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Abstract
This paper reports on developing low-cost fluoride-containing glass–ceramics derived from eggshells waste as a source of 
calcium via the conventional melt-quenching method. The physical, structural, and mechanical properties of the samples 
before and after sintering is highlighted in this study. XRD and FTIR analysis confirmed the presence of fluorapatite, wol-
lastonite, and cuspidine phases. It is worth noting that adding fluoride to the glass system would lead to the improvement of 
the mechanical properties of the final product. Among all, the sample sintered at 700 °C achieved the highest density and 
mechanical properties. It obtained a density value of 2.626 g/cm3, a microhardness result of 6.72 GPa, and fracture tough-
ness of 3.55 MPa·m1/2. These results are better than commercial 45S5 bioglass (0.148 GPa–0.375 GPa) and comparable to 
the properties of human enamel (2.00 GPa–6.00 GPa). These findings would be believed to contribute to a low-cost waste-
derived fluoride-containing glass–ceramics system in the dental application.
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1 Introduction

Glass–ceramics, discovered by Stookey in the 1950s, are 
polycrystalline materials containing one or more crystal 
phases incorporated into a residual glass [1]. Glass–ceram-
ics are fabricated from the glass of appropriate composition 
after undergoing controlled nucleation and crystallization 

through some sintering process [2]. Bioactive glass–ceram-
ics are materials that have a biological reaction at the surface 
by forming a bond between the living tissue and the mate-
rial. The common feature of the bioglass-ceramics is that 
their surface will develop biologically active hydroxyapatite 
(HA) layer that can bond to the hard and soft tissues such 
as bone. This HA phase mimics the mineral phase of bone 
and teeth [3, 4]. Recently, in response to the high demand 
for dental materials, the development of bioglass-ceramics 
materials with mechanical properties that match the human 
tooth and enamel is desirable [5]. Dental glass–ceramics 
materials are highly attractive due to their excellent physi-
cal and mechanical properties, for instance, wear resistance, 
high microhardness and fracture toughness [6]. However, 
glass–ceramics become more brittle with higher sintering 
temperature. Hence, selecting the right composition and 
optimal sintering temperature for the materials is still an 
interesting research topic to study and investigate.

It is worth mentioning that incorporating new ions into 
the bioglass system and undergoing controlled crystalli-
zation can improve the properties. Fluoride is an efficient 
material for reducing the chance of getting dental cavities by 
inhibiting enamel and dentine demineralization [7, 8]. Fluo-
ride ions incorporated into the bioglass system will form 
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fluorapatite (FAp) instead of HA, where FAp is relatively 
more acid-resistant than HA. In addition, FAp is one of the 
main components of enamel and dentin and possesses anti-
bacterial properties, making it more advantageous to apply 
in the dental application. Besides, fluoride can also enhance 
the materials’ bone density and fracture toughness [9, 10]. 
Several studies have reported the influence of fluoride ions 
on bioglass and bioglass-ceramics. Lusvardi and their co-
workers claimed that the formation of FAp after sintering 
highly depends on the phosphate content. The phosphate 
content of fluoride-containing bioglass-ceramics should not 
be less than 1.6 wt.% to have the appearance of FAp. [11, 
12]. Zhao and the co-workers also reported that adding fluo-
ride content to the glass system may lead to the densification 
and compactness of glass–ceramics. The F- ion will break 
the Si–O single-chain during crystallization, improving the 
crystallinity [13].

Hence, the present work aims to produce bioglass-ceram-
ics where the properties are comparable to the desirable 
properties for dental application. Despite efforts to fabricate 
the bioglass-ceramics system, there are still limited studies 
on utilizing waste material as one of the compositions to 
fabricate the system. Therefore, this work also aims to syn-
thesize the bioglass-ceramics system using eggshell waste 
as the calcium source as starting material. Besides, the stud-
ies on the physical, structural and mechanical properties of 
the fluoride-containing bioglass-ceramics after the sintering 
process will be evaluated.

