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ABSTRACT 

A series of 25, 60, 75 and 100 mol% zinc substituted for calcium ionomer glasses of 

the composition 4.5SiO2-3Al2O3-1.5P2O5-3CaO-2CaF2 were produced following a 

well-established melt quench route. Similar glass compositions have been widely used 

in dentistry as the glass component in glass ionomer cements. The glasses crystallise 

to an apatite and mullite phase after appropriate heat treatments and are interesting 

materials for bone repair. Zinc is a bactericidal agent and has shown ability to 

stimulate osteogenesis. The new zinc containing glass compositions were 

characterized by Helium Pycnometer, DSC, TGA, SEM and EDX. The density of the 

zinc substituted glasses and glass-ceramics increased with increasing the zinc content 

as expected. The glass transition temperature decreased with zinc substitution, 

whereas the crystallization temperature increased with zinc substitution. Zinc 

substituted glasses lead to the formation of gahnite in expense of mullite. Fluorapatite 

formation was not favoured in high zinc content glass ceramics, whereas loss of 

fluorine in the form of SiF4 was suggested. SEM and EDX analysis showed 

significant changes in the morphology of glass ceramics with zinc substitution. The 

formation of gahnite during glass crystallization may open new application avenues 

for these materials in the field of semiconducting materials.  
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1. Introduction 

Calcium fluoro-alumino-silicate glasses are commonly used for the formation of 

polyalkenoate cements and have a range of applications especially in dentistry.  

Previous studies have shown that such glasses can crystallize to form fluorapatite 

[1-4]. Apatite and fluorapatite glass-ceramics have attracted a lot of interest due to 

apatite being an important mineral phase of tooth and bone. Recently, a strontium 

containing glass ceramic (4.5SiO2-3Al2O3-1.5P2O5-3SrO-2SrF2) exhibiting a 

strontium fluorapatite phase was reported to be non-biodegradable and 

osteoconductive similar and comparable to a bioactive HA-bioglass composite that 

was used as control [5]. The above study established the osteointegration of the 

strontium containing glass ceramic during short term implantation in a rabbit model 

[6]. Although, a number of cation substitutions for calcium studies in the above glass 

composition have been reported and the cation size effect on the structure of the glass 

and glass ceramics has been investigated [5], the effect of Zn addition on the 

apatite-forming ability of this glass has not been reported.  

Two zinc glass compositions have attracted research attention in the literature; 

CaO-ZnO-SiO2 and Al2O3-ZnO-SiO2 [7-9]. In the CaO-ZnO-SiO2 ternary system, zinc 

oxide acts as both a network modifier and an intermediate oxide like alumina as 

reported by R. Hill et al. [7]. In addition, the release of zinc enhances bone formation 

and mineralization by directly activating the aminoacyl-tRNA synthetase in 

osteoblastic cells as well as stimulating cellular protein synthesis [8]. Moreover, zinc 

is important for the function of the immune system and has been recognized as an 



antibacterial agent [9, 10]. Due to the above mentioned advantages, zinc silicate 

glasses may have a great potential as cement formers and as glass ceramics in hard 

tissue replacement. However, reports suggest that the zinc glass based cements have 

inferior mechanical properties compared to the corresponding aluminosilicate glass 

based cements for use in clinical dentistry [11-13]. Recently, zinc was incorporated 

into a Ca-Si system, forming a material referred as hardystonite (Ca2ZnSi2O7), which 

possesses improved mechanical properties with increased bending strength and 

fracture toughness as compared to hydroxyapatite (HAP) [14]. Furthermore, reports 

on zinc oxide addition in bioactive glasses and phosphor-silicate glasses have shown 

that zinc addition results in a decrease in the solubility of glasses as well as cytotoxic 

effects at levels of zinc ion release of higher than 2 ppm [15, 16]. Due to the 

properties of glass and glass-ceramics being determined critically by their 

composition (network modifiers and their atomic environment), the crystallisation 

process and the microstructure, both the design and characterisation of these glasses 

play a very important role in the development of new medical glasses.  

