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Abstract 
 

Amorphous bioactive glass powders are used as bone-filling materials in 

many medical applications. Bioactivity is achieved through ion exchange with 

bodily fluids, leading to surface apatite mineral formation – a necessity for tissue 

development. Traditional fabrication is by melt-casting and grinding, however 

sol-gel synthesis is another method which directly produces powders with higher 

specific surface area and potential for increased ion exchange rates. In this study 

sol-gel derived powders were manufactured and compared with melt-cast 

powders to determine the effects of crystallinity, composition, and specific 

surface area on apatite formation. Powders were immersed in simulated body 

fluid as a function of time and the evolution of apatite minerals was characterized.  

Apatite formation was most significantly affected by powder composition, 

followed by specific surface area; merely having sodium in the powder was more 

influential than altering the surface area and/or atomic structure, yet high specific 

surface area was found to enhance reactions on crystalline powders. 
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1 Introduction: 
 

Bioglasses are a group of materials which exhibit high bioactivity and are 

used successfully for bone-filling in certain medical applications. These materials 

are made from glasses with high bioactivity. Most of bioglasses contain silicon 

for network formation and calcium as a network modifier. Bioactive glass 45S5 

which includes silicon, calcium, sodium and phosphorous oxides is one of the 

main bioglasses used widely in medical applications. Although bioglasses show 

higher bioactivity than other implants such as those made from metal, their poor 

mechanical properties prohibit their wide use in medical applications. One of the 

main goals of recent research has been focused on improvement of bioglass 

mechanical properties. One of the most efficient ways to achieve this, is to 

crystallize the bioglass to form a glass ceramic. Reports show that although 

transformation of bioglass to glass ceramic increases mechanical properties, 

reduces bioactivity. So, trying to develop bioactive glasses with high bioactivity 

and acceptable mechanical properties is desirable.  

Bioglasses are traditionally manufactured by melt casting. In this method 

primary materials melt and then mix at high temperature in the molten state. 

Eventually the liquid is quenched to form an amorphous structure at room 

temperature. 

Increasing the rate of reaction with body tissues and reducing the 

temperature of synthesis were two main reasons of working on sol-gel derived 

bioglasses instead of cast glasses. This technique has been studied for more than 

20 years and shows beneficial properties. Some other advantages of this method 

are: better homogeneity, better control on composition, less impurity in resultant 

sample and material in form of powder instead of a bulk monolith.  

Many bioactive glasses have been formed by sol-gel method. But since 

45S5 becomes crystalline during sol-gel procedure, characterization of gel-
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derived 45S5 still needs more study. The presence of sodium as a network 

modifier improves bioactivity but results in crystallization at low temperatures 

(~650◦C) and makes it impossible to prepare amorphous 45S5 via the sol-gel 

method. 

Although it is believed that crystalline structure alters or degrades the 

bioactivity of bioglasses, the high surface area of gel-derived glasses could be a 

saving grace. If the high surface area of the sol-gel powder could overcome the 

lower bioactivity of crystalline bioglass ceramics, it could be possible to produce 

a material with satisfactory mechanical properties, high homogeneity, and high 

bioactivity while using less costly fabrication method than casting.  

As mentioned, although the presence of sodium as a network modifier 

increases bioactivity, it might reduce bioactivity in 45S5 prepared by the sol-gel 

method because of its effect on combeite formation. Therefore, studying the effect 

of sodium of gel-derived 45S5 was another goal of this project. For this reason, 

bioglass with same composition of 45S5 but without sodium oxide was produced 

by sol-gel method. This bioglass called is 58S, and it displays an amorphous 

structure after production via sol-gel technique. Bioactivity and apatite formation 

rate of this glass was studied before, but comparison of it with crystalline gel-

derived 45S5 has not been carried out yet. 

Three different parameters of a well-known bioactive glass have been 

studied in this research. Effect of composition (with vs. without sodium), structure 

(crystalline vs. amorphous) and morphology (rough vs. flat) which can all be 

affected by the processing method, and play important roles on bioactivity of 

manufactured biomaterials will be studied in this research.    

The dissolution rate of crystalline gel-derived 45S5, amorphous melt-cast 

45S5 and amorphous gel-derived 58S in the form of powders with diameters less 

than 10 µm was tested by immersion in simulated body fluid (SBF) solution for 

various periods of time. Analysis followed through XRD, SEM, EDX and 

DSC/TGA and FTIR qualitatively determine interfacial reaction kinetics of 

samples.  
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1.1 Objectives 

1. Manufacture and characterization of 45S5 bioactive glass via sol-gel 

method and. 

a. Optimize stabilization temperature for gel-derived 45S5 

2. Manufacture and characterization of bioglass 58S by sol-gel method. 

3. In vitro study of manufactured biomaterials by immersion in simulated 

body fluid. 

a. Comparing in vitro results between melt-cast 45S5, gel-derived 

45S5 and gel-derived 58S to understand the effect of powder 

composition, morphology and structure on apatite composition, 

morphology and formation rate.  
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2  Literature review:  

 
Biomaterials are needed to ease pain and restore diseased or damaged 

parts of the body. As shown in Figure 2-1, increasing the age of humans will 

reduce the strength and density of bones. This effect is more severe in women 

because of hormonal changes associated with menopause. Such phenomena result 

in bone fracture or collapse in the elderly. Using materials that can replace these 

old and weakened bones whilst having safe function for the remaining years of 

patients lives is desirable. Different kinds of biomaterials have been use as bone 

filling alternatives. Metals such as 316L stainless steel and titanium, ceramics 

such as alumina, hydroxyapatite and bioglasses and polymers such as 

polyethylene are some of these examples [1-3]. 

Bioactive glasses were the first generation of materials which provided 

interfacial bond between implant and hard and soft host tissues. These materials 

were first prepared by L. L. Hench in 1969 [4]. Bioglasses show better 

compatibility with the body compared with other external materials such as metal 

implants due to the possibility of controlling the range of chemical properties and 

rate of bonding to tissues [4].  They have been widely used since 1985 in clinical 

applications (e.g. middle ear prostheses and for maintenance of edentulous 

alveolar ridge) [1, 3, 5]. Figure 2-2 shows some types of bioglass and glass 

ceramics and their application [6]. 

 

2.1 Bioactivity 

 
L. L. Hench defined a biomaterial “as a material that elicits a specific 

biological response at the interface of material which results in a formation of a 

bond between the tissue and that material”. Usually a bioactive material forms a 

bond with strength equal or more that the original bone, and can be made of 

metal, glass or ceramic.  
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The level of bioactivity of a biomaterial can be measured by calculating 

the time needed for more than 50% of the interface to bond to bone (t0.5bb): 

Bioactivity index, Ib= 100/t0.5bb 

It is necessary to impose a 50% bonding criterion since the interface 

between implant and bone is irregular. The larger the bioactivity index, the higher 

the bioactivity and solubility of the biomaterial reacted with bone tissue. Materials 

with a bioactivity index equal to zero are called inert [7]. 

Figure 2-1 Effect of age on strength of bone and probability of fracture [3]. 
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Figure 2-2 Glass and glass ceramic in clinical use: A. Intervertebral discs, B. Artificial 

vertebrae C. Spinal spacer, D. Iliac crests, E. Porous spacer, F. Bone filler [6]. 

2.2 Cell cycle and effect of HA 

Cell division and its rate is a complicated process which depends on many 

factors like medium which this procedure is occurred. Figure 2-3 briefly describes 

cell cycle procedure in body. During different stages of cell division and 

chromosome nucleation, there are protein inhibitors which act as check points for 

replication, chromosome condensation and presence of suitable area for this 

procedure. Bone cells which are capable of dividing are called osteoblasts.

Osteocytes are bone cells that are unable to divide after they are entrapped in the 

bed of mineralised collagenous matrix [1, 5].  

Hydroxyapatite (HA) and hydroxycarbonate apatite (HCA) are main 

minerals which initiate appropriate place for the cell cycle process. Formation of 

HA or HCA or other types of apatite containing F- and Cl-, depends of the media 

of reaction [8]. These minerals form a crystalline layer between implant and 

collagen which produces an interface for osteoblasts. The chemical bonding of 
HA layer to collagen creates the strongly bonded interface. Quantitative evolution 
of interfacial shear strength has shown that the strength of the interfacial bond 
was equal to or greater than the strength of the host bond. Generally HA, which 
forms between bone and implant shows higher compressive and bending strength 
as will briefly be discussed later [1, 3].  
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Figure 2-3 Schematic illustration of cell cycle [1, 5]. 

The rate of HA formation might be a good sign showing bioactivity of an 
implant, but studies show that this rate cannot be a critical stage of reaction for 
bone regeneration. Controlled rate of ionic dissolution product release is the main 
effective phenomenon that shows true bioactivity of a material [1]. Ion release 
indicates that as hydroxyapatite forms faster, it could be expected that bioactivity 
be higher, but this rule is not applicable all situations.  

2.3 Interfacial reaction kinetics 

As mentioned before, the main parameter that affects bioactivity is 

controlled chemical release kinetics. Rapid dissolution rate leads to high 
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concentration of ions, so they cannot be effective enough. Besides, slow rate of 

dissolution makes the concentration too low to stimulate cellular proliferation and 

differentiation. Regarding this explanation, two classes of bioactivity exist. Class 

A refers to biomaterials which contain both osteoproductive (proliferation of bone 

distant from an implantation site) and osteoconductive (growth of the bone along 

the surface of the material) properties [1, 3]. These materials exhibit Ib value more 

than 8. But class B occurs while only osteocunduction happens due to slower 

interfacial reaction, so only extracellular responses occur on the surface. Class B 

materials have bioactivity index less than 8, but greater than zero. Table 2-1 

shows some characteristics of classes A and B of bioactivity [1-3, 5, 9].  