2  Materials and methods

2.1  Glass–ceramics synthesis

The bioactive glass with the empirical formula 
 45SiO2-25CaO-10B2O3-10Na2O-4P2O5-6CaF2 was syn-
thesized using the melt-quenching technique. The starting 
materials included eggshells waste as a calcium source, 
sodium carbonate  (Na2CO3, Alfa Aesar, 99.5%) as  Na2O 
precursor, silicon dioxide  (SiO2, Commercial), boron oxide 
 (B2O3, Acros Organics, 98%), phosphorus pentoxide  (P2O5, 
Sigma-Aldrich) and calcium fluoride,  (CaF2, R&M Chemi-
cals, 97%). First, the cleaned eggshells underwent a calcina-
tion process at 900 °C for 2 h to get the calcinated eggshell 
powder, CaO. The calcinated eggshell powder was ground, 
sieved into 45 μm powder form, and mixed with the other 
chemicals following the empirical formula. Then, the pow-
der mixtures were transferred into an alumina crucible in the 
electric furnace for the melt and water quenching process 
at 1450 °C for 2 h (heating rate of 10 °C/min). Next, the 
obtained glass frits were crushed and sieved into a particle 
size of 45 μm powder form. The bioglass samples were then 
pressed into a 13 mm diameter size pellet. Lastly, the pellets 

were sintered at 600, 700, 800, and 900 °C for 2 h to study 
the bioglass and bioglass-ceramics samples’ physical, struc-
tural and mechanical properties.

2.2  Glass–ceramics characterization

The density measurement is conducted using the Archime-
des method for bioglass and bioglass-ceramics samples. At 
least five measurements were taken to get the average den-
sity provided with the estimated error of ± 0.001 g/cm3. The 
equation for density can be defined as below:

where  wair = the weight of sample in the air,  wwater = the 
weight of sample in water, and ρwater = the density of water 
which is 1.00 g/cm3.

The amorphous nature structure of the bioglass and 
the crystalline phase existence in the bioglass-ceramics 
were identified using X-ray diffraction (XRD, X’Pert PRO 
MPD diffractometer, PANalytical, Philips; Cu-Kα radia-
tion = 1.5406 Å; 40 kV and 40 mA; range from 20° to 80°). 
The results of the samples were determined by comparing 
them with the Inorganic Crystal Structure Database (ICSD). 
The chemical bonding of the bioglass and bioglass-ceramics 
were determined using Fourier Transform Infrared (FTIR) 
spectrometer (Spectrum 100 series, Perkin Elmer) in wave-
number 400 to 4000  cm−1. The cross-section surface mor-
phology and microstructure of the bioglass and bioglass-
ceramics were analyzed using COXEM EM-30AX scanning 
electron microscopy (SEM). The samples were mounted on 
the stainless steel stab using standard carbon tap and gold 
coated avoid the electorstatic charge during the scanning 
process.

The compressive strength test (CST) and Vickers micro-
hardness (HV) measurements were obtained to study the 
mechanical properties of the bioglass and bioglass-ceramics 
samples. Compressive strength was performed using Instron 
3366 Dual Column Universal Test System (10kN load cell; 
crosshead of 1 mm/min). Vickers microhardness measure-
ments were performed on the samples’ surface by pressing 
a load of 4.905 N (HV 0.5) for 15 s. At least five readings 
will be taken to get the average results on each bioglass and 
bioglass-ceramics sample. The microhardness was calcu-
lated using the formula below:

where P = applied load in kgf, D = mean diagonal of the 
indentation in mm, and θ = angle between the opposite faces 
of the diamond (136°). After obtaining the microhardness 

(1)ρglass =
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wair

wair − wwater

)
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2P sin
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values, the fracture toughness was calculated using the 
Nihara formula [14] denoted as below:

where  KIC = the fracture toughness value, a = the half-length 
of the indentation, c = the half-length of the crack, and 
HV = the Vickers microhardness value.

3  Result and discussion

3.1  XRF analysis

The chemical composition of the eggshells powder after 
calcination is presented in Table 1. The CaO produced from 
the eggshells after calcinated at 900 °C for 2 h is 97.90%. 
Previous researchers have reported that this is the suitable 
temperature and duration to obtain the highest purity of 
the CaO composition [15, 16]. Hence, CaO extracted from 
eggshells is considered as an alternative source to replace 
the commercial CaO as the eggshells are eco-friendly and 
cheaper, which could help to reduce the production cost.

