the carbonate group may be related to the dissolving of 
carbon dioxide from the ambient temperature from the decomposition 
of calcium carbonate and sodium carbonate used in the glass system 
[23]. 

3.5. FESEM/EDX analysis 

FESEM micrographs is used to describe the microstructure and 
morphology of the bioglass while EDX spectra is to determine the 
quantitative chemical composition of the bioglass with various ratios. 
Fig. 3 depicts the FESEM micrographs of bioglass system at 5000×
magnification and Fig. 4 presents the EDX spectra of the bioglass system. 
The figure shows non-uniform particle distribution by the formation of 
irregular shapes and sharp particle edge in all the bioglass samples. The 
results indicate the amorphous glassy structure which can confirmed by 
the XRD results. 

Besides, the EDX analysis in the figure confirmed the appearance of 
the weight percentage of each element in the bioglass. The bioglass 
sample BG0F contains the element P with 2.22 wt%. However, with the 
increase of CaF2/P2O5 ratios to BG4F, the element P decreases to 0.27 wt 
% while BG5F does not contains element P. Furthermore, the weight 

Table 2 
Weight percentages of the ES powder composition after 
calcination by XRF analysis.  

Composition Weight Percentage, % 

CaO 97.9000 
MgO 0.9030 
Na2O 0.1540 
A2O3 0.1430 
SiO2 0.1400 
P2O5 0.4040 
SO3 0.2200 
K2O 0.0436 
Others 0.0924 
Total 100.0000  

Table 3 
The values for Tg, Tx, Tc and ΔT for the bioglass system with various CaF2/P2O5 
ratios.  

Glass sample Tg (◦C) Tx (◦C) Tc (◦C) ΔT (◦C) 

BG0F 545 653 682 108 
BG1F 519 650 677 131 
BG2F 509 645 671 136 
BG3F 496 637 662 141 
BG4F 493 632 657 139 
BG5F 491 629 652 138  

Fig. 1. XRD patterns of the bioglass system with various CaF2/P2O5 ratios.  
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percentage of F increase from BG1F with 1.70 wt% to BG5F with 7.08 wt 
% with the increase of CaF2/P2O5 ratios. 

3.6. Density and molar volume analysis 

Density measurement is a crucial variable to identify the changes in 
the glass network structure. Fig. 5 depicts the density and molar volume 
of the bioglass system with various CaF2/P2O5 ratios. From the figure, 
the density increases from 2.126 ± 0.001 g/cm3 to 2.168 ± 0.002 g/cm3 

with the increase in CaF2/P2O5 ratios. The increase in density is ascribed 
to the structural rearrangement of the bioglass networks with the 
addition of fluoride concentration. Alternatively, it might be related to 
the high density of CaF2 (3.180 g/cm3) compared to P2O5 (2.300 g/ 
cm3). Therefore, this phenomenon increased the glass density, which 
agrees with Naresh and co-workers [28]. However, there is a drop in 
density resulting in BG4F and BG5F. Raising the fluoride amount further 
will have a detrimental effect since excess CaF2 would cause the glass 
network to become defective, lead to a less dense silicate system and 
impair the hardness of the glass system [29]. Apart from that, molar 
volume is inversely proportional to density. Hence, the graph in molar 
volume shows a decreasing diagram with the increase in CaF2/P2O5 
ratios. In this research, the molar volume of the bioglass system 
decreased from 38.968 ± 0.480 cm3/mol to 29.207 ± 0.100 cm3/mol. It 
might be attributed to the changes in atomic structure that disturb the 
silicate glass system. The addition of CaF2 will modify the silicate glass; 
more non-bridging oxygen is created while forming new bonding be
tween the fluoride ions and oxygen atoms to create bridging oxygen 
bonds. As a result, it improves the glass’ compactness, leading to an 
increase in density and a decrease in molar volume [30,31]. 

3.7. Compressive strength analysis 

The compressive strength test is crucial to evaluate the mechanical 
properties of the dental material, especially during the mastication 
process [32]. The average applied load range during chewing different 
kinds of food is from 6 to 440 N [33]. The compressive strength of 
bioglass system with various CaF2/P2O5 ratios is presented in Fig. 6. 
With the increase of CaF2 content, the compressive strength increases 
from 46.80 ± 0.15 MPa to 48.98 ± 0.11 MPa first and then decreases to 
47.01 ± 0.05 MPa, which has a similar trend with density. The results 
obtained from BG0F to BG5F are considerably higher than the com
mercial 45S5 bioglass ceramics (~37 MPa) [34]. Among the bioglass 

Fig. 2. FTIR spectra of the bioglass system with various CaF2/P2O5 ratios.  