 

Table 2-1 Bioactive materials [2, 3].                                                   

Class A Class B 

Osteoproductive and Osteoconductive Only osteoconductive 

Rapid bonding to bone Slow bonding to bone 

Enhanced bone proliferation No enhancement of bone profileration 

Bonding to soft connective tissues No bonding to soft connective tissues 
 

 Generally class A bioactive materials show 12 stages of interfacial 

reaction during insertion in the body. Figure 2-4 briefly illustrates these 12 stages 

with reaction time. Generally stages 1-5 occur on the material side of the interface 

(which are most rapid for implants) with the highest level of bioactivity, but 

stages 6-12 happen on tissue side of interface [2, 9, 10]. The first five stages 

happen rapidly on the surface of most bioactive glasses because of fast ion 

exchange of alkali ions with hydrogen ions from body fluid to form Si-OH 

silanols (stage 1) network dissolution (stage 2) silica-gel polymerization (stage 3) 

and chemisorption and crystallization of HCA layer (stage 4 and 5). The surface 

reactions lead to the biochemical adsorption of growth factors (stage 6) and the 

synchronized sequence of cellular events (stages 7-12) that result in rapid 

formation of new bone. Generally, the rapid attachment, proliferation and 

differentiation of osteoblast progenitor cells are the critical steps of new bone 
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formation [3, 5, 9, 11]. In this research, surface reactions on the material side of 

interface and during first five stages have been studied. The following stages 

should usually be studied by using live samples (in vivo), but are not the focus 

herein.  

 

Figure 2-4 Reaction stages of class A bioactive material with bone [2]. 

A brief explanation of the primary five stages is that the bioactive glass 

first dissolves to form a silica gel layer, then amorphous calcium phosphate forms 

from a hydrated silica gel and finally apatite crystals of HA (which are a 

prerequisite of bond formation) nucleus and grow from calcium phosphates [2, 

10]. Surface reaction stages 1-5 are summarized below: 

Stage 1: Rapid exchange of Na+ or K+ with H+ or H3O+ from solution: 
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Si-O-Na + H+ + OH- → Si-OH + Na+
(solution) + OH- 

 
Stage 1 is usually controlled by diffusion and exhibits a t-1/2 dependence 

on time. The weak ionic bonding, especially of the alkali ions gives rise to a very 

rapid ion exchange. Cation exchange at this stage increases the hydroxyl 

concentration of the solution which leads to attack of the silica glass network 

producing additional silanol formation and controlled interfacial dissolution [12]. 

Eventually the pH of solution increases as a result of H+ consumption in the 

solution [7].  

Stage 2: Cation exchange increases hydroxyl concentration of the solution, 

which leads to attack of the silica glass network. This stage is related to a loss of 

soluble SiO2 in the form of Si(OH)4 in the solution, resulting from breaking Si-O-

Si bonds and formation of Si-OH (silanols) in amorphous silica gel formation at 

the interface: 

 

2(Si-O-Si) + 2(OH) → Si-OH + OH-Si 

 
 This stage is usually controlled by interfacial reactions and exhibits linear 

time dependence [11]. 

Stage 3: SiOH repolymerizes and forms a Si-O network [11]. This Si-O 

network is depleted in alkaline earth cations: 

 

2(Si-OH) +2(OH-Si) → -Si-O-Si-O-Si-O-Si-O- + 2H2O 

 
Stage 4: Ca+2 and PO4

-3 migrate to the surface through the SiO2-rich layer 

forming a CaO-P2O5-rich film on top of SiO2-rich layer followed by growth of 

amorphous CaO-P2O5-rich film through incorporation of soluble calcium and 

phosphate from solution. 
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Stage 5: Incorporation of OH- and CO3
-2 or F- anions from solution forms 

mixed crystalline hydroxyl, carbonate, and fluorapatite layer from the amorphous 

CaO-P2O5-rich film. The HA layer formed is equivalent to the extremely small 

100-600Å platelets of the mineral phase of normal bone with large surface area 

[3, 5, 11, 13]. 

In class B bioglasses, usually the rate of Si ion exchange or network 

dissolution is low or zero [11]. 

Figure 2-5 schematically represents five stages for formation of HA or 

HCA as mentioned above. 

The theoretical composition of stochiometric HA is: Ca10(PO4)6(OH)2 with 

a corresponding Ca to P ratio of 1.67 [8, 14-16]. It has been shown that new HA 

will form not only directly on the surface of silica gel, but also on the surfaces or 

interfaces of other growing apatite. This indicates that the front of a growing 

apatite can also become a nucleating site of another [17].      

After these five steps, the next seven stages, which lead to formation of 

bone cells, begin. These stages will be described briefly below [7]: 

Stage 6: Adsorption and desorption of biological growth factors in HA layer to 

activate differentiation of stem cells (this stage will continue throughout the 

process). 

Stage 7: Action of macrophages to remove debris from the site and allowing 

cells to occupy the space 

Stage 8: Attachment of stem cells on the bioactive surface 

Stage 9: Differentiation of stem cells to form bone growing cells, osteoblasts 

Stage 10: Generation of extracellular matrix by osteoblasts to form the bone 

Stage 11: Crystallization of inorganic calcium phosphate matrix to enclose 

bone cells in a living structure 

Stage 12: Growth of the bone  
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Figure 2-5 Schematic illustration of interfacial reaction between bone 

and implant which result in HA formation [16]. 
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2.4 45S5 composition 

 
First bioactive glass prepared was 45S5 with composition: 45% SiO2-

24.5% Na2O-24.5% CaO-6%P2O5 (wt %) provided a large amount of CaO with 
some P2O5 in a Na2O-SiO2 matrix [1]. Origin of “45S5” is that it contains 45 wt% 
of silicon (45S), and molar ratio of Ca/P is 5 and represents the second part of the 
name. This composition was achieved by considering the compositional diagram 
for bone bonding shown in Figure 2-6 [1, 3, 4]. In this diagram all glasses contain 
6 wt% of P2O5. Different regions in this figure refer to different amounts of 
bioactivity. Silicate glasses within region A form a bond with bone. As the 
composition gets closer to the center of region A, bioactivity increases. 
Compositions close to center of region A, region E, which refers to bioglasses 
with Ib>8 form a suitable bond between the implant and host tissue. 45S5 has the 
composition in center of region A (E) with bioactivity index equal to 10. 
Compositions in region B behave as almost inert materials. Bottle glasses and 
windows are some examples of glasses in this region. Glasses within region C are 
resorbable and disappear in 10-30 days of implantation. Region D refers to 
glasses which are not technically practical and have not been tested as implants 
[3]. 

Silicon is the main element presented in 45S5 and all other glasses. This 
element acts as a strong network former. Si maintains the structure of glass by 
having four bonds with neighbor atoms. Figure 2-6 shows that glasses with less 
than 52 wt% SiO2 bond to both hard and soft tissues, but the ones with 52 to 60 
wt% do not bond to soft tissues, and glasses with more than 60 wt% SiO2 do not 
even bond and are bio-inert [1]. At these percentages the rates of surface reactions 
are sufficiently slow that the material is biologically inert [3]. However, 
increasing the surface area by other manufacturing methods instead of casting, 
like using sol-gel method can increase this value to 90wt% SiO2 whilst 
maintaining bioactivity [5, 14]. 
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Figure 2-6 Compositional dependence (in wt%) of bone and 
soft tissue bonding bioactive glasses and glass ceramics [1, 3, 

4]. 

The main structural characteristics of the bioactive glasses are related to 
their open structure which allows the incorporation of cations (Na+ and Ca2+) into 
the glass matrix. This phenomenon is due to the presence of chemicals called 
network modifiers which induce network disruption and consequent formation of 
non-bridging oxygens (NBO). Non-bridging oxygen is the oxygen that is not 
shared with two SiO4 tetrahedral, whereas bridging oxygen is shared with two 
tetrahedral. Thus, these cations deeply affect the connectivity of the glass 
structure [18]. The presence of network modifiers such as Na+, is not necessary 
but is helpful for increasing dissolution rate in body fluid. In addition, Ca2+ has 
another important effect, which makes the presence of this cation more important 
than others. Calcium is one of two main elements presented in HA composition, 
so existence of Ca2+ in bioglass increases the rate of dissolution with both 
increasing Ca2+ concentration and acting as a network modifier. High Na2O and 
CaO content and high CaO: P2O5 ratio can make the surface highly reactive [3]. 
Generally the presence of Na2O or other alkali cations in the glass composition 
increases the solution pH at the implant-tissue interface and thereby enhances the 
precipitation and crystallization of HA [14]. 
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The presence of phosphorous in the glass or glass-ceramic increases the 
rate of HA formation because they are much more soluble and also raise the rate 
of calcium release, especially in reaction stages 1 and 2. This happens because 
presence of phosphorous makes the surface of the implant more negative as 
shown in Figure 2-5 [11]. 

A way to denote the network connectivity is through the structural unit 
usually represented as Qn, where Q represents the tetrahedral unit and n the 
number of bridging oxygen (BO) per tetrahedron. For silicon compounds, n varies 
between 0 and 4 where Si is a central tetrahedral atom ranging from Qo, which 
represents orthosilicates (SiO4

4-), to Q4 (tectosilicates) and Q3, Q2 and Q1 
representing intermediate silicate structures with concentrations of modifiers [18]. 

The schematic molecular structure of amorphous 45S5 is demonstrated in 
Figure 2-7. As shown, weak ionic bonding especially of alkali ions raises ion 
exchange rate of H+ or H3O+ ions at the glass surface. 

Computational analysis of amorphous materials like 45S5 was carried out 
by Malavasti et al. [19]. They calculated the density of 45S5 equal to 2.82 g/cm3 
which is close to experimental value of 2.72 g/cm3. They represented the ion 
distribution of amorphous 45S5 as shown in Figure 2-8. The unit cell shown 
contains 78 atoms with Na12Ca7P2Si13O44 composition. They showed that 
phosphate groups in 45S5 are in two different states inside the unit cell as shown 
in Figure 2-8 by number (1) and (2). The first is an isolated phosphate while the 
second group is linked to SiO4 tetrahedron. It is understood that the number of Si-
O-P bonds is strongly dependent on the annealing procedure used to obtain the 
glass structure [19, 20]. 
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Figure 2-7  Schematic molecular structure of amorphous 45S5 bioactive glass; 

showing fast ion exchange of Na+ with H+ from body fluid [5]. 

2.5 Manufacturing bioglasses by casting 

Usually bioglasses and glass ceramics are prepared by melt-casting. Traditionally,

melting and mixing material together is the method which is used widely for

manufacturing different kinds of glasses and glass ceramics.  For example 45S5 is 

a bioglass with melting point: Tm=1450◦C and needs to reach higher temperatures 

for production. Mixing different kinds of oxides and carbonates at high 

temperature in a crucible, removing carbon in the form of CO2 and CO, 

quenching in water, and finally annealing is the usual glass formation process 

[21]. Cooling rate should be that much high that crystals do not have enough time 

to form. Annealing and heat treating are needed for stress relieving and achieving

a more uniform structure [1, 22].  