3.2  Density analysis

Figure 1 shows the density measurement of bioglass and 
bioglass-ceramics with various sintering temperatures. The 
bioglass without sintering is denoted as 30 °C. As can be 
seen in Fig. 1, the density increases from 2.168 g/cm3 to 
2.626 g/cm3 with the increment of sintering temperature up 
to 700 °C. The result is related to the densification process 
that took place, making the samples’ structure more compact 
and dense with the increase in sintering temperature [17]. 
Further increasing the sintering temperature to 900 °C, there 
is a fall in the density from 2.440 g/cm3 to 2.012 g/cm3. The 
decreasing trend might be due to the rapid diffusion of the 

(3)KIC = 0.203

(

c

a

)−
3

2

⋅ HV ⋅ a
1

2

particle stimulating the crystal to grow, which inhibits the 
densification of the glass–ceramics [18]. Hence, the sam-
ple with 700 °C showed the highest density among all the 
samples.

3.3  XRD analysis

XRD analysis is conducted on the bioglass and bioglass-
ceramics to confirm the amorphous nature and identify the 
presence of crystalline phases after the sintering process. 
Figure 2 shows the XRD patterns of the bioglass and bio-
glass-ceramics with various temperatures. From the Fig. 2, 
it can be seen that there are no sharp peaks detected for the 
bioglass and bioglass sintered at 600 °C, showing the amor-
phous nature of the glass structure of the samples. It can be 
noticed that the phase compositions of the bioglass sintered 
at 700 °C belong to fluorapatite (ICSD 89–006-5266) and 
cuspidine (ICSD 98-002-1508) with a minor phase of silicon 
dioxide (ICSD 98–003-3030). Fluorapatite (FAp) containing 
glass–ceramics is a bioactive compound with an apatite-like 
structure, where the OH groups are replaced by fluorine. 
FAp is claimed that it can increase the hardness as well as 
protect the samples against the effect of lower pH in the oral 
cavity [19].

Furthermore, it is observed that the appearance of the 
wollastonite (ICSD 98–004-6164) phase and the charac-
teristic peaks of fluorapatite increase significantly with the 
increment of sintering temperatures up to 900 °C. This vari-
ation of phase compositions is mainly due to the sintering 
temperature that would enhance the atomic mobility, lead-
ing to the grain growth and resulting in better crystallinity 
of the samples [20]. Similar results from Sujirote and the 
co-workers where the formation of the cuspidine phase will 
transform into wollastonite at higher sintering temperature 
with the addition of fluoride [21]. The presence of the wol-
lastonite phase in the samples provides good strength and 

Table 1  Chemical compositions 
of the eggshells powder after 
calcination

Chemical compo-
sition

Weight per-
centage, %

CaO 97.9000
MgO 0.9030
Na2O 0.1540
Al2O3 0.1430
SiO2 0.1400
P2O5 0.4040
SO3 0.2200
K2O 0.0436
Others 0.0924
Total 100.0000
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Fig. 1  Density measurement of bioglass and bioglass-ceramics with 
various temperatures
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will not affect the bioactivity of the final product. Hence, the 
crystal phase formation of the samples is highly dependent 
on the composition stoichiometry and sintering behavior.

3.4  FTIR analysis

FTIR analysis is a common technique for identifying the 
glass structure, and it is claimed to be an effective tool for 
detecting the glass crystallization after sintering [22]. Fig-
ure 3 presents the FTIR spectra of bioglass before and after 
sintering with various temperatures. The assignments of 
vibrations modes and the band’s position for the samples’ 
FTIR spectra are gathered and compiled in Table 2. The 
absorption band for the samples without sintered and after 
sintered at 600 °C are situated in the range of 400–470  cm−1, 
530–600  cm−1, 650–800  cm−1, and 850–1150  cm−1. The 
broad width of the absorption band reflects the characteris-
tic of the glass structure. Further raising the sintering tem-
perature to 700 °C, the formation of a new absorption band 
appeared at 852  cm−1, which belonged to the Cuspidine 
structure [23]. This finding can be proven by the result of 
the XRD analysis. Furthermore, when the sample sintered 
up to 900 °C, it is worth to note that there are more absorp-
tion bands and shifting bands in the figure, showing the pres-
ence of crystalline phases in the sample network. From the 

figure, the absorption band located at 422–453  cm−1 and 
400–600  cm−1 are attributed to the Si–O–Si bending vibra-
tional mode [24] and Ca–O stretching vibrational mode [25]. 
The band at 512  cm−1 is attributed to the Si–O–Si bending 
vibrational mode [26] that forms the Ca–O–Si bond [27]. 
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Fig. 2  XRD patterns of bioglass and bioglass-ceramics with various 
sintering temperatures
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Fig. 3  FTIR spectra of bioglass and bioglass-ceramics with various 
sintering temperatures