Table 4 
FTIR spectral band assigned to the vibrational modes.  

Wavenumbers (cm− 1) Assignment of vibrational mode Reference 

~440 Si–O–Si bending mode [22] 
~552 P–O bending mode [24] 
~717 Si–O–Si stretching vibration mode [25] 
~956–998 Si–O–Si asymmetric stretching mode [26] 
~1401 C–O stretching mode [27]  

Fig. 3. FESEM micrographs of bioglass system at 5000× magnification for (a) BG0F, (b) BG1F, (c) BG2F, (d) BG3F, (e) BG4F and (f) BG5F.  
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samples, BG3F achieve the optimal compressive strength performance, 
48.98 ± 0.11 MPa. The addition of CaF2 content with control of P2O5 
would lead to the compactness of the structure of the bioglass structure 
[35,36]. Nevertheless, BG4F and BG5F showing poor compressive 
strength results might be caused by the excess CaF2 in the bioglass 
system, affecting the mechanical properties of the final products [37, 
38]. 

3.8. Vickers microhardness analysis 

Vickers microhardness test is another significant mechanical feature 
used to measure the hardness of dental materials in long-term success as 
it can determine the hardness of the soft and hard surface materials with 
higher accuracy [39]. A higher hardness value would benefit the dental 

materials during mastication. Fig. 7 presents the Vickers microhardness 
of bioglass system with various CaF2/P2O5 ratios. A similar pattern can 
be seen with density and compressive strength results. The results reveal 
an increasing trend for BG0F to BG3F, with the value from 2.00 ± 0.07 
GPa to 3.09 ± 0.07 GPa. There is a decreasing trend for BG4F to BG5F, 
with the value from 3.04 ± 0.05 GPa to 3.03 ± 0.03 GPa. Therefore, 
bioglass BG3F with CaF2/P2O5 ratio of 6/4 possesses the optimal 
microhardness value compared to the human enamel, which is 
approximately in the range of 3–5 GPa [40]. They also claimed that 
fluoride additive in the bioglass system enhanced the microhardness 
suitable for dental applications. The microhardness of commercial 45S5 
bioglass, 0.148 GPa, has improved to 1.083 GPa with the incorporation 
of CaF2 [41]. This work aims to improve the mechanical properties of 
the novel bioactive glass system in terms of dental application. 

The addition of P2O5 content in the bioglass system can improve the 
bioactivity properties of the glass by forming the hydroxyapatite (HA) 

Fig. 4. EDX spectra of bioglass system for (a) BG0F, (b) BG1F, (c) BG2F, (d) BG3F, (e) BG4F, and (f) BG5F.  

Fig. 5. The density and molar volume of the bioglass system with various CaF2/ 
P2O5 ratios. 

Fig. 6. The compressive strength of bioglass system with various CaF2/ 
P2O5 ratios. 
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that can bond to hard and soft tissues. However, for the mechanical 
sides, the high content of P2O5 will affect the mechanical properties of 
the bioglass system as it will increase the porosity and decrease in grain 
size of the crystal. On the other hand, the addition of CaF2 content in the 
bioglass system results in the densification and compactness of the glass 
system, leading to the improvement of mechanical properties compa
rable with the human enamel. The formation of fluorapatite (FAp) in the 
bioglass is preferable as fluoride is the key agent in preventing the dental 
caries by enhancing the remineralization and inhibiting the demineral
ization. FAp is one of the main components of enamel and dentin, which 
is more beneficial to apply in dental applications. Hence, to improve the 
mechanical properties of the bioglass glass system while maintaining the 
bioactivity properties, the CaF2/P2O5 ratio will be considered to get the 
optimal results and further studies for the bioactivity properties. 

4. Conclusion 

The cost-effective bioactive glass with various CaF2/P2O5 ratios has 
been successfully fabricated throughout this work by utilizing the egg
shells waste as a source of calcium via the melt-quenching technique. 
The XRF analysis showed the significant oxides in the calcined eggshells 
with high purity was CaO. The XRD and FTIR results confirmed the 
amorphous glassy structure of all the bioglass samples. Meanwhile, the 
presence of Si–O–Si, P–O, and C–O in the bioglass samples showed the 
formation of the bioglass system. The density increases while the molar 
volume decreases with the increase in CaF2/P2O5 ratios. The increase in 
density can greatly impact the compressive strength and vickers 
microhardness of the bioglass samples. BG3F with a CaF2/P2O5 ratio of 
6/4 exhibited optimal compressive strength, 48.98 ± 0.11 MPa, and 
microhardness, 3.09 ± 0.07 GPa among the bioglass samples. Thus, this 
study proposes a novel strategy for fabricating bioglass as promising 
dental materials by using waste resources. 
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