In the present study, addition of zinc oxide to the following ionomer glass 

composition 4.5SiO2-3Al2O3-1.5P2O5-(3-x)CaO-(2-y)CaF2-xZnO-yZnF2 is expected 

to have an effect on the structure of the glass as well as the formed glass-ceramics. It 

is also expected that the produced glass ceramics might have stimulatory effects on 

bone formation. More importantly, if Zn would act as an intermediate oxide, this will 

allow the design of new aluminium free glass compositions for bioceramic 

applications as well as dental and bone cements.  



The purpose of the present work was to study the influence of zinc substitution on the 

crystallisation and specifically the apatite forming ability of fluorine containing 

calcium-alumino-silicate glasses. All the substituted glasses are based on the 

composition of 4.5SiO2-3Al2O3-1.5P2O5-3CaO-2CaF2, which can crystallise to 

fluorapatite (FAP) and mullite on appropriate heat treatments. The samples were all 

characterised by DSC, TGA, XRD, SEM and EDX in order to observe the effect of 

zinc substitution on the crystallisation of glasses. 

2. Materials and Methods 

2.1. Materials preparation 

The molar composition of the fluorine containing alumino-silicate glasses is shown in 

Table 1. The glass components silicate dioxide (SiO2), aluminium oxide (Al2O3), 

phosphorus pentoxide (P2O5), calcium fluoride (CaF2), zinc oxide (ZnO), zinc 

fluoride (ZnF2) and calcium carbonate (CaCO3), supplied by Sigma Aldrich, were 

weighed out to give approximately 100 g of glass for each composition.  

 

Table 1: Molar composition of Zn substituted alumino-silicate glasses 
 

Glass code SiO2 Al2O3 P2O5 CaO CaF2 ZnO ZnF2 

0%Zn 4.5 3 1.5 3 2 0 0 

25%Zn 4.5 3 1.5 1.75 2 1.25 0 

60%Zn 4.5 3 1.5 0 2 3 0 

75%Zn 4.5 3 1.5 0 1.25 3 0.75 

100%Zn 4.5 3 1.5 0 0 3 2 

 



The oxide powders were well mixed in a plastic container and transferred to a 

platinum rhodium (Pt, 5% Rh) crucible. The crucible was then placed in an electric 

furnace (EHF 17/3, Lenton, UK) for a period of 1.5 hours at a temperature of 1450°C. 

The glass melt was then quenched into deionized water to prevent phase separation 

and crystallisation. The frit glasses were milled followed by sieving. Fine (<45μm) 

and coarse glass particles (45μm-100μm) were obtained for further analysis. X-ray 

diffraction showed that all glasses were amorphous with the exceptions of 75%Zn, 

that was possible to quench but was partly crystallised and 100%Zn that was 

crystallised in the crucible and was not possible to quench. It is worth mentioning, 

that the 75%Zn glass was still transparent. As this glass was partly crystallised it 

could not be directly compared to the rest of the amorphous glasses but it was 

included to the results as an example of the effect of high zinc substitution.    

2.2 Characterisation of glasses and glass ceramics  

Differential scanning calorimetry was used in order to examine the thermal transitions 

of the glass compositions in the temperature range from 300 to 1300oC.  The 

instrument used was a NETZSCH 404C DSC with pairs of matched 

platinum-rhodium crucibles. All the measurements were performed using 20 mg of 

glass samples in dry argon at a heating rate of 10oC/min. For the TGA measurements, 

the instrument used was a NETZSCH Thermal Analysis STA 449C with pairs of 

matched platinum-rhodium crucibles. All the measurements were performed with 20 

mg of glass samples in dry argon at a heating rate of 10oC/min.  

The density of glasses and glass ceramics was measured by a helium pycnometer 



(AccuPyc II 1340 Series). The standard deviation of all measurements was less than 

0.0009 g/cm3. The samples had a particle size of <45μm and the mass of the samples 

was approximately 1gr. In order to calculate the density of glasses and glass ceramics, 

the average of ten consecutive measurements was taken. 