 17 

 

 
Figure 2-8 Graphical representation of ion distribution, bioglass 45S5 in a, b and c axis [20]. 
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2.6 Manufacturing bioglasses by sol-gel method 
This is another method of manufacturing bioactive glasses. Sol-gel is a 

chemical solution precipitation method (wet chemical) for preparing different 
kinds of materials. This procedure started with processing of oxide materials more 
than 50 years ago. Since then, this technique has been used not only for oxide 
materials, but also non-oxides such as nitrides and carbides [23, 24].   

In 1991, Li et al. showed that a stable bioactive glass could be prepared by 
the sol-gel method [1, 14]. Materials made by this technique showed better 
properties (discussed more later). After that, many studies characterized 
bioglasses prepared by the sol-gel method [25-29]. Most of this work showed 
higher bioactivity of materials prepared by this technique. The glass prepared by 
this procedure has higher surface area because of the porous 3D network of the 
gel which is completely interpenetrated with a liquid. A wide range of organic and 
biological molecules can be incorporated within the pore networks. Small pores 
(nanoporosity) in the structure leads to increasing surface area by two orders of 
magnitude and higher bioactivity compared to the melt-derived glasses. By 
varying the processing conditions, very wide ranges of porosity have been 
obtained [2, 9, 14, 20]. Also the chemical composition and stabilization 
temperature are the main synthesis conditions that will define the network 
connectivity, the textural properties and the glassy conformational structure [18]. 
The important thing about this method is that the final product properties depend 
strongly on many factors. For instance, the final size of the powder is a function 
of the initial concentration of water and catalyst, the type of precursor used, the 
reaction media and reactor temperature [30]. So, controlling the processing 
condition seems very important that can considerably affect the final product.  

Some of main characteristic of gel-derived samples are [2, 16, 18]: 
 

1. Most organic or biomolecules can be entrapped in sol-gel network. 
2. Entrapped molecules generally retain their physical characteristics. 
3. Entrapped molecules retain many of their chemical and biological 

properties. 
4. Particulates can be made with controlled size and shape, distribution and 

connectivity of porosity. 
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5. Porous bioactive sol-gel glasses have a broader range of compositions and 
exhibit an in vitro and in vivo bioactivity equivalent to or greater than 
melt-derived bioactive glasses, ceramics and glass-ceramics. 

6. High homogeneity. 
7. Greater ease of powder production. 
8. Presence of residual hydroxyl ions. 
 

Generally the rate of HA formation and index of bioactivity is higher 
for sol-gel glasses when compared with melt-derived glasses due to high 
surface area of gel-derived bioglass [2]. As mentioned before, glasses made 
by sol-gel method (even 90% SiO2) show high bioactivity due to extremely 
high surface area [5, 14].  

Another important result of sol-gel method is the formation of glass in 
the form of powder. For some clinical applications such as treatment of 
periodontal lesions and urinary incontinence, powders of the bioactive glasses 
are required.  

 Preparing powder from melt-cast samples has some disadvantages 
like [14]: 
1. It is difficult to maintain the very high purity required for optimal 

bioactivity. This is primarily because of high temperatures associated with 
melting, but also related to high activity of silica and alkali composition 
which tend to dissolve in the platinum crucible during melting.  

2. Grinding, polishing and sieving exposes powder to potential contaminants 
which have a negative effect on bioactivity.  

3. There is a compositional limitation imposed on bioactive glasses made by 
conventional high temperature process. This is due to extremely high 
equilibrium liquidus temperature of SiO2, 1713OC, and extremely high 
viscosity of silicate melts with high SiO2 content. 

4. High temperature processing and using platinum crucibles considerably 
increase production cost. 
 
So, finally it is expected that bioglasses prepared by the sol-gel method, 

show higher bioactivity due to higher surface area, higher degree of homogeneity, 

fewer impurity and lower manufacturing cost when compared with melt cast 

powder.  
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2.6.1 Sol-Gel Mechanism 

Sol: Molecules and atoms can form conglomerates under the influence of 
intermolecular forces. If these conglomerates remain stable, they are referred to as 
colloids (usually in the size range of 1-100nm in diameter). The state of colloidal 
suspension of solid in a liquid is called sol. The suspension of the sol particles in 
the solvent is best thought of as a dynamic process in equilibrium [30-32].  
Generally sol-gel process could be categorized in six stages: 

1. Hydrolysis: In this stage, the initial silicon alkoxide (precursor) 

hydrolyses by an acid or base catalyst. It is important that in this stage 

precipitation is prohibited. The general reaction can be demonstrated as: 

 

 Si(OR)4+nH2O → Si(OR)4-n(OH)n+ nROH 
*Where R is the alkyl group 

For example when R=CH3 the alkoxide is called TMOS (Tetramethyl 

orthosilicate) the reaction is: 

 

  

TEOS or Tetraethyl orthosilicate Si(OC2H5)4 is one of the main alkoxides 

used in silica systems. Small alkyl groups in this component lead to fast 

hydrolysis. TEP or Triethyl phosphate PO(C2H5O)3 is the other precursor which 

provides phosphorous in 45S5. The formation of multicomponent gels like 45S5 

can be achieved without the use of all alkoxides and for economic reasons it is 

often desirable to reduce the number of alkoxides in the system. In many cases it 

is possible to use metal salts such as nitrates for the first and second group of 

elements in the periodic table instead of alkoxide precursors [4, 23, 24, 30].  

Effect of catalyst: Catalyst is used to improve hydrolysis reaction rate. 

Many kinds of acids and bases such as HNO3 and HCl and NaOH are used as 
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catalyst during sol-gel process. Aelion et al. showed that the rate and extent of 

hydrolysis is most affected by strength and concentration of acidic or basic 

catalyst. Temperature and solvent were of secondary importance [24, 33]. All 

strong acids behave similarly and react rapidly but weaker ones need more time 

for hydrolysis. Further, the mechanism of acidic catalyst reaction with alkoxides 

will be discussed. 

The presence of acid as a catalyst will remove electron from silicon 

making it more electrophilic and more susceptible to attack by water. Water will 

acquire positive charge after attacking. This will result in reducing the positive 

charge of alkoxide, correspondingly, makes the reaction occur more rapid [24].  

 

2. Condensation: After hydrolysis, silica tetrahedra interact and repolymerize.  

Water condensation occurs: 

 

Si(OR)3OH + HOSi(OR)3  → (RO)3SiOSi(OR)3 + H2O 
 

Catalysts form the interconnection between linear molecules during 

hydrolysis. In silicon systems and at low pH, hydrolysis and polymerization occur 

by nucleophilic attack on the silicon ion (Si4+). This will result in formation of a 

three dimensional polymer form which is not a true colloidal dispersion. It is only 

when we go to very high pH and excess water content that a true colloidal 

dispersion forms. Under this condition, the linear chain molecules (siloxanes) 

become soluble. So during this, the small chains will depolymerize and deposit on 

a larger chain, so will result in growth of large molecules. This effect leads to the 

formation of colloidal silica particles [12, 30]. Using a basic or acidic catalyst has 
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great effect on final shape of achieved particles. Figure 2-9 shows final structure 

gained by acid and base catalysts.  

 
Figure 2-9 Particle shape using acidic (left) and basic (right) catalyst. 

 

After this condensation, additional Si-OH tetrahedral will join together 

and form a polycondensation structure, and finally will result in SiO2 network 

formation. Water which is removed from the reaction remains in the pores of the 

network. The network of polycondensation for water and OH- is shown below 

[24, 30, 31]. 
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At the end of this stage, when sufficient interconnected Si-O-Si bonds are 

formed, they produce a colloid structure called sol. These colloidal particles have 

Brownian motion when they are dispersed in a liquid. It was shown that the sol 

was a suspension of colloidal particles with particle size of approximately 5nm 

[20]. 

As discussed before, many factors influence the kinetics of hydrolysis and 

condensation. In general, the variables which influence on kinetics are 

temperature, nature and concentration of catalyst, nature of the solvent and the 

type of the alkoxide precursor [30, 31]. For example, the size of sol particles 

depend on the pH and R ratio (R=[H2O]/[Si(OR)4]). So by controlling this R 

value, colloidal particles size will change [24, 30].  

3. Gelation: A gel is an interconnected, rigid network with submicrometer 
pores and polymeric chains with average length greater than a micrometer. More 
condensation of colloids and aggregation of particles, produce a single giant 
cluster which often exhibits the visco-elastic properties of a gelatinous mass

called a gel [24, 30, 32]. Generally, gelation occurs when silica tetraheda particles 

or macromolecules produced by hydrolysis and condensation have cross-linked 

and formed a three-dimensional network which is capable of immobilizing the 
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remaining solvent. This leads to the formation of a spanning cluster, so density 

and elasticity will increase rapidly as shown in Figure 2-10. The mechanical state 

of this gel depends very much upon the number of cross-links in the network. It is 

obvious that the greater the degree of cross-linking, the more rigid the structure 

will become [4].   

At the beginning of the gelation process, viscosity rises suddenly and the 

resultant mass takes the shape of the mold, but the elasticity is still low. Following 

gelation, further adding of sol particles to the spanning cluster, leads to an 

increase in the elastic and shear modulus [30, 31]. 

The point that sol becomes a gel and can support stress elasticity is called 

gelation point or gelation time, tg. Figure 2-10, schematically shows effect of tg on 

shear modulus and fluidity [30, 31]. Reports show that tg depends on many factors 

like nature of precursor and catalyst and even the size of container [30]. The 

effect of R ratio on tg is represented in Figure 2-11. So high and low R ration will 

drastically reduce gelation time. 
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Figure 2-10 Schematic diagram of (A) elasticity and (B) viscosity for on 
material at sol-gel process, after [31]. 

 

 
Figure 2-11 Variation of the gelation time with R ratio, after [30]. 
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The form of the prepared gel depends on factors such as pH of solution. At 

low pH levels the silica tends to form linear molecules which are occasionally 

cross-linked. Linear chains have low density of crosslinks. This leads to creation 

of a soft gel which can be redispersed in solution. As we increase the pH value we 

increase the number of cross links between polymer chains. Also, it makes the 

linear polymers become more branched and that the number of cross links 

increases [30, 32]. Figure 2-12 illustrates two shapes of molecules discussed 

above.   

 

Figure 2-12 The 2-D models of silica tetrahedra a)ring  b)chain, after [31] 
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In computer simulation of cluster aggregation shown in  

Figure 2-13, the process of hydrolysis, condensation and gelation is 

represented. This simulation shows that in the first minutes, molecules start to join 

together to form micromolecules called colloids. These colloids form a sol which 

is a suspension of colloids in solution. Then, during gelation, the colloids continue 

to join together to form larger particles. Finally the connection between colloids 

increases so that one big cluster forms after a while [24, 31].  

