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 Background: Silicate glasses with low P2O5 contents contain amorphous phases that 
hardly crystallized by promoting adequate conditions such as heat treatment process 
and/or addition of different types of activator agents. But on the other hand, silicate 
glasses possess high mechanical strength appropriate for high loading applications. 
Objective: In the present paper, some of silicate glasses and glass ceramics were 
investigated to explore crystallization behavior from view point of their bioactivity. The 
as-prepared amorphous silicate glass samples were transformed to polycrystalline glass 
ceramics by thermal annealing at 620 oC, 860 oC and 1000 oC for a period of time 
equals 10 hours. Dissolution-precipitation process involved in the formation of 
bioactive hydroxyapatite in simulated body fluid (SBF) is studied. Crystallization 
behavior of the heat treated glass ceramics is found to have an effective influence on 
bioactivity. The microstructure of these materials was characterized by X-ray 
diffraction (XRD), Fourier transform infrared absorption spectroscopy (FTIR) and 
scanning electron microscope (SEM) equipped with an energy dispersive spectrometer 
(SEM/EDX). Results: revealed that the as prepared silicate glass showed no crystalline 
species. Crystallinity is enhanced by increasing temperature of heat treatment (HT). As 
a result of HT, crystalline apatite and wollastonite bioactive phases are separated from 
the host glass network. Bioactivity of the glasses in simulated body fluids (SBF) was 
investigated. The results indicated that heat treated silicate glasses have better 
bioactivity than that of the parent silicate glass. Conclusions: Bioactivity enhancement 
of the investigated material is correlated to both type and concentration of the separated 
crystalline phases. Crystals of the heat treated silicate glass ceramics possess 
morphology analogous to that of hydroxyapatite in human bone. Both possess needle 
and flake like structures which are characterized by their good bioactive behavior both 
in vitro and in vivo tests. 
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INTRODUCTION 

 
 Several previous studies have reported that Hydroxyapatite (HA) is biocompatible with hard tissues of 
human bones (Suchanek, 1998), (Zakaria, 2013). However, the poor mechanical properties of (HA) compared 
to natural bone is considered the most serious obstacles for wider applications, especially for load-bearing 
implants (Okido, 2013), (Liu, 2013). On the other hand, bioactive glasses and glass ceramics are considered as 
alternatives to HA to be used as bone graft and fillers (Erbe, 2001). This is because glass ceramics contain 
crystalline apatite phases which have a good ability to form a direct bond to living bone (Nishiguchi, 1999). In 
other words, glass ceramics could possess a superior bioactivity through forming an apatite layer on the surface 
of a glass both in vivo and in vitro (Xynos, 2000).  Moreover, the specific biological response at the interface of 
material leads not only to the formation of natural bond but also development of new mineralized bone tissues. 
Apatite of these biomaterials has to be characterized by its crystalline structure. Good crystallinity of these 
materials leads to mechanical strength and biocompatibility stronger than that of HA. Therefore, a good 
combination of bioactivity and favorable mechanical properties of crystalline apatite phases are considered as a 
promising approach to use it as biomaterials valuable for   high load –bearing applications.   
 Bioactive silicate glass-ceramics were reported to be of a great importance from view point of biomedical 
applications (Gonzalez, 2003), since bonding to bone by using some of polycrystalline silicate glass ceramics 
was reported previously (Kokubo, 1990). Apatite phases (bioactive mineral phase) in silicate glasses were 
simply crystallized by promoting adequate conditions such as treating the glass thermally and / or adding some 
of activator agents (Shi, 2001).  As a result, precipitation of apatite crystals in the as prepared glass network 
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were expected to be enhanced by HT (Lahl, 2000). As prepared silicate glasses with specific CaO/P2O5 molar 
ratio exhibits a lower tendency for crystallization than that of HT glass ceramic. The ceramic glasses in this 
situation were found to contain bioactive phases of composition and structure comparable with that of natural 
bone tissues (Rahaman, 2001). 
 Considerable interest of apatite based glass ceramics has extended for orthopedic and dental applications 
(Chevalier, 2009), (Hench, 2002), (Ghomi, 2012). This is because the biocompatibility and tight bonding to 
bone of these materials resulting in the growth of healthy tissues directly on to their surfaces.  Several 
combinations between apatite and other glass phases have been proposed in order to improve the poor 
mechanical properties of the apatite. Among them, apatite Ca5(PO4)3 and wollastonite (CaSiO3) have been 
recommended to be used as clinically bone-repairing materials (Salman, 2009), (Unyi, 2001). In addition, 
flouroaptite [Ca5(PO4)3F], wollastonite  glass ceramics are reported as an accepted type of glass  ceramic  
systems which is  promising in bio dental  applications. This type can be used for joint prostheses and dental 
roots.  
 Most of previous studies are concentrated on silicate glasses as bio- materials. Studies on crystallized 
silicate ceramics in terms of HT processes, to our knowledge are limited to be studied. HT will enhance the 
bioactivity of the silicate glass ceramic. The process of HT can be considered as an agent to activate 
crystallization of apatite and wollastonite phases, since HT can induce phase separation which leads to 
nucleation and crystallization of the bioactive phases (Chen, 1998).    
  Trials will be done in this work to explore the bioactive properties and structure of silicate glass ceramics 
in terms of thermal heat treatment.  