The oxygen density (OD) was calculated by using the following equation: 

glassofweightmolecular
glasstheinoxygensofmolesofno

DOD ×=         (Equation 1) 

where D is the density of the glass measured by helium pycnometer. 

X-ray powder diffraction was used in order to identify the crystal phases present and 

study the effect of cation substitution on the crystallisation of glasses. All glass 

samples were heat treated in a furnace at 1100oC for 1 hour. X-ray diffraction was 

then performed on the heat treated samples using a continuous scan between 2θ = 10° 

and 60°, with a step size of 2θ = 0.0200°. A Philips analytical X-Pert XRD was used 

with Cu KA at 40 kV and 40 mA. 

An XL 30 SEM&EDX FEG electron microscope was used in order to investigate the 

morphology of the glass ceramics operated at 20 kV. Prior to characterisation all glass 

ceramics were etched with HF (10%). All the glass ceramic samples were coated with 

carbon using an SB250 coating machine. The standard deviation for EDX results was 

less than 0.15wt%. 

3. Results  

3.1 Density study of Zn Substituted Glasses and Glass Ceramics 

The measured density and oxygen density for zinc containing alumino-silicate glasses 

are shown in Figures 1 and 2. It is indicated, that the density increased proportionally 



with zinc substitution with the lowest density for 0%Zn and the highest density for 

60%Zn. In the case of 75%Zn, the density measured 3.03 g/cm3 but cannot be 

compared directly to the rest of the glasses as this one was partly crystallised.  

Similarly, the oxygen density increased with increasing zinc substitution as shown in 

Figure 2.  

 

Figure 1: Density of zinc containing glasses. 

 
Figure 2: Oxygen density of zinc containing glasses. 

 

In the case of glass ceramics, the density was increased with zinc substitution from 



2.88 g/cm3 for 0%Zn to 3.17 g/cm3 for 75%Zn (Figure 3). It is clear, that there is a 

linear relationship between the density and the zinc molar content. 

 
Figure 3: Density of zinc containing glass-ceramics. 

 

3.2 DSC and TGA thermal analysis 

Tables 2 and 3 present the glass transition, the crystallization and the crystal 

dissolution temperatures of both fine (<45μm) and coarse glass powders (>45 and 

<100μm). From Table 2, it is clear that the glass transition temperature of all fine 

glass powders decreased with zinc substitution. The first crystallisation temperature 

increased with substitution with the exception of the 75%Zn substitution, where a 

small decrease was observed compared to the 60%Zn substitution. As mentioned 

above 75%Zn glass was partly crystallised and cannot be directly compared to the 

amorphous glasses. It is interesting to note, that the second crystallisation temperature 

was not significantly affected by the substitution, whereas the crystal dissolution 

temperature exhibited a slight increase with zinc substitution. 

 



Table 2: DSC analysis data for all Zn containing fine glass powders measured at a 

heating rate of 10ºC /min. 

Glass 
(fine particle 

size) 

Zn content 
(molar %) Tg(ºC ) Tp1(ºC ) Tp2(ºC ) 

Crystal 
dissolution 

temperature 
(ºC) 

0%Zn 0 655 751 934 ---- 
25%Zn 25 625 842 947 1161 
60%Zn 60 616 943 ---- 1160, 1185 
75%Zn 75 595 876 ---- 1244 

 

Table 3: DSC analysis data for all Zn containing coarse glass powders obtained at a 

heating rate of 10ºC /min. 

 

Glass 
(coarse 

particle size) 

Zn content 
(molar %) Tg(ºC ) Tp1(ºC ) Tp2(ºC ) 

Crystal 
dissolution 

temperature 
(oC) 

0%Zn 0 667 793 1008 ---- [98] 
25%Zn 25 627 933 1032 1173 
60%Zn 60 613 ---- ---- 1188 
75%Zn 75 616 ---- ---- 1255 

 

From Table 3 on the other hand, it can be observed that the glass transition 

temperature of the coarse glass powders did not change significantly with substitution, 

whereas no crystallisation temperatures were observed for 60%Zn glass. A 

crystallisation temperature was also not observed for the partly crystallised 75%Zn 

glass. Crystal dissolution temperatures observed in the DSC graphs are shown in 

Figures 4, 5 (a) and 6 (a) as an endothermic transition.  