  

  

Figure 2-13 Simulation of hydrolysis, condensation and gelation in the sol-gel method [24]. 

T=0 min T=70 min 

T=980 min T=2571 min 
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4. Aging: The aging process involves maintaining the product for a period 

of time at relatively high temperatures (~ 70-100◦C), depending on pH, 

temperature, and gel composition. This stage will change structure and properties 

of gel. In this step four processes can occur singly or simultaneously including 

polycondensation, synersis, coarsening, and phase transformation [30, 31].  

The net effect of this stage is stiffening and shrinkage of the gel. These 

occur because new bonds are formed due to polycondensation instead of previous 

weak interactions between surface hydroxyl and alkoxy groups. Polycondensation 

(in this stage) involves the number of bridging bonds increasing long after 

gelation; large concentration of SiOH leads to condensation. Eventually the 

liquids will abandon the pore of the gel. By reducing hydroxyls during aging, new 

bonds will form and a more cross-linked structure will be created [24, 30].  

Polycondensation causes the shrinkage of homogeneous gels and 

expulsion of liquid from the pores to occur. This process happens in a small 

period of time and is called synersis. In aqueous systems and during shrinkage, 

the structure is controlled by the balance between electrostatic repulsion and 

attractive van der Waals forces. Therefore the amount of shrinkage is controlled 

by extent of electrolytes. Scherer suggested that driving force of contraction was 

the tendency to reduce the huge solid-liquid interfacial area [24, 30-32]. 

Ponomareva et al. showed that at higher temperatures, the gel becomes stiff 

faster, so the shrinkage will be prevented. Also, at higher temperature liquid 

repulsion occurs faster, so there should be an optimum temperature for this 

process [30, 34]. Synersis resultant particles are called primary particles and are 

~2nm diameter [30].   

After synersis, another important process is coarsening and ripening. 

Usually convex surfaces are more soluble than concave ones, so the gel which is 

immersed in liquid will show more dissolution in regions with negative curvature. 

Therefore, the neck between particles will grow and small pores will be filled. In 

this process, materials dissolve from the surface of large particles and deposit on 

the initially narrow necks which join particles to each other. This leads small 

particles (primary) to join larger ones and form secondary particles with diameters 
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of ~6-10nm. Coarsening and ripening strengthen the solid and make some 

changes in the pore size and shapes which is important to resist cracking during 

the next stage (drying) [30, 31]. 

Figure 2-14 schematically shows the three main steps of aging. As shown,

shrinkage and coarsening occur and lead to the separation of liquid from clusters. 

This sequence results in physical and especially mechanical property changes in 

gel. 

 
 

Figure 2-14 a. Polycondensation b. Synersis c. Coarsening during aging [24]. 

5. Drying: During drying the solvent liquid which, in the case of alkoxide 

derived gels will be mainly alcohol and water is removed from the interconnected 

pore network. The porous solid remaining after evaporation of residual liquid is 

called xerogel. The heating rate during drying will affect cracking in the final

solid. Faster heating increases cracks due to capillary forces [4].   

Generally, drying has four main steps as shown in Figure 2-15: 

1. The constant rate period: At this initial stage, the gel will shrink by an 

amount equal to the volume of liquid which evaporated. In this stage deformation 

of the network occurs by large capillary forces which cause shrinkage of the 

object. During constant rate period, evaporation rate per unit area of the drying 

surface is independent of time as illustrated in Figure 2-15. Usually the greatest 

changes in volume, weight, density and structure happen throughout this stage. 

Constant rate period ends when shrinkage stops [24, 30, 31].     

2. The critical point: at this point, the gel becomes sufficiently stiff due to 

greater packing density of solid phase. So it will resist further shrinkage as the 

a c 
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liquid continues to evaporate. At this point, the liquid starts to go to the pores of 

the gel. Due to the small size of the porous structure, a very large pressure is 

generated across the interfaces of liquid in the pores. Eventually the highest 

capillary pressure is created and the gel can not be compressed any more. This 

will aid in emptying the pores and stage 3 will start accordingly [30, 31].  

3. First falling rate period (transition zone): in this stage, liquid transport occurs 

by flow through the surface films that coat partially empty pores. In many gels, as 

the liquid recedes into pores, a thin liquid film remains on the pore walls. This 

film flows to the surface followed by evaporation, so further drying occurs. In this 

stage, cracking may happen due to extremely high capillary forces [30, 31]. This 

region is shown in Figure 2-15 as the transition zone. 

 

Figure 2-15 Plot of rate of water loss vs. water in the gel [30]. 
 

4. Second falling rate period: By progressing the evaporation, it becomes 

difficult to maintain the liquid film on the pores wall. So, this film breaks and 

further liquid transportation must involve a vaporization step and diffusion of 

vapor to the surface, before the liquid reaches the surface. In this period, there is 

just a small weight change without concomitant dimensional. 

Constant 
rate period 

Critical point 

Falling rate period 
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The main problem of this stage refers to the large capillary stress produced 

when pores are small (<20 nm) and leads to crack formation. For controlling this 

problem different methods have been developed: decreasing liquid surface energy 

by adding surfactants, hypercritical evaporation which avoids the solid-liquid 

interface, or controlling the rate of hydrolysis and condensation [23, 31]. 

TEM images taken by Lin et al. reveal that the dried gel before stabilizing 

consisted of 5-8 nm nanoparticles [20]. Comparing with the size of colloidal 

particles in sol (5nm), this indicates that although the whole gel shrinks 

significantly while drying (about 50vol %) the secondary particle size changes 

very little during gelling, aging and drying. This happens due to low temperature 

of drying as Hench and Wang expressed. They stated that viscous flow takes 

place at high temperatures and suggested irreversible sintering happens when heat 

treatment is higher than 400oC [20, 24].    

 

5.  Stabilization and densification: Although there are many applications of 

silica gels prepared at or near room temperature, heat treatment is necessary for 

the production of dense glasses and ceramics by this method. Most of times, by 

increasing temperature up to 700oC, the product will lose about 15% of its weight 

and 20% shrinkage will occur [31].  

The main reason for a stabilization treatment is the very large 

concentration of silanols on the surface of the pores of the prepared materials. The 

main goal is to reduce these silanols to the level that the surface does not 

rehydroxylate during use. Stabilization reduces surface area, so optimum 

temperature is needed for removing all these silanols and compounds such as 

catalyst compositions, and minimum structural transformation and surface area 

reduction. It should be considered that dried gel contains water in two forms: free 

water within ultraporous gel structure and hydroxyl groups associated with the gel 

surface. Heat treating below 400◦C leads to reversible removing of hydroxyl 

groups. For removing these groups irreversibly, heat treatment should be carried 

out at temperatures more than 400◦C [30, 31].  
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After stabilizing, the particles are in the range of 10-30 nm size which is 

believed to occur from the fusion of dried particles via viscous flow due to the 

relatively high temperature heat treatment during this stage. Due to random 

packing and fusion between these particles, nanopores have totally irregular 

shapes and a wide size distribution compared to those in the dried gel [20, 31].  

Stabilization occurs to remove the undesired compounds which form 

during hydrolysis and condensation. 45S5 will have sodium nitrate in the non-

stabilized samples, which is related to the use of nitric acid as catalyst. For 

sodium free glass called 58S another phase called calcium nitrate forms. The 

existence of these nitrate crystals implies that the nitrate was dissolved in the 

aqueous solution before drying since if calcium or sodium is incorporated into the 

silica network as the modifier, the nitrate crystals would not form. This is due to 

the ionic nature of the calcium and sodium precursor and excess HNO3, which 

leads to the pH value of  the sol (less than 2) being below the isoelectric point (~ 

5) and thus HO-Si bonds are dominant instead of Ca+, Na+ -O-Si bonds. After 

drying, the surface of the silica particles will be covered by nitrates. Thermal 

decomposition of nitrate takes place at 350-450oC during stabilization. As a 

result, nitrogen will be removed in the form of N2. The remaining calcium or 

sodium helps fusion of secondary particles to form stabilized particles.  Therefore 

calcium or sodium adopts the role as a nanoparticle fuser in sol-gel derived 

bioactive glass production. Nitrate deposited on the surface of particles, covers 

the surface of nano-texture silica before stabilization which decreased the surface 

area, so decomposition the particle size is reduced and the surface area increased. 

This leads to increase in pore volume and surface area instead of a decrease [20].  

Figure 2-16 illustrates TEM images of 70S30C bioglass in different stages 

of preparation. It shows that the size of the colloids and particles after 

condensation and drying does not change significantly and it remains in the range 

of 5-8nm. But after stabilization, the size will increase to 10-30 nm due to fusion 

of dried particles. Figure 2-17 shows the evolution of bioglass 70S30C (70 mol% 

SiO2 and 30 mol% CaO) ion distribution during sol-gel process.  As shown, it 

could be understood that after gelation, the surface is covered with silanols. After 
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drying, the nitrate ions which were dissolved in liquid, deposit on the surface of 

particles and finally after stabilization, all nitrate ions removed from the particle 

surfaces and a few silanols bonds remain. This shows that stabilization is 

necessary for removing all these undesired components out of sample [20, 30]. 

  

 

Figure 2-16 TEM images of 70S30C a. 24hrs reagent 
mixing of sol b. dried gel c. stabilized gel [20]. 



34

  

 
Figure 2-17 Schematic illustration of evolution of ion 

distribution during a. gelation b. drying c. stabilization [20]. 

2.7 Effect of crystallization

Bioactive glasses are a kind of material which shows the highest amount 

of bioactivity compared with other materials. As their clinical applications grow, 

their limited mechanical properties are becoming apparent. They can be used 

instead of other implants like titanium alloys as bone replacement, but as 
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mentioned the main shortcoming is related to poor mechanical properties of 

bioglasses. Table 2-2 represents mechanical properties of some biomaterials and 

compares it with human cortical bone. This shows that low strength and fracture 

toughness of bioglass 45S5 prove that improving mechanical properties is 

desirable. Glass ceramic shows better mechanical properties compared with glass. 

This has lead to many studies to provide a bioceramic with the bioactivity as 

bioglass. Although glass ceramics show better mechanical properties, the  

relatively low fracture toughness prohibits using them to repair bone defects in 

high load bones like femoral and tibial bones [6].  

