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ABSTRACT 
   Background: 45S5 bioglasses have been successfully used as bone graft materials in dental and orthopedic surgery but its poor 
mechanical strength limits its used in load-bearing applications, the approaches that has been used to  strengthen the bioglass lead 
to decreased its bioactivity .Objective: Bio glasses with the composition of 45SiO2,24.5 Na2O,6 P2O5 , CaO ( 24.5- X), by varying 
zirconia content( X= 0,1,3 and 5 wt %) were synthesized via conventional melting technique. The main objective of the this work  
was to estimate the role of nano-mZrO2 in 45S5 bioglass system and study their effect on of 45S5 bioactive glass. Results: results 
show that with the partial substitution of nano-mZrO2 for CaO in 45S5 bioglass system are exhibit higher density ,bending strength 
,compressive strength and micro hardness as compared to their corresponding 45S5 bioglass. The formation of hydroxy carbonate 
apatite (HCA) layer on all the bioactive glasses surface after soaking in simulated body fluid (SBF) was examined through X-Ray 
diffraction (XRD), scanning electron microscopy (SEM) with energy dispersive spectroscopy (EDS) analyses. in vitro study of 
bioglass sample in simulated body fluid (SBF) , it can be seen that the pH of SBF had increased with increasing the immersion 
period specially during the initial stage of the reaction. Conclusion: the addition of nano –mZrO2 led to increase in  properties of 
bioglass and doesn't inhibit the formation of HA. We can suggests that Bio glasses are good candidate material could be used in 

bone replacement for clinical cases 
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INTRODUCTION 

 

   Bioactive glasses belong to an elite class of biomaterials which are generally based on amorphous silicate 

compounds . It is well known that these materials are able to bind with the bones in living organisms and have 

been clinically used as dental and orthopedic implants [1]. The first bioactive glass was invented by Hench 

which was known as 45S5 Bioglasss [2].  

 

   The author made a degradable glass in the Na2O–CaO–SiO2–P2O5 system which was rich in CaO content and 

the composition of this was close to a ternary Na2O–CaO–SiO2 system [3].  To generate bioactivity, phosphate 

ions play an important role in the glass composition. Calcium phosphate is one of the important ingredients 

present in the bones .Bioglasss (45S5) bonds with bone rapidly and also stimulates bone growth away from the 

bone implant interface. The mechanism for bone bonding is attributed due to formation of hydroxy carbonate 

apatite (HCA) layer on the surface of the glass followed by initial glass dissolution [4].HCA is similar to bone 

mineral and was believed to interact with collagen fibrils which bonds with the host bone .The osteogenic 

properties of the glass were considered to be due to the dissolution products of the glass [5]. 
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   However, its relatively low strength and brittleness limit its application to non-load bearing conditions [6]. 

The addition of elements such as magnesium, aluminum, zirconium and titanium may be used to control some 

physico-chemical and mechanical properties of bioglasses [7].  

   In the current study, Bioglass with high amount of CaO, Na2O and ZrO2 as an minor additive were 

synthesized. Nano-monoclinic ZrO2  was used as a minor additive in the composition because it is a unique 

oxide ceramic material with excellent mechanical properties such as higher yield strength and fracture toughness 

[8]. The objective of the present work is synthesize bioactive glasses doped with nano-m ZrO2 and study its 

influence on  physico-chemical and biological properties. 

MATERIALS AND METHODS 

 

Materials: 

Sodium Carbonate(Na2CO3, 98% made in India), Silica foam (SiO2, 99.9% made in India), Nano Zirconia 

(m-ZrO2) was purchased from local market, phosphorus pentoxide (P2O5,98%) was bought from china, and 

Calcium oxide (CaO) was synthesis from oyster shells. 