Table 2  FTIR spectral band assigned to the vibrational modes

Wavenumbers  (cm−1) Assignment of vibrational mode References

 ~ 422–453 Si–O–Si bending mode [24]
 ~ 400–600 Ca–O stretching mode [25]
 ~ 512 Si–O–Si bending mode

Ca–O–Si mode
[26]
[27, 42]

 ~ 539–565, ~ 598 P–O bending mode [34, 35]
 ~ 641–681 OH- vibrational mode [31]
 ~ 720 P–O–P symmetric stretching 

mode
Si–O–Si stretching mode

[37]
[28]

 ~ 902 Si–O–Si stretching mode [29]
 ~ 934 Si–O–NBO stretching mode [30]
 ~ 965 C–O bending mode [39]
 ~ 1015 P–O stretching mode

Si–O-Si asymmetric stretching 
mode

[36]
[38]

 ~ 1397 C–O stretching mode [40]
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The appearance of the intense absorption bands at higher 
sintering temperatures indicated the formation of wollas-
tonite crystal phases in the sample structure. Besides, some 
new bands at 720  cm−1 and 902  cm−1 that emerged in the 
absorption spectra are assigned to the Si–O–Si symmet-
ric stretching vibration mode [28, 29], where the band at 
934  cm−1 is assigned to the Si–O–NBO symmetric stretching 
vibration mode [30].

Moreover, the presence of OH vibrational mode located 
in 641–681   cm−1 suggested that the hydroxyl groups in 
fluorapatite samples were substituted by the fluoride ions 
[31]. The similar observations presented by Freund and 
Knobe, and Rintoul and the teams mentioned that the 
absorption spectra falls in the 630–750  cm−1 region indi-
cated the appearance of –OH groups in the –OH···F bonds 
in the fluorapatite spectra [32, 33]. Apart from that, the P–O 
bending vibrational mode [34, 35] and P–O stretching vibra-
tional mode [36] are located at 539–565  cm−1, 598  cm−1, 
and 1015  cm−1, are referred to the presence of crystalline 
phosphate in the apatite formation. Another band situated 
in 720  cm−1 is related to the superposition of P–O–P and 
Si–O–Si symmetric stretching vibration mode in the apatite 
spectra, as suggested by Abo-Naf and the co-workers [37]. 
On the other hand, the band located at 1015  cm−1 with the 
increasing sintering temperature can be referred to as the 
overlapping of P–O symmetric and Si–O–Si asymmetric 
stretching vibration mode [38]. It can be observed that the 

weak bands located at 965  cm−1 and 1397  cm−1 are related 
to the C–O bending [39] and stretching [40] vibrational 
group, respectively. The results can be explained by the pres-
ence of the carbonate ion in the apatite phase. There might 
also be due to the decomposition of calcium carbonate and 
sodium carbonate used in the glass samples [41]. Since the 
FTIR spectra for both phases are different, the absorption 
spectra can detect the formation of FAp spectra instead of 
HA spectra in this study.

3.5  SEM analysis

Figure 4 illustrates the SEM micrographs of the bioglass and 
bioglass-ceramics with various sintering temperatures using 
the magnification of 1000x. Generally, the evolution of the 
microstructure happened with the progression of sintering 
temperatures. From Fig. 4a and b, it can be seen that the 
micrographs show the non-uniform particle distribution with 
irregular shapes, indicating the amorphous glass structure. 
Increase the sintering temperature to 700 °C, the sample 
consolidated and possessed densification, showing fewer 
pores and vacant areas in the sample, as shown in Fig. 4c. 
This confirmed the effectiveness of the sintering process 
[43]. Meanwhile, Fig. 4d and e show the micrographs of 
the samples with the presence of pores. The large pores are 
likely related to the porosity created by the decomposition 
of  CaCO3 with the  CO2 gasses trapped in the samples, which 

Fig. 4  SEM micrographs of bioglass and bioglass-ceramics with various sintering temperatures at 1000× magnification for (a) 30  °C, (b) 
600 °C, (c) 700 °C, (d) 800 °C and (e) 900 °C
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takes place at a temperature where the viscosity facilitates 
the expansion of the samples [42, 44]. The porosity that 
presence in the samples would affect the mechanical proper-
ties of the final products.