 
Table 2-2 Mechanical properties of bioactive ceramics and human cortical and cancellous 
bones  [6]. 

 
As mentioned before mechanical properties could be improved by using 

glass ceramics instead of glass implants. Stabilized samples prepared by sol-gel 

method can be used in amorphous form, or could be sintered to gain a denser and 

stronger implant. The main draw back of crystallization is that it decreases the 

level of bioactivity and can even turn a bioactive glass into an inert material [11, 

13, 35]. 45S5 will transform to a crystalline phase Na2Ca2Si3O9 (combeite) 
temperatures around 650oC.  

Li et al. showed that when 45S5 is transformed to glass-ceramic, the 
formation of surface apatite layer depends on the relative amount of residual 
glassy phase in the glass ceramic. They showed that a glass-ceramic with 5% or 
less residual glassy phase exhibited no formation of HA layer [10, 11, 36]. Other 
results demonstrate that the crystalline phase combeite (PDF#22.1455), slightly 
decreases the formation kinetics of an apatite layer on the bioglass sample surface 
but it did not totally suppress the formation of such layer [10, 37]. Reduction of 
bioactivity refers to a more stable crystalline structure compared with an 
amorphous material bioglass.  
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It is obvious that the crystallinity of sintered 45S5 cannot be 100%. From 
the components of 45S5 and Combeite, one can find that the combeite phase 
would demand too much CaO to fully crystallize from bioglass. Eventually CaO 
is depleted when the crystallinity reaches 80.7 mol% (i. e. 77.4 wt %), which is 
due to maximum crystallinity achieved by 45S5 composition [37].  

Some reports suggest the presence of calcium phosphate crystals with a 
structure similar to hydroxyapatite after rising the temperature to 800oC for a long 
period [13]. 6 wt% of phosphorous seems not enough for precipitation of a 
phosphorus rich crystal phase such as Ca10(PO4)6 which has been reported in some 
papers at more than 800OC. So if this crystalline phase does not form, the 
phosphorous ions will stay in solid solution and probably in glassy grain 
boundary phase. Phosphorous ions can substitute for silicon ions in tetrahedral co-
ordination in the glasses. Generally phosphorous rich crystalline phase will form 
after additional thermal treatment carried out for long time at high temperature. 
Also if phosphorous content is increased to 9 wt%, this apatite-like phase will 
start to form. The state of the phosphorous ions affects the bioactivity. Glass-
ceramics containing an apatite-like phase are several times less reactive than 
materials containing phosphorous in solid solution [11].  

Figure 2-18 demonstrates TGA-DTA (Thermogravimetric analysis- 
Differential Thermal Analysis) graph of 45S5 which shows an endothermic peak 
at Tgl=550oC caused by glass transition. Glass transition temperature is defined as 
the temperature of intersection between glassy state and supercooled liquid in 
specific volume vs. temperature curve. A Schematic illustration of this curve is 
shown in Figure 2-19. Usually glasses show a high dependency of volume and 
enthalpy on temperature above Tg but below this region, this dependency will 
considerably decrease so volume and enthalpy will become relatively constant 
and finally glass will solidify. A slow cooling rate which results in formation of a 
crystalline structure does not show any of these characteristics. The temperature 

where the volume separates from the equilibrium curve is controlled by the 

viscosity or kinetic factors. A slower cooling rate (Figure 2-19 a) allows glass to 

follow the equilibrium curve to a lower temperature (Tga) while a faster cooling 

rate (Figure 2-19 b) results in a higher transition temperature (Tgb). Annealing of a 

fast cooled glass allows the volume to accommodate itself with the equilibrium 
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curve and hence, the glass transition temperature decreases to the appropriate 

transition temperature of the equilibrium condition [13, 36, 38]. 

Endothermic peak mentioned in Figure 2-18 at Tgl=550oC is followed by a 
glass-in-glass phase separation at Ts=570oC. This means that the glass is no 
longer homogeneous but rather consists of two immiscible phases. Another 
exothermic peak begins at Tcl=610oC. The formation of phosphate rich area during 
the glass-in-glass phase separation at 550-570oC should have a catalytic effect on 
the nucleation of major crystalline phase at 610oC (i.e. combeite). A second small 
endothermic effect which relates to crystallization of phosphate rich phase is 
observed at Tg2=850oC. Finally melting takes place in the 1070-1278oC range. 
Two endothermic peaks may be attributed to the melting of two different 
crystalline phases [13]. 

 
Figure 2-18 TGA-TDA of 45S5 bioglass [13] 
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Figure 2-19 Effect of temperature on volume of a crystal and a glass cooled with two 

cooling rates a. slow b. fast [39]. 
 

2.8 Preparation of crystalline 45S5 by the sol-gel method 

 

Production of bioactive glass 45S5 by the sol-gel method has not been 

studied thoroughly because of the presence of sodium in the composition. Most 

bioglasses produced by the sol-gel synthesis method, do not contain sodium. The 

presence of sodium has two important effects, in the sol-gel technique: (1) 

Sodium will react with nitrogen (which is in the form of nitric acid as catalyst) to 

form sodium nitrite. So, relatively high stabilization temperature is needed for 

decomposing this compound and removing it from the sample (~ 600◦C).  (2) 

Presence of sodium is necessary for crystalline phase Na2Ca2Si3O9 (combeite) 

formation at temperatures around 600◦C. Therefore, since high stabilizing 

temperature is needed and it will overlap with crystallization temperature, 45S5 

with 24.5 wt% Na2O in composition will have crystalline structure after 
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preparation by the sol-gel method. Previous studies demonstrate that crystalline 

bioactive material shows less bioactivity in compared with amorphous structure of 

same composition. So, generally it could be expressed that although the presence 

of sodium in bioglass as a network modifier enhances precipitation and 

crystallization of HA, the final crystalline structure of gel-derived biomaterial 

leads to the formation of crystalline structure and glass-ceramic instead of glass.  

As mentioned before, the main advantage of sol-gel technique for 

synthesis of bioglasses is production of a sample with a high specific surface area. 

High surface area leads to faster reaction of the implant with body fluid and it is 

expected that HA formation rate rises by using sol-gel method for material 

preparation. This advantage might overcome the poor dissolution rate of 

crystalline samples, which results in formation of crystalline biomaterial with a 

high dissolution rate.  

 

2.9 In vitro test 

 

As mentioned before, in this research the formation of HA will be studied 

while the  proliferation and differentiation of stem cell of prepared HA needs to 

be further studied by in vivo tests and animal experiments.  

There are many methods to study formation of hydroxyapatite on the 

surface of a biomaterial. In 1991 Kokubo proposed that the essential requirement 

for an external implant to bond to living bone is the formation of apatite on its 

surface when implanted in the living body. He showed this apatite formation 

could be tested in simulated body fluid (SBF) with ion concentrations near to 

human blood plasma. By immersing a biomaterial in SBF, HA formation and 

could be studied [40, 41].  

It should be noted that preparation of clear SBF with no precipitation due 

to highly supersaturated solution and with respect to apatite is not easy and needs 

careful preparation to prevent precipitation. 
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The first SBF used by Kokubo et al. [40, 42] and Hench et al. [40, 43]

lacks the SO4
2+ ions contained in human blood plasma as shown in Table 2-3 . 

This was corrected later by Kokubo et al. [40, 44]. It can be seen in that corrected 

SBF is still richer in Cl- ion and poorer in HCO3
- than human blood plasma. 

Subsequently in 2003, Oyane et al. tried to correct this difference by preparing 

revised SBF in which the concentrations of all ions were reached nearer to human 

blood plasma [40, 45]. Also in 2004, Takadama et al. proposed a newly improved 

SBF in which the concentration of HCO3
- was same as corrected SBF is 

illustrated in Table 2-3 [40]. Corrected SBF is the solution which used for 

following in vitro tests. 

Table 2-3 [40]

 

2.10 Summary 

1. The sol-gel method has many advantages such as higher surface area and 

interfacial reaction, over melt- cast preparation of bioglasses. 

2. 45S5 is a commercialized bioglass widely used in medical applications. 

3. 45S5 shows high apatite formation rate because of the presence of sodium 

as network modifier. 

4. The presence of sodium in 45S5 leads to crystal formation during using 

the sol-gel method for manufacturing. 

5. The effect of crystallization is still studying. It is believed that bioglass-

ceramics show better mechanical properties and lower dissolution rate 

compared with bioglasses. 

6. Effect of sodium content, crystallization and morphology all together has 

not been studied thoroughly.  
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3 Experimental procedure 

 

 

 

 

Objectives Experiments Anticipated outcomes 

Characterization of 
produced biomaterials 

-Sol-gel method 

-DSC, TGA 

 

-XRD 

 

-FTIR 

-SEM 

-BET 

-PSD 

-EDS 

 

-Porous biomaterial 

-Phase transformations, 
removing undesired compounds  

  
-Determining the crystals as 

function of Tstab 
 

-Identification of bonds 

-Morphology of powder and HA 

-Specific surface area 

-Particle size 

-Semi-quantitative analysis of 
HA formation 

In vitro tests 

 

-Immersion in SBF 

-XRD 

-FTIR 

-SEM 

-EDS 

 

-HA formation 

-HA crystal progression 

-Evolutions during dissolution 

- HA morphology 

-Semi-quantitative analysis 
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3.1 Materials 

The composition of bioactive glass 45S5 used in this study is: 46.1% SiO2, 

24.4% Na2O, 26% CaO, and 2.6 P2O5 in molar percentage.  

The melt-derived 45S5 powder with less than 20 µm size was supplied by 

Mo-Sci Corporation (Rolla, US).  

20 grams of gel-derived 45S5 were prepared as follows:   

Hydrolysis and condensation: Initially 0.15 mol (33.5 ml) 

Tetraethylorthosilicate (TEOS, 99%, Sigma Aldrich, US) was added to 1M nitric 

acid with H2O: TEOS molar ratio equal to 18 in 250ml size Teflon beaker (Fisher 

scientific). For preparation of 20 grams powder, 2.25 ml pure nitric acid was 

added to 48.6 ml water. Consumed nitric acid was 69%, therefore 3.26 ml of 69% 

nitric acid was added to 47.6 ml of water to achieve 1M nitric acid solution. The 

mixture was allowed to react for 60 min for hydrolysis of precursor during stirring 

at room temperature. After that, the following reagents were allowed to react for 

45 min during stirring in the following sequence: 0.017 mol (2.9 ml) 

triethylphosphate (TEP, 98%, Sigma Aldrich, US), 0.085 mol (20.13 grams) 

calcium nitrate tetrahydrate (99%, Sigma Aldrich, US), and 0.16 mol (13.52 

grams) sodium nitrate (99%, Sigma Aldrich, US). Most of hydrolysis and 

condensation reactions were accomplished after stirring for 45 minutes. After this 

stage a transparent sol was achieved.  