MATERIALS AND METHODS 
 
2.1. Preparation of the glasses: 
 Glasses were prepared according to the formula 50 SiO2-26 Na2O- 21 CaO-3 P2O5 mol % and given a code 
G1(50 Si). High purity silica, tellurium oxide, reagent-grade calcium carbonate, sodium carbonate and 
ammonium dihydrogen phosphate were used to obtain glass compositions. Raw materials were mixed and 
melted in alumina crucibles in an electric furnace at temperature 1400 °C for 1 hour. The melt was occasionally 
swirled to assure homogeneity and attainment of thermal and chemical equilibrium. 
 After refining, the melted glass was poured by pressing the sample between two ceramic plates to yield disc 
shaped samples. All samples prepared were homogenous, air bubbles-free and stored in desiccators for 
characterization. 
 
2.2. Heat Treatment: 
 The glasses were heat-treated in a muffle furnace (Heraeus KR170) controlled within ± 2 °C. In the 
temperature schedule the annealed glass was placed on the door of the furnace for 5 minutes to prevent the 
occurrence of thermal shocks. The glassy sample was then inserted directly into the furnace and held at the 
temperature of heat treatment for the desired time before cooling normally to room temperature. The samples 
were heat-treated at temperatures 620 ºC, 860 ºC and 1000 °C for time interval 10 hours. 
 
2.3. Scanning Electron Microscope (SEM): 
 Surface modifications and microstructure of the bioactive glass samples were examined using a scanning 
electron microscope (SEM). The scanning micrographs were obtained in a Model Philips XL 30 attached with 
EDX unit, operated at accelerating voltage 25 KV, with a magnification up to 400000X and resolution for W. 
(3.5 nm). For the SEM study, the pieces were gold plated. The average grain size of the various specimens was 
≈ 60-90μm. 
 
2.4. X-ray Diffraction (XRD): 
 X-ray diffraction patterns for the selected glass samples were obtained in a Philips PW 1729 diffractometer 
equipped with a compact analyzer system 1840 and 8203A/02 chart recorder. The X-ray investigations were 
used to confirm the amorphous or crystalline nature of the structure. 
 
2.5. Fourier Transform Infrared Spectra (FTIR): 
 The bioglass samples were heat-treated at different temperatures for different time periods were analyzed 
by FTIR spectroscopy. The equipment used was a spectrometer Bruker FTIR. Spectra were obtained in the 
wavenumber range of 400 to 4000 cm-1 at 2 cm-1 resolution. The FTIR analysis was used to characterize various 
functional groups, most importantly the hydroxyl and phosphate groups. For the FTIR investigation in 
transmittance absorption mode, the glassy specimens were grinded to powder, which was mixed with KBr by 
ratio 1:100 in weight. The spectra obtained were corrected for the background and dark current noises. 
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2.5. Differential Scanning Calorimetriy (DSC): 
 The thermal behavior was investigated using differential scanning calorimeter (DSC) Setaram Labsys TG–
DSC16 instrument. Al2O3 powder was used as a reference for the DTA measurements. Thermal experiments 
were carried out on all samples at a heating rate of 10 οC/min with argon as carrier gas at a flow rate of 30 
cm3/min. 
 