 
Figure 4: DSC traces of 25%Zn glass having different particle size (coarse and fine 

particle size) obtained at a heating rate of 10℃/min. 

 

 
Figure 5: (a) DSC trace of 0%Zn glass (fine particle size) obtained at a heating rate of 



10oC/min. (b) Thermogravimetric analysis of 0%Zn glass (fine particle size). 

 

 
Figure 6: (a) DSC trace of 75%Zn glass (fine particle size) obtained at a heating rate 

of 10oC/min. (b) Thermogravimetric analysis of 75%Zn glass (fine particle size). 

 

Since crystal dissolution temperatures were observed, one may think that 

crystallisation occurred very slowly. For this reason, isothermal measurements were 

conducted at 1000ºC. The isothermal DSC graph for the 60%Zn coarse particle size 

glass is shown in Figure 7. The transition temperature did not change significantly and 

the crystallisation temperature was observed at 1000ºC.  

 



 
Figure 7: Isothermal DSC curve of 60%Zn (coarse particle size). One hour hold at 

1000oC. 

 

All fine particle size glasses exhibited one glass transition temperature, one or two 

crystallisation peak temperatures (Table 2) and another endothermic transition during 

which a small weight loss was observed in the TGA analysis shown in Figure 5(b) and 

6 (b). The weight loss in glasses occurred in two stages: The temperature at which the 

first weight loss was recorded was 750 to 662ºC, whereas the temperature at which 

the second weight loss (total 0.2%) was observed was around 1000ºC. Above this 

temperature, the weight loss that was observed for all glasses was 1.25% with the 

exception of 75%Zn of which the weight loss increased to 2.3%. Generally, only a 

small weight loss was observed for all glasses with the partly crystallised 75%Zn 

substituted glass to have the highest.  

3.3 XRD study of zinc substituted glasses and glass-ceramics 

Table 4 presents the crystal phases formed after the crystallisation of glasses. Figure 8 

(a) and (b) show the X-ray diffractogramms of zinc substituted glasses and 

glass-ceramics. The 0%Zn glass was crystallised mainly to Ca fluorapatite 



[Ca5(PO4)3F] and mullite (Al6Si2O13). Aluminium phosphate (AlPO4) was present as 

minor phase only.  

 
Table 4: Main Crystal phases in zinc substituted glass-ceramics. 
 
Glass Crystal phases 

0%Zn Ca5(PO4)3F Al6Si2O13 AlPO4 x x 

25%Zn Ca5(PO4)3F Al6Si2O13 AlPO4 ZnAl2O4 x 

60%Zn Ca5(PO4)3F SiO2 
(cristobalite) 

AlPO4 ZnAl2O4 CaZn2(PO4)2 

75%Zn Ca5(PO4)3F SiO2 
(cristobalite) 

AlPO4 ZnAl2O4 CaZn2(PO4)2 

 

Figure 8 (b) represents the diffractogram of the 25%Zn substituted crystallised glass. 

Gahnite (ZnAl2O4) and fluorapatite were the major phases, whereas AlPO4 was again 

a minor phase. The diffractogram of 60%Zn crystallised glass shown in Figure 8 (b) 

suggested that gahnite (ZnAl2O4) was the major phase. Calcium zinc phosphate 

[CaZn2(PO4)2], fluorapatite and cristobalite (SiO2) were also present, whereas AlPO4 

was again a minor phase. Figure 8 (b) shows also the X-ray diffractogram of 75%Zn 

crystallised glass. Similarly to 60%Zn glass ceramic, it is suggested that the glass was 

crystallised to gahnite, calcium zinc phosphate and a small amount of fluorapatite and 

crystobalite, whereas AlPO4 was again present as a minor phase.  