Gelation: The sol was then stored in a sealed Teflon container for five 

days at ambient temperature to form the gel. Sealing was necessary for 

prohibiting the water evaporation since water is needed for continuing hydrolysis 

of the gel. Figure 3-1 shows the gel formed after 5 days.  

Aging: The formed gel was aged in a sealed container for 1 day at 70◦C. 

The result was a shrunken gel surrounded by liquid.  

Drying: The aged gel was dried by heating at 120◦C for 1 day. A white 

porous solid mass like material remained after this stage, as shown in figure 3-2.  

Stabilization: The dried sample was stabilized at 700◦C for 1 day to 

remove residual nitrates, silanols and other undesired compounds. 
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Finally the prepared powder was wet-ground by planetary ball-milling 

(Retsch PM 100) at 500 rpm for 10 min. The size of most particles was between 

5-15µm (same as melt-cast powder) and for 10 grams of powder about 30 media 

were used. In this procedure the dried sample was immersed in methanol and 

spherical zirconia media (2mm diameter) were used to have the least amount of 

abrasion. The mill was left to stand for 10 minutes in the machine. Eventually the 

product was heated for 30 minutes at 120◦C to evaporate all the alcohol. 

Eventually fine powders with size of around 10µm were achieved.   

Production of 45S5 by melt casting and sol-gel method are briefly 

illustrated in Figure 3-3.     

 

 
Figure 3-1 45S5 gel which formed after keeping sol for 5 days at room temperature. 

 

1cm 
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Figure 3-2 45S5 dried gel which formed after keeping sol for 1 day at 120◦C temperature. 

 
 

3.2 In vitro bioactivity testing 

 

Corrected simulated body fluid (SBF) was used to evaluate bioactivity of 

both bioglasses. This solution has an ionic composition similar to that of human 

blood plasma which was discussed before and is widely used for testing the 

dissolution rate of bioactive materials. Reaction of SBF with body fluid forms HA 

or HCA on glass surfaces which are essential for osteoproduction. Bioactive glass 

powders were immersed in SBF for various times up to 21 days with powder: 

SBF ratio of 0.002 gml-1 at body temperature (36.5◦C) in petri dish (50ml 

volume). SBF buffer solution was changed every three days to have fresh reactive 

ions always present reacting with powder. Finally the powders were rinsed with 

deionized ultra-filtered water (DIUF, Fisher) to prevent further reaction and then 

dried in oven at 120◦C for one day.   
 

1cm 
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Figure 3-3 Flow chart of bioactive glass 45S5 preparation techniques  

 

3.3 Characterization 

3.3.1 Particle size distribution (PSDA) 

Particle size distribution was carried out by laser diffraction technique 

(Mastersizer 2000). In this method the particles are suspended in a liquid like 

alcohol or water and after that passed through a laser beam which scatters light in 

an angle related to the particle size. Scattered light form a series of concentric 

rings with different intensities. Generally larger particles scatter strongly and at 
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lower angles. Figure 3-4 shows the relation of particle size and scattered angle of 

anatase (titanium oxide mineral) in water. By having this knowledge and the 

assumption of spherical particle morphology, the distribution of particle size can 

be obtained. The main result for this test is d(0.5) –the volume median diameter 

which shows that 50% of the distribution is above and 50% is below this value.  

 
Figure 3-4 Light scattering energy as function of particle size and observation angle [46]. 

3.3.2 BET 

BET is a familiar method for measuring specific surface area of particles, 

which is based on the theory stated by Brunauer, Emmett and Teller. In this 

method the sample is initially heated while simultaneously under vacuum to 

remove adsorbed gasses from the sample. After that it will be cooled by liquid 

nitrogen (73K). By introducing an inert gas (like nitrogen) over the surface of the 

cooled sample, gas will be adsorbed. Since the process temperature and the 

volume of chamber is constant, by varying the gas pressure, the pressure that 

adsorption and desorption of gas is isotherm can be found due to the ideal gass 

law: 

PV=nRT 
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Were P is absolute pressure, V is volume, n is number of atoms, R is the 

gas constant (8.13 J/K.mol) and T is absolute temperature of gas. 

By this technique the number of atoms absorbed on surface can be 

measured. Knowing the area occupied by the adsorbate molecule (e.g. for 

nitrogen: 16.2 Å2), the total surface area can be determined.  

To analyze the surface area of the bioglasses a Quantachrome Autosorb 1 

MP automatic gas adsorption system was used. The system is dedicated to 

standard measurements of nanostructured materials by nitrogen sorption 

isotherms at 77 K. Multipoint BET surface area measurement was done using 

AS1Win, version 1.5, software which supports the BET data reduction algorithm. 

Samples were degassed at 500◦C under vacuum. 

3.3.3 DSC-TGA 

Differential scanning calorimetry (DSC) and thermogravimetric analysis 

(TGA, TA instrument SDT Q600) were carried out on sol-gel powder before 

stabilization to understand the transformations and temperatures of interest 

including weight loss up to 1400◦C with a heating rate of 5◦Cmin-1.  

DSC is a thermal analysis technique used to measure changes in heat 

flows associated with thermal material transformations. This measurement 

provides data on endothermic and exothermic processes occurring in the sample. 

It is typically used to find glass transition temperature, crystallization temperature 

and other transitions such as melting happened in glasses. In this test the material 

is weighed and placed into DSC sample cup. The sample cup and an empty 

reference cup are put into the DSC apparatus. Then the cups are heated at the 

same controlled rates. The differential heat flow between sample and reference 

are monitored and subsequently the obtained heat flow can demonstrate 

transformations as a function of temperature. The heat flow at any temperature is 

related to the difference in the heat flow of the reference and the sample. The area 

under the heat flow curve represents the enthalpy change associated with the 

thermal transition. 
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TGA shows the weight loss of the sample as function of temperature at a 

uniform heating rate and specific environment. In this test the sample is weighed 

carefully and placed in the cup. There will be a balance which reports the weight 

change of sample while the temperature is increased. Finally the TGA curve 

shows the weight change during increasing temperature. 

3.3.4 XRD   

X-ray diffraction (XRD) technique (Rigaku Rotalflex) was used to analyze 

the crystalline phases and structures present in samples before and after 

immersion in SBF. The diffractometer was operated at 40KV and 110mA at 2θ 

range of 10-110◦ with step size of 0.02◦ by using copper anode as target.    

This technique operates with respect to the wave nature of X-rays which 

are diffracted by the lattice of the crystal. The diffraction obeys Bragg’s 

relationship: 

nλ=2dsinθ 

where n is number of planes, λ is wavelength of X-rays, d is distance between two 

planes in crystal lattice and θ is diffraction angle.  

This equation shows that for a specific crystal structure, there is a specific 

diffraction angle and attained angles are characteristics of specific phases which 

can be found by comparing patterns with reference cards. The detector moves 

around the sample and collects all the diffracted waves in different angles. 

Comparing the resultant pattern with standards one can identify of different 

crystalline structures.   

3.3.5 FTIR 

Surface reactions due to immersion in SBF and formation of an apatite 

layer was studied with Fourier transform infrared spectroscopy (FTIR, Nicolet 

Magna 750) in the range of 3600-400cm-1 using KBr pellet as background. 

Spectra were collected in absorbance mode. FTIR was also helpful in 

understanding the amorphous phases which were not detectable in XRD.  
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FTIR relies on the fact that atomic bonds vibrate at characteristic 

frequencies which produces a unique identification of that bond. Bonds absorb, 

transmit, and reflect the incident infrared energies at their characteristic 

frequencies. After that the infrared transmittance and absorbance at different 

frequencies will be translated and transformed to an x-y plot by Fourier 

transformation which is called FTIR spectra.  

3.3.6 SEM-EDS 

Scanning electron microscopy (SEM) and energy dispersive X-ray 

analysis (EDS) techniques (JEOL 6301F) were used to understand the 

morphology and size of particles and apatite layers formed on their surfaces, and 

compositional change after immersion in SBF. Samples were chromium coated to 

increase conductivity (Edwards XE200 Xenosput). 20KV accelerating voltage 

was used for EDS analysis and 5 KV for SEM images to reduce charging of 

powder specimens. EDS was helpful to study the surface layer composition of 

particles in order to quantify the composition trends between gel-derived and 

melt-cast samples.  

In SEM, electrons are used to form an image instead of light. Penetration 

of electrons into the conductive material can represent contrast in atomic weight 

(backscatter electron mode) and topography (secondary electron mode). The 

resultant electrons will be collected by the detector to form an image. Images 

were taken by using secondary electrons. 

EDS is a chemical microanalysis technique used in conjunction with SEM. 

In this method, the x-rays emitted from sample, due to the high energy electron 

beams are detected. When the sample is bombarded by electrons, electrons will be 

ejected from atoms. This will result in filling these empty places by electrons at 

higher states and emitting x-rays to balance the energy difference between the two 

electron states. The energy of the emitted x-ray is the characteristic of atom and 

will be collected by detector and forms a peak in the spectrum. Resolution of this 

method depends on interactions volume and depth of penetration of electrons in 

the sample which is usually around 1-3µm [47].  This method is usually known as 
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a non-accurate technique for measuring composition of elements. It was shown 

that there might be a relative error of ±6 of the amount present, which can change 

due to atomic weight and concentration of that element [48]. Therefore it is 

needed to analyze EDS results beside other results achieved by other techniques 

such as XRD. Each sample was tested once.  

Another parameter that reduces the accuracy of EDS mapping in this 

research, relates to the surface roughness of powder. It is advised to use the 

surface as flat as possible for impacting the electrons. This will help to reduce the 

effect of topography on the results. Thus, the mentioned error might increase 

while using EDS on powders and it is needed to use other techniques to confirm 

EDS results.   

3.3.6.1 EDS mapping 
 

EDS mapping is a technique used for studying the elements which are 

present in a field of view in a particular SEM micrograph. In this test, the 

dispersion of a specific element on the surface will be studied by using EDS on 

whole surface represented in SEM. The concentration of elements is shown by 

marking dots on the micrograph. Therefore, the higher the number of dots means 

the higher the concentration of element on that region. Using EDS for mapping is 

not as accurate as other methods such as Auger electron spectroscopy or XPS, so 

this technique is needed to be used just as a proof of other experiments. As, 

mentioned before, large error bars of EDS technique leads to less accuracy of 

results achieved in mapping.   