2.6. Preparation of simulated body fluid (S.B.F): 
 The bioactivity is not only a material property but also depends on the solution used for in vitro tests. 
Kokubo et al. developed a series of cellular aqueous solutions, which are able to reproduce in vivo surface 
structure changes in bioactive materials (Kokubo, 1990). The simulated body fluid (SBF) solution is the closest 
to human blood plasma that produced hydroxyapatite layer. 
 SBF solution was prepared by dissolving appropriate quantities of sodium chloride (NaCl), sodium 
bicarbonate (NaHCO3), potassium chloride (KCl), calcium chloride (CaCl2), dibasic sodium phosphate 
(Na2HPO4), magnesium chloride (MgCl2), sodium sulfate (Na2SO4), trishydroxymethyl aminomethane 
{(CH2OH)3CNH2} in de-ionized water, according to the method proposed by Kokubo et al.( (Kokubo, 1990). 
 Reagents were added, one by one after each reagent was completely dissolved in 700 ml of water, as shown 
in Table (1). A total of 40 ml of 1 M HCl solution was consumed for pH adjustments during the preparation of 1 
liter of SBF solutions. A 15 ml aliquot of this acid solution was added just before the addition of the sixth 
reagent, CaCl2 - 2H2O. Otherwise, the solution would display slight turbidity. The remaining part of the HCl 
solution was used during subsequent titration. Following the addition of the tris-hydroxymethyl aminomethane, 
the solution temperature was raised from ambient to 37oC. This solution was then titrated with 1 M HCl to a pH 
of 7. 4 at 37oC. During the titration process, the solution was also continuously diluted with consecutive 
additions of de-ionized water to make the final volume equal to 1 liter. It was observed that the prepared SBF 
solutions could be stored at 5oC for a month without degradation. 
 
Table 1: Composition of simulated body fluid (S.B.F). 

Reagent NaCl NaHCO3 KCl Na2HPO4.2H2O MgCl2.6H2O CaCl2.2H2O Na2SO4 (CH2OH)3CNH2 
Amount (g/l) 6.457 2.262 0.373 0.178 0.305 0.368 0.071 6.057 

 
 In vitro samples were performed under static conditions soaking in cylindrical bottles with SBF solution 
and the soaking time was 10 days. 
 After soaking, the glass pieces were removed from the solution by filtration, washed with de-ionized 
distilled water in order to remove the soluble inorganic salts, and then dried at room temperature. 
 