3.6  Compressive strength analysis

Strength is a crucial criterion for studying the mechanical 
properties of the samples as final dental materials. Basi-
cally, the average load during the normal chewing pro-
cess is reported in the wide range from 6 to 440 N [45]. 
Higher strength to withstand the tension from the load is 
more favorable for dental application. Figure 5 shows the 
compressive strength results of the bioglass and bioglass-
ceramics with various sintering temperatures. From the 
Fig. 5, the compressive strength of the sample increases 
from 48.98 ± 0.05 MPa to 73.84 ± 0.14 MPa as the incre-
ment of sintering temperature up to 700 °C. The increase 
in compressive strength performance is mainly caused by 
the occurrence of crystallization and densification of the 
bioglass, leading to the compactness of the samples, which 
has a similar result as the density measurement. Zhao and 
the research team reported that the appearance of fluorapa-
tite and the cuspidine phase would enhance the mechanical 
properties of the final sample [13]. However, raising the sin-
tering temperature to 900 °C showed an adverse result, as the 
bioglass-ceramics sample might become more brittle with 
a higher sintering temperature. The decrease in mechanical 
properties from the results when the sintering temperature 
increases from 800 °C to 900 °C might be related to the 
formation of more phases during crystallization, increasing 
the size of the pores in the samples. Hence, this results in 
weak compressive strength compared to the other samples. 

Therefore, choosing the optimum temperature to get better 
properties of the final product is still very challenging.

3.7  Vickers microhardness and fracture toughness 
analysis

Another crucial mechanical features for testing on long-
term dental materials include microhardness and fracture 
toughness analysis. The quality of the final product is highly 
dependent on the high hardness value of the material, which 
is similar to human enamel [46]. Figure 6 presents the Vick-
ers microhardness of the bioglass and bioglass-ceramics 
with various sintering temperatures. The figure shows an 
increasing graph when the sintering temperature goes up 
to 700 °C and a decreasing graph from 800 °C to 900 °C. 
Among all the temperatures, the sample sintered at 700 °C 
reveals the highest microhardness value, 6.72 ± 0.03 GPa. 
The high microhardness result might relate to the increase 
in sintering temperature, leading to the compactness of 
the samples. Besides, adding fluorine helps improve the 
mechanical properties of the samples [47]. The microhard-
ness of the produced samples (3.09 GPa – 6.72 GPa) is sig-
nificantly higher than the microhardness of 45S5 commer-
cial bioglass (0.148 GPa – 0.375 GPa) [48] and comparable 
to that of the human enamel (2.00 GPa – 6.00 GPa) [49].

On the other hand, Fig. 7 presents the fracture toughness 
of the bioglass and bioglass-ceramics with various sinter-
ing temperatures. Among all the results, the sample sintered 
at 700 °C obtained the optimal fracture toughness value of 
3.55 ± 0.15 MPa·m1/2. Although the fracture toughness of 
the samples is not that high, it is still higher than that of 
45S5 commercial bioglass (0.50 MPa·m1/2 – 1.00 MPa·m1/2) 
[50] and closer to that of the human enamel (0.67 MPa·m1/2 
– 3.97 MPa·m1/2) [51]. The fracture toughness of dental 
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Fig. 5  The compressive strength of bioglass and bioglass-ceramics 
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material is a significant concern in dentistry application. 
The resistance to fracture is the main requirement for most 
structural materials [52]. Hence, choosing the suitable com-
position and sintering temperature have to be considered to 
get better characteristics of the final product to be applied in 
the dental application.

4  Conclusion

This study shed light on developing low-cost fluoride-con-
taining glass–ceramics derived from eggshells waste as a 
calcium source via conventional melt-quenching technique. 
As a result, the dense and sinter-crystallized materials were 
successfully produced through the sintering process. The 
XRF analysis confirmed the purity of CaO in the calcinated 
eggshells. The XRD and FTIR results confirmed the pres-
ence of fluorapatite, wollastonite, and cuspidine phases. 
Among the investigated materials, the sample with a sin-
tering temperature of 700 °C obtained the highest density 
value, compressive strength, microhardness, and fracture 
toughness. The obtained results are similar and compara-
ble to the properties of the human enamel. These features 
qualify the produced samples for further investigation as 
potential candidates for dental application.
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