 

Glass preparation: 

Four different types (table 1)of ZrO2 added bioglass 45S5 with  the composition 45wt% SiO2, 24 wt%  

Na2O, 6 wt% P2O5, CaO( 24- X), where X 0,1,3 and 5 wt % of nano m-ZrO2 were prepared by conventional 

melting technique. firstly , the reagents, CaCO3, and Na2CO3  heated Separately  at 900°C  with a heating rate of 

10°C/min for 1 h  in order to decompose the carbonates to oxides according to the (1 & 2) reaction. To prevent 

moisture the oxides obtained were stored in a plastic cans inside desiccators until the time of melting glass. For 

each type of bioactive glass, a 25 g of batch was obtained by mixing analytical reagent using a planetary ball 

mill (SFM-1, QM-3SP2) runs at 300 rpm, for 6 hours, The mixture was then dried at 130 °C for 24 h, then 

melted in alumina crucible at 1400 ± 10 °C for 3 hours in an electric furnace to guarantee completely melting 

.The obtained bioglass was crushed by using  mortar to get the semi-finished powder then  milled by planetary 

ball mill keeps running at 300 rpm, for 6 hours .The resulted powders with 2.474 µm were pressed by cold die 

pressing using uniaxial pressure device (CT340-CT440) at 200 Mpa with adding of 2% PVA as a binder then 

sintered at 600°C for 3 h after drying at 120 °C for 24 hours to remove moisture before sintering process. Then 

polished by grade 2000 sandpaper and characterized. 

 

CaCO3(s) → CaO(s) + CO2 (g)                   (1)     

Na2CO3(s) → Na2O(s) + CO2 (g)                (2)    

 

 
Table 1: Various composition (mass%) of the prepared glass. 

Composition (wt %) Code 

For 
bioglass ZrO2 CaO Na2O P2O5 SiO2 

0 24.5 24.5 6 45 
Z0 

 

1 23.5 24.5 6 45 Z1 

3 21.5 24.5 6 45 Z3 

5 19.5 24.5 6 45 Z 5 

      

Characteristions: 

1-Phase and Microstructures Characteristions: 

   The prepared  bioglass samples were characterized with x-ray diffractometer (XRD 6000, Shimadzo, Japan), 

using Cukα radiation (λ = 1.5405 Å),with scanning speed of 5º/min and  an applied power of 40 kv/30 m A° . To 

check if the structure was amorphous or crystalline and to identify any crystalline phases that formed after 

sintering. Phase’s  identification  was  carried  out  by  comparing  the  diffraction  data  with  JCPDS  standards. 

   The surface morphologies and elemental composition of the glasses were examined using TESCAN/ VEGA II 

Series  Scanning electron microscopy (SEM ) with EDS in Tehran / Iran. 

2-Density and mechanical properties: 

The densities of the samples were determined by Archimedes's principle with water as the immersion 

liquid. The measurements were carried out at room temperature. Bending strength and Compressive strength of 

bioactive glass samples was measured by a universal testing machine. The hardness test was made according to 

ASTM standard C1327-90, using digital micro vickers hardness tester (TH-717), at 1kgf with a dwelling time of 

15 second, all samples polished properly. 

 

3- In Vitro Bioactivity Tests: 

In order to identify the HCA layer formation ,the bioglass samples were immersed in 50 mL SBF solution 

at 37°C for different time periods from1, 3, 7, 14, and 21 days. The SBF solution was prepared according to the 
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formula described by Kokubo et al  [9]. The ion concentration of simulated body fluid is nearly equal to that of 

human blood plasma ,table.2 shows the agents for the preparation of SBF and ionic concentration comparison 

between SBF and human blood plasma. Apatite formation in each specimen was examined by pH measurement, 

XRD analysis, and SEM images. pH values were measured using a digital pH meter. 

 
Table 2: Ion concentrations of the simulated body fluid and human blood plasma. 

Ion 
Concentration (mol/dm3) 

Simulated body fluid (SBF) Human blood plasma 

Na+ 142.0 142.0 

K+ 5.0 5.0 

Mg2+ 1.5 1.5 

Ca2+ 2.5 2.5 

Cl- 147.8 103.0 

HCO3
- 4.2 27.0 

HPO4
2- 1.0 1.0 

SO4
2 0.5 0.5 

 

RESULTS AND DISCUSSION 

 

1- X - Ray Diffraction (XRD) Analysis: 

Fig.1 shows the  XRD analysis of bioactive glass samples before soaking in SBF solution, X-ray diffraction 

patterns were recorded between 10 º and 60 º (2 Ɵ )using  X-ray diffractometer .It can be seen that, there is no  

any diffraction beaks but only  bump like peak ranging from 20° to 35°, this is related  to Si-O-Si network. So it 

is obvious that bioactive glass was amorphous in nature .While bioglass doped with different amount of ZrO2 , a 

broad band of 2Ɵ was detected  between 20º to  35º with low intensity diffraction peaks that indicate the 

incipient crystallization .It is notable that the samples have amorphous phase coexist some small crystals or a 

small fraction of crystals phases in the surface of bioglass as shown in SEM image fig.2. These crystalline peaks 

were related to sodium calcium silicate [Na2Ca2Si3O9 (card number: PDF # 01 – 1078).  