RESULTS DISCUSSION 
 

3.1. Bioactivity evaluation of HT silicate glass ceramics before immersion in SBF: 

 
Fig. 1(A, B, C &D): XRD spectra of the as-prepared and the heat treated silicate glass ceramics. 
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 Figure 1  shows  the XRD patterns of heat treated samples at 600 oC (Plot B) ,  860 oC (Plot C)  and  at 
1000 oC (Plot D)  for 10 h together with the spectrum of the  as-prepared  G1(50Si) for comparison (Plot A). 
The amorphous hump around 2θ= 20-35o region is observed in the as–prepared glass indicating the amorphous 
nature of the network of the glass. On the other hand, the crystalline-structure  peaks  become more sharper  and 
the amorphous  hump  nearly disappears  after   treating  the glass at 1000 °C as in (Plot D), resulting in 
crystallinity  of 91%.  Increasing degree of crystallinity to 91% with increasing temperature, may lead to 
conclude that the initial amorphous matrix is well crystallized by the effect of heat treatment.  The angular 
location and intensity of nearly all the peaks closely match the standard JCPDF database (76-0186), which 
indicates that the major crystalline phases are wollastonite [Ca3(Si3O9)] and Na2Ca2Si3O9 , JCPDF database  
(22-1455) (Xin, 2010).  Besides, some extra XRD peaks can be observed in (Plot B) which should be attributed 
to the crystalline apatite phases that is assigned to tricalcium phosphate Ca3(PO4)2 (JCPDS 09-0348) produced 
in the material’s network. Then both apatite (Ap) and wollastonite (W) crystalline phases could be formed by 
the effect of the heat treatment process. Construction of these phases is considered the essential requirement for 
bone construction in SBF. The XRD pattern of the as prepared silicate glass exhibits weak diffraction line 
spectra. Broadening of the peaks reflects the amorphous nature or poor crystallinity of   silicate glass. While 
heat treated glasses, at 620 oC, 860 oC and 1000 oC, showed predominant change in their network structure, 
since  different crystalline phases  are produced by the effect of thermal heat treatment. 
 Problems related to poor crystallinity of both apatite and wollastonite of silicate glasses can be solved by 
treating the parent glass at temperature higher than that of its transition and/ or crystallization temperatures 
(Kokubo, 1986), (Clupper, 2001), (Clupper, 2004). The heat treatment process can change the physical 
properties of the originally amorphous matrix that can be converted to glass ceramic. Consequently, bioactivity 
and mechanical strength of the amorphous silicate glass G1(50Si) would be changed.   
 Figure 2 shows the differential scanning calorimetric (DSC) curve of the studied G1(50Si) glass ceramic. It 
can notice that there is an exothermic peak, with the intensity maximum at 790 °C. Annealing the glass at 
higher temperatures would change the network structure of the glass (Chen, 2008). In this situation, the 
amorphous glass structure will be transformed to crystalline or polycrystalline form (ElBatal, 2003). 

 
Fig. 2: DSC curve of glass G1(50Si). 
 
 The relation between the temperature and degree of crystallinity is shown in figure 3. It can be observed 
from the figure that the increase of heat treatment temperature leads to an increase in the degree of crystallinity. 
 Figures 4 and 5 show SEM micrographs of the as-prepared and heat treated samples at 1000 oC for 10 
hours (for comparison). It is revealed that flake -like crystals were grown in most area of the heat treated 
specimen.  
 To clarify the phases of the flake –like crystals grown on the heat treated sample, EDX analysis of the 
crystals is carried out.  The EDX spectrum of the flake-like crystal, figure 6 revealed that the Ca/Si ratio of the 
crystal is close to the value of stoichiometric crystalline wollastonite (Ca3Si3O9) which ensures bioactivity of the 
crystalline wollastonite formed phases. The crystallization of the wollastonite phases may be considered due to 
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phase separation which leads to nucleation and precipitation   processes in the immiscible species in the glass 
network (Alizadeh, 2000). 

 
Fig. 3: Dependence of degree of crystallinity on heat treatment temperature for glass G1(50Si). 
 

 
 
Fig. 5: SEM micrograph of as-prepared bioglass G1(50Si). 
 

 
 

Fig. 6: SEM micrograph of heat treated bioglass G1(50Si) at 1000 oC for 10 hours. 
 
 Phase separation in a glass is the immiscibility between two or more components.  The immiscibility 
regions in some borate and silicate glasses are considered below the liquid temperature. According to 
thermodynamics, this is called “metastable immiscibility” (Haller, 1970). 
 The composition of the studied G1(50Si) glass is in the area between the limits of glass formation and the 
boundaries of immiscibility region (Charles, 1968). Therefore, it would have a great tendency to phase 
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separation under the effect of thermal heat treatment. This was documented from XRD results of the samples 
treated at 620 οC. 860 oC and 1000 οC for 10h, since silicate rich and phosphate rich phases are precipitated, as 
clarified above and indicated from figure 1. The separated phases must depend on the condition of heat 
treatment (El Ghannam, 2001). 