 
 
 
 
 
 
 
 
 
 



 51 

4 Results and discussion 
 
 

4.1 Crystallization and stabilization of gel-derived 45S5 

 

As discussed before, stabilization is essential for removing compounds 

related to sol-gel processing and silanols out of the dried gel. DSC-TGA, XRD 

and FTIR test were performed to understand the best stabilization temperature and 

final structure.  

4.1.1 DSC-TGA   

 

Figure 4-1 represents DSC-TGA curves of dried gel up to 1400◦C. By 

analyzing both graphs, the physiochemical processes which occurred on the 

sample can be characterized. Table 4-1 briefly explains transformations occurred 

during heating. 

TGA data shows more than 50% weight loss, by rising temperature up to 

700◦C. Also DSC curve illustrates some endothermic and some exothermic peaks 

related to phase transformation and mass loss. First peak is a small endothermic 

one at around 60-150◦C. From the TGA graph, about 8% weight loss could be 

emphasized by removal of absorbed water and other liquids.  The other peak at 

230◦C with 12% weight loss refers to removing water from further condensation 

of precursors and catalyst out of sample. These two peaks are endothermic 

because heat is needed to overcome the latent heat of evaporation. As mentioned 

before, the stabilization temperature needs to be more than 400◦C so that 

removing trapped water becomes irreversible. So, if heating be stopped at 230◦C, 

it is possible that the powder could reabsorb water and other liquids again. 

Endothermic peaks at ~1300◦C correspond to melting of glass (heat of melting).  
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Figure 4-1 DSC-TGA of unsterilized 45S5 prepared by sol gel method.  

Table 4-1 Brief explanation of DSC-TGA curve of gel-derived 45S5 
Temperature (◦C) % wt. loss Event 

60- 150 

230 

600-750 

 

 

800 

1300 

8 

12 

30 

 

 

0 

0 

Free water evaporation 

Bound water removed 

-Nitrogen compounds removed 
- Silanols removed 

-Combeite crystal formed 
 

Phosphate rich crystal formed 

Melt 

680◦C 
620◦C 

800◦C 

230◦C 50◦C 
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Figure 4-1 also exhibits one vast endothermic and two exothermic peaks at 

600-750◦C range which play a great role on the crystallinity of gel-derived 45S5.  

The TGA curve shows a high amount of weight loss (~30%) around this 

temperature range. The TGA graph shows no weight loss after 700◦C which 

means stabilization of gel-derived 45S5 is finished at 700◦C (for a heating rate of 

5◦C/min). Also phase transformation and crystal formation are indicated by 

exothermic peaks at 620◦C and 680◦C. This graph shows that crystallization and 

the nitrate release temperature overlap. DSC-TGA curves illustrate that 

stabilization temperature of more than 650◦C is needed to remove all nitrogen rich 

compounds and silanols out of the sample. Nitrogen content compositions are 

removed concerning to the mentioned endothermic peak and TGA curve (~30% 

weight loss discussed before).  

In addition, there is a small exothermic peak at 800◦C which might be 

related to the crystallization of a phosphate rich phase in 45S5. As discussed 

before, this crystallization occurs at temperatures more than 800◦C after a long 

time [11]. A potential reason why this peak is small might be related to the 

heating rate and lack of time for crystallization. 

 

4.1.2 XRD 

 

XRD was performed to understand the crystals which form in gel-derived 

samples, before and after stabilization. Figure 4-2 shows XRD patterns of gel-

derived samples with various stabilization temperatures after a heating rate of 

1◦Cmin-1 and a dwell of 1 day at the stabilization temperature. 

XRD patterns show that the nitrate phase which formed during sol-gel 

processing is sodium nitrate (NaNO3). This phase is present in the sample, before 

stabilizing and at temperatures up to 600◦C. The temperature required for 

removing this phase is lower than what was shown in DSC curve and this is 

because of higher heating rate of sample tested by DSC (5 ◦C/min vs. 1 ◦C/min) . 

But the sample which was tested by XRD was kept for 1 day at the stabilization 
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temperature and there was enough time for nitrates to escape from the sample. A 

sequence of probable reactions which occurred and resulted in decomposition of 

sodium nitrate is: 

 

  5NaNO2 → 3NaNO3+Na2O+ N2   at 450◦C 

2NaNO2+O2 → 2NaNO3               at 450◦C 

 4NaNO3 → 5O2+2N2+2Na2O        at 500◦C 

2NaNO3 → 2NaNO2+O2              at 500◦C 

       2NaNO2 → Na2O+ NO+ NO2      at 550-600◦C 

 

These reactions help to explain the DSC-TGA results and demonstrate that 

nitrogen leaves the sample in the form of NO and NO2.   

At 600◦C, crystalline phase combeite Na2Ca2Si3O9 (PDF#075-1687), starts 

to form and consequently leaves amorphous phosphorous rich phase in the matrix. 

Combeite has the hexagonal structure as shown by Fischer et al. [49]. A 

maximum amount of crystalline combeite (~80mol %) will form at 700◦C due to 

depleted CaO. The remaining 20% of the structure should include an amorphous 

phosphorous rich matrix with no calcium. Since complete crystallization of 

combeite overlaps with formation of another phase and crystallization rate of 

combeite slows with time due to less available calcium, it was not possible to 

form a 100% combeite structure. Figure 4-3 refers to other heat treatments 

performed on raw sample at lower temperatures and stabilization time. As could 

be seen, although the intensity of sodium nitrate decreased during this procedure, 

combeite is formed and it is possible to detect both phases in one sample.  
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Figure 4-2 X-ray diffraction pattern of 45S5 prepared by the sol-gel 
method as function of stabilization temperature. 

Placing the sample at temperatures more than 800◦C for long time leads to 

formation of crystalline apatite-like phase as discussed before. It is expected that 

the high temperature crystal phase be phosphate base due to the phosphorous rich 

glass which remains after crystallization of combeite. The main problem of 

detecting the newly formed crystals is related to their low amount and difficulty in 
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detecting it in XRD due to low intensity of peaks. Silicorhenanite 

Na2Ca4(PO4)2SiO4 (PDF# 032-1053) was the best match found for the crystalline 

phase at 800◦C. It has hexagonal structure which is represented by Kapralik et al. 

[50]. As mentioned before, after combeite formation, there should be no calcium 

present in the amorphous phosphorous rich phase. The presence of calcium in the 

higher temperature crystalline phase might be because there was not enough time 

for full crystallization of combeite. For better assessment of this transformation, 

raw powder was kept at 550◦C for phase separation of silicon and phosphorous 

rich regions and then immediately heated to 900◦C for 12hrs. The idea was to not 

give enough time for combeite formation. The result is shown in Figure 4-4. The 

main difference from the sample stabilized at 800◦C with slow heating rate was 

the separation of two main peaks at around 33◦. Lefebvre et al. [11] stated that this 

is due to a variation of lattice parameter rather than to phase change. They showed 

that a decreases with temperature while c increases. This change in lattice 

parameter is due to the formation of silicorhenanite at 800◦C. This phase is 

isostructural to apatite (combeite) and after nucleation of this phosphate rich 

crystal it will lead to expansion of combeite in c axis while the other direction will 

contract. Lefebvre et al. [11] showed that 75% of phosphorous ions are in the 

crystalline phosphate phase which is an orthophosphate (PO4
3-). It indicates that at 

around 800◦C, orthophosphates will migrate into silica network and they will 

replace SiO4 groups. So, the mentioned expansion is attributed to a larger size of 

orthophosphate rather than silica. Therefore it could be concluded that this peak 

separation is another proof of phosphate rich crystal formation at higher 

temperatures.  

Other kinds of tests like FTIR might help to achieve more information 

about the secondary phases formed during 45S5 crystallization.  
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Figure 4-3 XRD pattern of raw 45S5 stabilized:  a. 6 hrs at 600◦C b. 18hrs at 

500◦C and 6 hrs at 500◦C. b shows lower intensity of peaks but still formation of 
combeite could be seen (▼: combeite and  ●: nitrate) 
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Figure 4-4 XRD of gel-derived 45S5, a. stabilized at 700◦C b. stabilized 12hrs at 550◦C for 
phase separation and then kept at 900◦C for 12hrs. Peaks are related to combeite phase. 
 

4.1.3 FTIR 

 

Figure 4-5 shows the FTIR result of sample stabilized at  800◦C  where the 

presence of peaks with 520, 580 and 620  cm-1 wave numbers correspond to 

crystalline bonds of P-O bending [10, 13]. The presence of these Si-O peaks 

which are related to combeite, confirm XRD results. 

The peak at 880 cm-1
 corresponds to the Si-O stretch which is attributed to 

the silicon bond of phosphorous rich phase [13].  This phase hardly could be 

detected in 700◦C stabilized sample which was supposed to be crystallizing with 

just combeite. In contrast to the work of Li et al. [36], which stated that the apatite 
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phase that form at 800◦C is Ca10(PO4)6, the 880 cm-1
 peak and XRD results show 

that the formed apatite contains silicate. Two small peaks at 696 and 729 cm-1 are 

related to stretch Si-O bonds which attribute presence of crystalline silicate in the 

structure [51].  

Finally the high intensity peak at 926 cm-1
 is attributed to the Si-O bond 

with non-bonding oxygen. High intensity of this peak is due to the crystallization 

of combeite [13]. 

Reports show that phosphor in solid solution has higher effect on 

dissolution rate, so formation of this apatite-like phase reduces bioactivity [11]. 

To avoid this apatite phase formation or reducing this crystallization, stabilization 

temperature should be decreased. 

Assessing all results from DSC-TGA, XRD and FTIR show that best 

stabilization temperature, with highest apatite formation rate and removing all 

nitrogen content compositions should be around 700◦C. 

 

 

Figure 4-5 FTIR spectra of gel-derived 45S5 with Tstab=800◦C. 
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4.1.4 EDS mapping 
 

EDS mapping was carried out to study the elemental distribution after 

manufacturing crystalline 45S5. The main point of this test was to determine the 

composition of amorphous phase which remains after formation of crystalline 

combeite in 45S5. As discussed before, low accuracy of this method only allows 

for semi-quantitative analysis and is best interpreted when combined with other 

test methods to determine trends. 

 It is expected that in the region which phosphorous is concentrated, there 

would be no calcium as discussed in previous section, and probably no silicon. 