 

 
Figure 8: (a) X-ray diffractogramms of 60% and 75% zinc substituted glasses, (b) 

X-ray diffractogramms of glass-ceramics with different Zn substitutions. 

 

3.3 SEM and EDX studies of Zn substituted glass-ceramics 

Figure 9 shows an SEM micrograph and EDX analysis for the calcium base glass 

ceramic. A needle like morphology was observed for the glass ceramic corresponding 

to fluorapatite crystal phase interlocking with the mullite phase.  



 
Figure 9: SEM and EDX analysis of 0%Zn glass-ceramic. 

 

Figures 10-11 show the microstructure and morphology of different zinc substituted 

glass-ceramics. Figure 10 represents the SEM and EDX analysis for 25%Zn glass 

ceramic. The etched surface of the glass ceramic was very similar to the etched 

surfaces observed in previous work where needle-like fluorapatite was present [5]. 

EDX and XRD analysis showed that gahnite was a new phase formed when Zn was 

substituted for Ca. Figure 11 shows the SEM and EDX analysis of 60% and 75%Zn 

glass ceramics. It is clear that fluorapatite was still present as a needle-like phase, 

whereas gahnite exhibited a polygonal crystal morphology [12].  

 
Figure 10: SEM and EDX analysis of 25%Zn glass-ceramic. 



 

Figure 11: SEM and EDX analysis of 60%and 75%Zn glass-ceramics. 

 

4. Discussion 

The measured density values were increased linearly with increasing the zinc molar 

content (Figure 1). The substitution of zinc for calcium resulted in increasing the 

density of glass as zinc has a larger atomic weight (AW=65.3) than the atomic weight 

(AW=40) of calcium, although the atomic radius of Zn (134 pm) [17] is significantly 

smaller than the atomic radius of calcium (197 pm) [17]. Since the atomic weight of 

zinc and calcium are significantly different, the linear increase of density indicates 

that the atomic weight change has a more important effect on the density values than 

the atomic radius. Consequently, it was observed that zinc substitution can lead to 

both an increase in glass and oxygen density. In the glass network, the oxygen density 

reflects the degree of packing of atoms. There is a slight linear increase in the oxygen 

density from 0%Zn to 60%Zn glasses, indicating a closer packed glass network. It has 



been reported [5], that in a similar glass composition with 25, 50, 75 and 100% 

barium substitution for calcium (4.5SiO2- 3Al2O3-1.5P2O5-3BaO- 2BaF2), the oxygen 

density of glasses showed a linear decrease suggesting that barium substitution for 

calcium resulted in an expanded glass network. It is worth noticing, that barium has 

an atomic radius of 215 pm larger than the atomic radius of calcium (197 pm) [17]. 

Similarly, the measured density values for the glass ceramics were increased with 

increasing the molar content of zinc (Figure 3). This was due to the density dependent 

on the type of phases as well as the amount of each phase formed in the glass 

ceramics. For example, the density of crystal phases such as Ca-FAP [Ca5(PO4)3F], 

Mullite (Al6Si2O13), Gahnite (ZnAl2O4), Calcium Zinc Phosphate [CaZn2(PO4)2] and 

Cristobalite (SiO2) are 3.15, 3.00, 4.62, 3.9 and 2.27 g/cm3, respectively [18]. With 

increasing zinc substitution, both fluorapatite and mullite were replaced by calcium 

zinc phosphate and gahnite and as a consequence 75%Zn glass ceramic exhibited the 

highest density value, while the 0%Zn glass ceramic exhibited the lowest value. 