 
 
Fig. 7:  EDX of heat treated sample G1(50Si) at 1000 οC for 10 hours. 
 
 FTIR spectroscopic technique is considered as a powerful tool used to differentiate between different 
phases formed in the glass network. Immiscibility between phases can also be distinguished by means of FTIR 
spectral analysis of heat treated glass. Figure 8 shows the FTIR patterns of both as-prepared and heat treated at 
1000 οC to 10 h samples, for comparison.    In the as-prepared glass, both silicate and phosphate structures are 
mixed and distributed within a glassy network. This is further documented by observation based on FTIR 
results of the glass, since the IR absorption peak at about 480 cm-1 is assigned to mixed vibration of  Si-O and 
P-O bonds in the glassy network (Aguiar, 2009). Overlapping of peaks characterizing to Si-O bonds with that of 
P-O, ones, Figure 8  may mean that both phosphate and silicate amorphous phases are mixed.   

 
Fig. 8: A) FTIR spectrum of as-prepared glass G1 (50Si). B) FTIR spectrum of heat treated glass G1(50Si) at 

1000 oC   for 10 hours.   
 
 Envelop in the spectrum of the glass (treated thermally at 1000 oC for 10 hours) splits into two peaks at 
920cm-1 and 1050 cm-1. The peak at 920 cm-1 is assigned to Si-O-Si stretching vibration and the peak at 1050 
cm-1 corresponds to P-O asymmetric stretching vibrations.  Moreover, peak at 480 cm-1 in the as-prepared glass 
is assigned to a mixed vibrations of Si-O and P-O in the miscible phosphate and silicate network (Zeng, 
2000).Growing and intensification of the IR peak at about 450 cm-1, assigned to Si-O vibration in silicate phase, 
in the heat treated sample was attributed to phase separation and crystallization.  The peak at 620 cm-1 
corresponds to P-O vibration in crystalline apatite (Rehman, 1997). Moreover, the broad band around 3000 cm-1 
in the as- prepared glass appears to be more intensive in the heat treated glass. It is assigned to vibrations of OH 
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groups present in dicalcium phosphate (DCP) phase (Berry, 1967). Thus, it is concluded that heat treatment 
results in phase separation and crystallization of both the silicate ([Ca3(Si3O9)] wollasonite] and phosphate 
[apatite, Ca3(PO4)2]  phases.   Formation of both crystalline A-W phases plays the essential role in bioactivity 
enhancement of the investigated glass ceramic.     
 
3.2 Bioactivity evaluation of HT silicate glass ceramics after immersion in SBF: 
 To evaluate  the bioactivity  of the treated glass , the heat treated  G1(50Si) specimen  was examined  by 
XRD, SEM and FTIR  after  SBF immersion for  a period  of time (10 days at 37 oC).  It is clear from SEM 
micrograph (figure 9) that the whole surface is completely covered by an apatite–like coating after immersion 
for 10 days. The coating appears to compose of sub-micro-sized globules covers the surface of wollastonite. 
The EDX spectrum shown in figure 10 confirms that the coatings were mainly composed of Ca and P with the 
Ca/P ratio of ≈1.9 that is closer to the s toichiometric value of HA (1.67) than that of Ca/P ratio of the parent 
glass, that is ≈ 4.12. As a consequence the heat treated bioglass has good bioactivity due to presence of apatite 
and wollastonite crystalline phases and can be regarded as a potential candidate for artificial bone.   
 The surface modifications of the heat treated G1(50Si) specimen  after soaking in SBF for 10 days were 
measured by FTIR spectroscopy (Figure 11). The results indicated that the intensity of the band corresponding 
to apatite and wollastonite decreased when they soaked in SBF for 10 days.  These means that these phases are 
degradable and they are bioactive which is confirmed by the formation of apatite layer on their surface after 
soaking in SBF. Then the intensity decrease of wollastonite after soaking in SBF should be described to the 
dissolution and bioactivity behavior of these phases. 
 Figure (12) shows XRD pattern of sample after 10 days of soaking in SBF. The characteristic diffraction 
peaks of hydroxyapatite are obviously detected. In addition, the diffraction peaks corresponding to the 
wollastonite existing in glass are not observed which means that most of wollastonite is dissolved during 
soaking in SBF and precipitated HA layers are produced. This result agrees well with previously reported 
observations on silicate glasses treated at high temperatures (Zhou, 1993). 
 The formation of a biologically active HA layer, which is equivalent chemically and structurally to the 
main mineral constituent of bone, is a condition for the glass (Ito, 1991). The formation of an HA surface layer 
in vitro is indicative of a material's potential in vivo (De Lange, 1990). In the present work, the formation of a 
HA surface layer was observed within 10 days for the glass immersed in SBF as shown in figure (12). The HA 
was found to resemble to that of human trabecular bone in terms of crystal parameters and chemical 
composition.  
 In comparison, the amorphous calcium phosphate layer formed on the surface of the as- prepared glass was 
found to have different chemical composition (Ca/P≈ 4.12) from that of both treated glass (Ca/P ≈ 1.9) and 
natural HA (Ca/P ≈ 1.67). This means that the HA layer obtained with respect to the treated glass is more 
favorable for obtaining biological bioactive implant used in bone repair and regeneration. 
 