 
 

Fig. 1: XRD profiles of various amount of ZrO2 added bioactive glass Sintered at 600 °C. Z0, Z 1, Z 3, and Z 5. 

 

2-SEM analysis of bioactive glass samples: 

Fig.2 shows SEM analysis of bioactive glass samples before soaking in SBF solution, the microstructure 

changes by replacing CaO with 0,1,3, and 5wt% of nano ZrO2 addition. It can be seen irregular particles 

connected with each other  with some small needle like crystal ,this crystal can be observed clearly at the 

surface of the sample which increased as the ZrO2 content increase ,this  indicate that the samples with ZrO2  

after sintered at 600◦C for 3 h  led to the incipient of crystallization . 
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Fig. 2: SEM images of Z0, Z1, Z3 ,  and Z5 bioglass surface. 

 

3-Density and Mechanical Properties Measurement: 

Fig.3 shows the apparent density, bending ,compressive strength and micro hardness of the prepared 

bioglass samples as a function of  the weight percent of ZrO2..It can be observed the  increase of nano -mZrO2 in 

the base bioactive glass (45S5) leads to an increase its density because of replacement a lighter element Ca 

(density = 1.55 g/cm3) by a heavier element, Zr (density = 6.056 g/cm3). As well as the modifying metal oxides 

coordinated the NBOs and formed an interlink between the atoms, resulting in an increases in network 

connectivity and dimensionality. therefore, it lead to efficient compactness and packing in the bioglass structure. 

The density of glasses depends on the compactness of structural units. The increase in density is ascribed to the 

reduction in average interatomic spacing in the glasses during the heat treatments [10]. The increase of ZrO2 in 

the base bioactive glass (45S5), also leads to an increase its micro hardness, bending and compressive strength. 

This is easily understood that the more the density of glass, the more the compactness of glass structure, and 

consequently, the more micro hardness and mechanical strength.  
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Fig. 3: apparent density, bending ,compressive strength and micro hardness  of the prepared bioglass samples as 

a function of the weight percent of ZrO2. 

In Vitro Bioactivity Tests: 

1- X-Ray diffraction analysis of bioactive glass samples: 

  Fig.4 shows the XRD patterns of the bioactive glass samples soaked in the SBF solution for 21 days. After 

SBF treatment for 21days, the diffraction pattern of all bioactive glass samples shows the sharp peak at a 2θ 

angle of 31.9°,  which is due to the presence of calcium phosphate hydroxide matched with standard JCPDS 

cards numbered(09-0432). These peaks are regarded as crystalline nature of HCA nucleated from the solution 

.therefore ,this present system favors the HCA formation which has been also proved by the SEM and PH 

measurement as shown in fig. 5 and fig.6 respectively. Also it can be seen that there is  decrease in peak 

intensity with increase in ZrO2 content. The role of zirconia as a modifier leads to non-bridging oxygen and 

giving strength to the glass, this agreement with [8]. 

 
 

Fig. 4: XRD spectra of Z0, Z1, Z3 ,  and Z5 bioglass samples after immersed for 21 days in SBF solution.  

 

2- SEM and EDS analysis of bioactive glass samples: 

        Fig.5 shows the SEM  micrographs and EDS of bioactive glass samples after soaking in SBF solution for 

21days. Fig.5a shows the SEM image of bioactive glass samples were covered with irregular shape of HA 

particles have been grown into several agglomerates consisting of needle-shaped HA layer. This indicate the 

formation of HA on the surface of bioactive glass samples after immersion in SBF solution for 21 days. As well 

as ,Many holes with different size were observed on the bioactive glasses surface .These holes might formed 

because the degradation of the Bioglass during the first time of soaking period which are quite similar to the 

results observed by [12]. It can be seen that the holes  was fewer or disappeared on the surface of pure sample 

this indicate that HCA crystals  with  very small diameter  distributed homogeneously on the whole surface  and 

cover the most holes. An obvious differences were found in the morphologies of different amount of ZrO2 

addition .Its evidence to notice that the number of holes in the surface of samples are increased as the addition of 