The lowest glass transition temperature was 616oC for the 60%Zn (and 595ºC for the 

partly crystallised 75%Zn fine particle size glass), suggesting that with increasing zinc 

content in the glass, more zinc ions can enter the glass network, affecting the glass 

microstructure and chemical bonding. The question is whether zinc takes part in the 

glass network formation. We think that most likely this is not the case and zinc may 

result to phase separation competing for aluminium with silicon [19]. It has been 

reported [20-22], that the mixed cation effect can be present in glasses and represents 

the nonlinear variations of properties related to the cation movement and structural 



properties, when one type of cation in glass is gradually replaced by another under 

unvarying total cation content. Rao et al. [23] reported, that the glass transition 

temperatures of xK2O–(40−x)Na2O–50B2O3–10As2O3 system were negatively 

deviated from linearity (0 ≦x≦40) following the order Tg, Na > Tg, K. It is most 

likely, that the lower Tg in our case is due to the above described mixed cation effect. 

It is interesting to observe, that there are two crystallisation temperatures in both 

0%Zn and 25%Zn glasses. As reported previously for the 0%Zn glass [11], the first 

crystallisation temperature (around 620ºC) was due to the fluorapatite formation, 

whereas the second crystallization temperature was due to the mullite formation and 

crystal growth of both mullite and fluorapatite. Similarly, the first crystallisation 

temperature in the 25%Zn glass corresponded to the fluorapatite phase, whereas the 

second crystallisation temperature corresponded to fluorapatite crystal growth as well 

as mullite and gahnite phase formation. As zinc content increased, only one 

crystallisation temperature was observed and as mentioned in section 3.2, the 60%Zn 

glass (and partly crystallised 75%Zn glass) crystallised mainly to gahnite and 

cristobalite as well as to a minor phase of zinc calcium phosphate and fluorapatite. It 

seems that the high zinc content glasses separated into a zinc aluminium rich phase, a 

silicon rich phase and a zinc-calcium-phosphorus rich phase. The 100% zinc 

substituted glass was not possible to form as it crystallised rapidly, suggesting that 

most likely zinc disrupted the glass network leading to phase separation. The 

endothermic transition at around 1200ºC was thought to be due to crystal dissolution 

which increased with increasing zinc substitution [24].  



Zinc containing glasses of different particle size (<45μm and 45-100μm) were studied 

by DSC analysis from room temperature to 1300ºC at a heating rate of 10ºC /min. 

Bulk crystallization is generally manifested by the independence of the crystallisation 

peak temperatures from the particle size, while the opposite suggests dependence 

from the surface area and therefore surface crystallisation [25]. Previous work 

suggested that the calcium base glass exhibited mainly bulk crystallisation and the 

crystallisation temperatures were not dependent on the particle size of glass. However, 

the 25%Zn glass showed dependency of both crystallisation temperatures on the glass 

particle size (Figure 4), suggesting surface crystallisation. Similarly, the 60%Zn glass 

(and partly crystallised 75%Zn glass) showed a similar behaviour. It is clear, that the 

zinc substituted glass is different than the calcium base glass and therefore it is 

expected that the crystallisation mechanism and phases formed should be also 

different [26]. It is worth noticing, that all the thermogravimetric analysis was 

conducted on fine powder glass samples and it was expected that if there was a weight 

loss this should be due to the larger surface area. It is suggested and is discussed 

further later, that there is a small fluorine loss from the surface of the glasses due to 

possibly SiF4 formation during heating.   

Figure 8 (b) shows the X-ray powder diffraction pattern of zinc containing 

glass-ceramics heat treated at 1100oC for 1 hour. It is obvious, that with zinc 

substitution significant changes in the X-ray diffractogramms occurred. It is 

particularly clear, that the peaks associated with the presence of fluorapatite gradually 

disappeared with substitution, whereas new peaks appeared. There seems to be a 



consistent tendency of the glasses with Zn substitution to form a zinc and aluminium 

rich phase that may result in aluminium not being available to form silicon and 

aluminium rich phases (lack of mullite). It has been reported [5] that magnesium 

substitution for calcium in the same glass composition 4.5SiO2-3Al2O3-1.5P2O5- 

3CaO-2CaF2 resulted in the formation of wagnerite and mullite. However, in the 

60%Zn glass ceramic (and 75%Zn glass ceramic), a minor fluorapatite phase was 

present, indicating that some of the fluorine was involved in this phase. No other 