 
 
Fig. 9: SEM micrograph of heat treated bioglass G1(50Si) soaked in SBF for 10 days at 37 оC. 

 
Fig. 10: EDX of heat treated bioglass G1(50Si) soaked in SBF For 10 days at 37 оC. 



580                                                                    G. El-Damrawi et al, 2013 
Australian Journal of Basic and Applied Sciences, 7(14) December 2013, Pages: 573-582 

 XRD patterns  of  (A)  a reference  hydroxyapatite (JCPDS 74-0565),  (B) G1(50Si) heat treated glass for 
10h at 1000 oC , (C) G1(50Si) heat treated glass for 10h at 1000 oC after immersion  in a simulated  body fluid 
for 10 days and (D) human trabecular bone. XRD analysis showed that the heat treated G1(50Si)  contains 
different  crystalline phases (Plot 12B). The band centered at 2θ=32o is an indication of crystalline apatite after 
immersion for 10 days in the SBF. The XRD pattern [Plot 12C] contains peaks corresponding to those of a 
reference HA (JCPDS 72-1243) (Plot 12A), indicating the formation of HA on the glass surface. The  
broadening of X-ray spectral  width of the major peaks may be due to formation of  nano-meter sized crystals, 
confirming the presence of the fine  needle- like crystals observed by SEM. The major peaks in the pattern 
appear at approximately 2θ values close to those for human trabecular bone (Plot 12D) (Sui, 2007).  The result 
may suggest that the prepared silicate glass can be applied as bioactive material for bone repair and 
regeneration. 

 
Fig. 12: X-ray diffraction spectra for 
(A) Reference hydroxyapatite (J.C.P.D.S 74-0565) 
(B) G1(50Si) heat treated sample at 1000 οC for 10 hours. 
(C) G1(50Si) heat treated sample at 1000 οC for 10 hours in S.B.F for 10 days. 
(D) Human trabecular bone 
 
Conclusion: 
 The crystallization behavior of silicate-based bioactive glass ceramic was investigated. Heat treatment of 
the glass produced crystallization phases. The crystallinity was found to be increased with increasing the heat 
treatment temperature. Predominantly, wollastonite (Ca3Si3O9) and apatite [Ca3(PO4)2] crystalline species are 
produced as a result of thermal heat treatment. In vitro bioactivity of silicate glass ceramics has been 
investigated by soaking them in S.B.F up to 10 days at 37 oC . Investigation of degradation process and 
formation of hydroxyapatite is explored by means of XRD, SEM, EDX and FTIR. The investigations are 
carried out before and after dipping in S.B.F. The structural analysis confirms the presence of hydroxyapatite 
after 10 days. The results show that thermal treating process play an important role in controlling bioactivity.  
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