ZrO2 increased ,this indicate that the HA layer does not cover all holes duo to the thickness or the amount of HA 

layer doesn’t  the same of  HA layer that cover on the pure bioglass surface . This indicate that the small 

addition of ZrO2 does not prevent the nucleation of HA on the surface but it may reduce it after prolongation of 

soaking. 
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(a)                                                                    (b) 

 

Fig. 5: a- SEM images of Z0, Z1, Z3 ,  and Z5 bioglass samples after 21 days of immersion in SBF, b- EDS profile 

taken from the surface after immersion. 

 

       Fig.5b shows EDS spectra of the samples surface sintered at 600°C , soaked in SBF,   EDS analysis of 

present study does not give an ideal  amount of Ca/P ratio duo to the presence of some SBF contents because the 

bioglass samples does not washed after extracted from SBF fear from losing the HA . It can be seen bioglass 

elements and  Au peak is due to gold coating used for observation of the sample under SEM. Ca/P ratio vary 

from 2.14,1.92,1.85 and 1.81 as the Z0,Z1,Z3 and Z5 respectively. suggesting the formation of carbonate 

hydroxyapatite , which is also confirmed by SEM analysis. 

 

 

3- PH Measurements: 

        Fig.6 shows the variation of pH of bioactive glass samples after immersing in simulated body fluid (SBF) 

solution for 1 to 21 days. It shows that for all bioactive glass samples, the pH increases within 1 to 7 days as 

compared to the initial pH of the SBF solution at 7.4. The increase in pH values is due to the fast release of Na+ 

and Ca++ ions through exchange with H+ or H3O+ ions into the simulated body fluid (SBF) solution. The H+ ions 
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are being replaced by cations which cause an increase in hydroxyl concentration of the solution[13] . This leads 

to attack in the silica glass network, which results in the formation of silanols leading to decrease in pH as 

indicated in the Fig.6 when bioactive glass samples were immersed in simulated body fluid (SBF) solution for 7 

to 21 days.  Also, it can be  seen that the decrease in the pH of the SBF solution after 14 days as a result of 

breaking of glass network. The increase in PH indicate the formation of an apatite layer on the surface of the of 

bioglasses, This conform the results that obtained in XRD patterns and SEM image  . Thus , it can be observed 

that with increasing of zirconium ions  pH of the solution was decreased slightly,because ZrO2 lead to increase  

chemical durability of bioglass .  

 

 
 

Fig. 6: Variation of pH of the SBF solution containing glass samples with different time intervals. 

 

Conclusion: 

In the present work a comparative study was done on mechanical physical and bioactive properties of ZrO2 

substituted 45S5 bioglass . from this investigation the following conclusions are obtained: 

1- XRD patterns of bioactive glass samples after sintered at 600°C show that the in pure bioglass(Z0 ),only 

abroad band of 2Ɵ was detected between 20º to 35º without any diffraction beaks can be observed  this indicate 

that the samples have amorphous phase. While bioglass doped with different amount of ZrO2 a broad band of 

2Ɵ was detected  can be seen between 20º to 35º with low intensity diffraction peaks that indicate the incipient 

crystallization. 

2- On increasing the substitution of ZrO2 for CaO in the bioactive glass 45S5, density and compressive, 

bending strength and micro hardness were found to increase accordingly. This is duo to reduction in average 

interatomic spacing in the glasses, which coordinated the NBOs and formed an interlink between the atoms, 

resulting in an increase in connectivity and network dimensionality. Thus, it led to efficient compactness and 

packing in the structure.  

3-The formation of hydroxyapatite layer on the bioglass surface after immersion in simulated body fluid 

(SBF) was examined through X-Ray diffraction (XRD), scanning electron microscopy (SEM) with energy 

dispersive spectroscopy (EDS) analyses. in vitro study of bioglass sample in simulated body fluid (SBF), it can 

be seen that the pH of SBF had increased with increasing the immersion period specially during the initial stage 

of the reaction. This indicated that with increasing the immersion period the bioactivity of the samples had 

increased .We can suggests that Bio glasses are good candidate material could be used in bone replacement  for 

clinical cases. 
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