fluorine phase was identified. What did happen to the fluorine present in the glass 

before the heat treatments? As it is suggested from the results, increasing the zinc 

content resulted in the formation of a zinc and aluminium rich phase as well as a 

silicon phase (crystobalite). It is therefore likely, that fluorine not forming fluorapatite 

would be available to form SiF4 that would escape during heat treatments from the 

surface of the fine glass particles. According to Rabinovich et al., volatilisation of 

fluorine as SiF4 occurs in acid melts, but is significantly reduced with increasing 

basicity of the melt [27]. It has been suggested, that the presence of aluminium in a 

similar glass composition would lead to the formation of an alumino-silicate network 

reducing the possibility for available silicon to form SiF4 [28]. Therefore, if an 

aluminium rich phase was present and the glass was phase separated, it would then be 

possible for SiF4 to form easier. It is suggested consequently, that in the case of high 

zinc content, glass phase separation may lead to the formation of volatile SiF4 and 

therefore subsequent loss of fluorine ions.     

The etched surface of the 0%Zn glass ceramic shown in Figure 9 was very similar to 



the etched surfaces observed in previous work where needle-like fluorapatite was 

present [5]. It is also worth noticing, that the needle-like crystals have a hexagonal 

profile and directivity typical to fluorapatite crystals [29]. Gahnite on the other hand, 

appears as a polygonal crystal phase (possibly octagonal) [32] as shown in Figures 10 

and 11. The atomic ratio of Zn/Al in the crystal phase is 0.5 as estimated by the EDX 

analysis and is in good agreement with the Al/Zn ratio in the chemical formula of 

gahnite.  

Gahnite (ZnAl2O4) is widely used as ceramic, electronic and catalytic material. It can 

be synthesized by using conventional ceramic processing techniques, sol-gel, 

co-precipitation or alumina impregnating methods following calcinations at relatively 

high temperatures (800-1000oC). Gahnite is characterized by its prominent 

performance such as high melting temperature (1950oC), low thermal expansion 

coefficient (5.5 × 10-6/oC, 25-1000oC) as well as high thermal stability and good 

resistance to acids and bases [12]. Gahnite (ZnAl2O4) is also a ceramic, which is 

considered a possible transparent conducting oxide (TCO) due to its wide band gap 

and transparency in UV [31]. In addition, it has been reported that strontium–

hardystonite–gahnite has a significant potential for use in surgical procedures where 

bone regeneration under load-bearing is required [32]. On the other hand, gahnite in 

glass-ceramic results in increased fracture toughness and wear resistance [33]. It is 

therefore, worth mentioning that gahnite brings new characteristics to the glass 

ceramics under study and opens possibly new avenues for applications to explore in 

research areas outside the biomedical.  



5. Conclusions 

The density of zinc substituted glasses and glass-ceramics both increased with 

increasing zinc content. An increase of oxygen density indicates a closer packed glass 

network. The glass transition temperature decreased with zinc substitution, whereas 

the crystallization temperature was affected by the particle size of glasses. The 

crystallisation temperature of fine glass particles was generally increased with 

increasing substitution. Above 60% of zinc substitution only one crystallisation 

temperature was observed. It is suggested, that there is some fluorine loss from the 

surface of the glasses due to possibly SiF4 formation during heating. Fluorapatite and 

mullite phases are present in the calcium base glass ceramics. Gahnite (ZnAl2O4) and 

calcium zinc phosphate [CaZn2(PO4)2] were formed with increasing zinc substitution 

for calcium, whereas crystallisation of both mullite and fluorapatite was not favoured. 

Fluorapatite appeared as a typical needle-like crystal phase with hexagonal profile 

whereas gahnite appeared as a polygonal (possibly octagonal) crystal phase. The 

formation of gahnite during the crystallisation of Zn containing glasses offers high 

potential for the use of these glasses and glass ceramics in research fields other than 

the biomedical such as semiconducting materials.    
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