Figure 4-6 shows the map of a specific region in gel-derived 45S5. As could be 

seen there are some regions which the concentration of phosphorous is much 

higher, which could be related to the amorphous region. EDS mapping also shows 

that in the phosphorous rich regions, there is no calcium (as expected) and also no 

silicon; all the calcium and silicon was consumed for crystallization of combeite 

and the amorphous phase contains phosphorous and sodium, which is supports 

theoretical predictions mentioned before about the compositional changes 

following 45S5 crystallization. Li et al. [36] stated that the dissolution of 

crystalline 45S5 does not occur in the phosphorous rich region. It was also shown 

by Nychka et al. that elements not involved in the formation of combeite, such as 

phosphorous, could migrate to grain boundaries and alter dissolution, i.e., 

dissolution could preferentially occur near the grain boundary due to 

compositional changes. The slight increase in density after crystallization, which 

leads to development of some residual tensile stress around the grain boundary, 

could also contribute to dissolution; tensile stresses enhance dissolution of 

bioglass while compressive stresses reduce dissolution. Thus, it is expected to 

observe first stages of interfacial reaction around the phosphorous rich regions 

(grain boundaries) [52]. 
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Figure 4-6 EDS mapping of gel-derived 45S5. Color points are related to elements. Calcium 

and silicon were not detected in phosphorous rich regions. 
 
 
 

4.2 Particle size distribution 

Ground gel-derived and melt-cast powder size distributions were measured by 

assuming particles are spherical. This assumption might not be accurate for melt-

cast 45S5 as will be shown later, but since it is the universal method for 

measuring particle sizes, it was used to measure particle size of powders. The 

SEM images which will be shown in next section indicate that the PSDA results 

are close to reality. The main purpose of this test was to be sure that the size of 

tested powders had equivalent size. This test was performed 3 times for each 

sample and the results are shown in Figure 4-7. The detailed results are shown in 

Ca Na 

P Si 

1µm 1µm 

1µm 1µm 
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Error! Not a valid bookmark self-reference.. Generally it could be expressed that 

the particle size of all tested samples were close (particle size around 10 µm) and 

could be tested under similar conditions.  

 
 
Table 4-2 Particle size distribution analysis of 45S5 and 58S bioactive glasses 

Sample 
Median particle size     

d (0.5) (µm) 

Average median 

particle size (µm) 

Standard 

deviation 

Gel-derived 45S5 12.2 11.8 11.4 11.8 0.4 

Melt-cast 45S5 8.4 7.8 7.8 8.0 0.3 

Gel-derived 58S 7.9 8.0 7.6 7.8 0.2 

 

 

 

 

a 
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Figure 4-7 Particle size distribution of a. gel and b. cast derived 45S5 and c. gel-derived 58S. 

b 

c 
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4.2.1 SEM 

Figure 4-8 illustrates the SEM image of the powder particle size distributions at 

low magnification. As shown by particle size distribution analysis, most particle 

sizes of gel-derived powder are around 10 µm (8-12 µm) while melt cast powder 

shows various particle sizes. Some particles are around 1 µm but some are larger 

than 10 µm, but as discussed before the average is around 10 µm. Besides gel-

derived powder seems to be spherical while in melt-cast powder different shapes 

of particles could be found.  

 

 
Figure 4-8 SEM micrograph of particle distribution of gel and melt-derived 45S5 powders. 

Melt-cast 

Gel-derived 
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4.3 Surface area 

4.3.1 BET 

 
BET test is usually carried out to determine the specific surface area of 

specimens. The specific surface area of melt-cast 45S5 was measured and it was 

3.7 g/m2. As discussed in the experimental chapter, before taking the test, the 

sample needs to be heated up to high temperatures to remove impurities from the 

surface of the powder (degassing). This procedure takes about two hours.   

Since the gel-derived 45S5 powder has a much higher surface area, it is 

expected that degassing time will be higher than the melt-cast powder. The 

sample was kept in a vacuum chamber for more than 8 hours but still degassing 

was continuing, and due to lack of time, and subsequent lack of equipment access, 

it was not possible to measure the specific surface area of the gel-derived 45S5. 

Previous researches of gel-derived bioglasses showed that the specific surface 

area of the powder should be around 100-300 g/m2 which is much higher than the 

melt-cast powders [53]. 

4.3.2 SEM 

Figure 2-1 illustrates the SEM image of the melt and gel-derived bioglass, 

which shows the difference in the surface area of the product. It clearly shows the 

surface area of the gel-derived 45S5 is much higher than the melt-cast 45S5.    

4.4 In vitro test 

 
 

In vitro tests and dissolution rate of samples were carried out by immersing cast 

and gel derived powders in SBF for 12, 18 hrs, 1, 3, 7, 14, 18 and 21 days. 

Bioactivity assessment was achieved by understanding the dissolution rate. XRD, 

FTIR and SEM-EDS were executed on immersed powders to understand the 

reactions occurring on sample during immersion. Comparison of HA formation 

and the rate of reaction in two samples were used to compare dissolution rate.  
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Figure 4-9 SEM micrograph of gel-derived and melt-cast 45S5 before immersion in SBF. 

Gel-derived 45S5 

Melt-cast 45S5 
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4.4.1 XRD 

 

4.4.1.1 Melt-cast and gel derived 45S5 
 

XRD results of both samples immersed in SBF for various days are 

displayed in Figure 4-10. Figure 4-11 represents comparison of HA formation in 

both samples in a smaller scale so it could be compared more easily.  

Gel-derived powder shows crystal peaks of Na2Ca2Si3O9 (Combeite) 

before immersion in SBF; this crystalline phase could be detected after 3 days of 

immersion. After HA covered the surface, no combeite peak could be detected.  

Also in 3 days, Ca10(PO4)6(OH)2 hydroxyapatite (PDF#086-0740) starts to 

form and results in the growth of the main peak at 2θ around 32◦, which indicates 

that HA is growing on the surface of the biomaterial. Finally after 18 days the 

surface was covered with HA, such that no other crystalline phases could be 

detected. This means that after 18 days, the thickness of hydroxyapatite is thick 

enough that no other glassy phases could be detected by XRD. 

No strong crystalline peak could be detected in the melt cast 45S5 before 

immersion due to the amorphous structure, as expected. So the XRD spectra just 

showed a wide peak related to amorphous background. This broad peak is related 

to the irregular arrangement of atoms and various atomic bond lengths in glasses. 

This leads to detection of x-ray in different 2θs but without detectable peaks 

related to the structure of material.  After immersion and within 3 days the HA 

peak could be found in the XRD pattern. Comparing the HA peaks in both 

samples show that HA formation in first days of immersion is slightly faster in the 

melt cast powder. Presence of a broad amorphous peak even after 14 days in gel-

derived powder is proof of this, where this peak is much smaller in melt-cast 

powder after 14 days of immersion.  After the first days of reaction, the gel 

derived 45S5 crystal formation rate increased and at 18 days it reached to melt-

cast 45S5 formation rate. Finally after 21 days both samples show similar apatite 

formation rates, and their surfaces are covered with HA. 
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Figure 4-10 XRD spectra of immersed 45S5 prepared by a. sol-
gel and b. casting in SBF as function of time. 
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Figure 4-11 Brief comparison of melt and gel-derived 45S5 hydroxyapatite formation rate. 
After one day immersion, combeite peaks are not detectable in gel-derived 45S5 and after 18 

days both samples show similar amount of apatite formation.  
 

4.4.1.2 Gel-derived 58S 
 

The 58S sample was immersed in SBF as the function of time. Since this 

bioglass was widely tested before, in this study it will be briefly studied to 

compare apatite formation rate with 45S5 in the same immersion condition.  

As displayed in Figure 4-12 , unlike 45S5, it was possible to prepare 

amorphous 58S by sol-gel method. Comparison of the XRD results of 58S with 

45S5 shows that just after 1 day HA peaks are detectible in 58S, but in 45S5 HA 

peaks could be detected after 3 days. After 14 days immersion, it seems that the 

surface reaction in 58S is somehow stopped and even after 21 days, amorphous 

background could be detected in XRD patterns.  
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Figure 4-12 XRD spectra of gel-derived 58S, immersed in SBF as function of time. 
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4.4.2 FTIR 

 
 

FTIR spectroscopy was performed for verifying XRD results and studying 

amorphous structure more specifically. The results are illustrated in absorbance 

mode in Figure 4-13. Table 4-3 briefly explains the peaks which could be 

identified in FTIR spectra.  

 
Table 4-3 Correlation of energy peaks achieved by FTIR 

 Peak (cm-1) Correlation 

Amorphous glass 

470 
926 

~1024 
935 
1040 

 

Si-O bending [10, 18] 
Si-O stretching [10, 18] 
Si-O stretching [10, 18] 
Si-O stretching [18, 27] 
Si-O stretching [18, 27] 

Crystalline phases 

460 
575 
620 
880 
926 

Si-O bending [18, 27] 
P-O bending [10, 13] 
P-O bending [10, 13] 
Si-O stretching [13] 

Si-O stretching [10, 18] 
 

Surface minerals 

800 
~1100 

560 
604 
870 

 

Si-O stretching (silanols) [54] 
P-O stretching (CaP) [10] 

P-O bending [55] 
P-O bending [55] 

C-O stretching [10] 

 

The main absorption bands that represent amorphous 45S5 are the Si-O 

bending modes at 470cm-1 and 1024 cm-1. The Si-O stretch at 926 cm-1 is related 

to non-bridging (NBO) oxygen which is present in both amorphous and 

crystalline structures but is expected to show higher intensity in crystalline 

specimen [10, 18, 51]. These peaks are shown in melt-cast powder before 

immersion, in Figure 4-13. The three aforementioned peaks confirm presence of 

silicate bonds in 45S5 glass.  
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The gel-derived powder before immersion shows some other peaks which 

are mostly related to crystalline structure. The peak at 460 cm-1 [18, 27, 56] refers 

to Si-O bending bonds of developed crystals and peaks at 575 cm-1 620 cm-1 [10, 

13] refer to P-O bonds which show small amount of crystalline phosphate rich 

phase at 700◦C with less intensity than at 800◦C. Besides the Si-O stretch peak 880 

cm-1 presented for gel-derived samples with 800◦C stabilization temperature is so 

small and hardly detectable in the 700◦C sample (recall Figure 4-5). These results 

show that crystallization of apatite-like phosphorous rich phase occurs at 700◦C 

but in much lower amounts. Also in comparison with melt-cast samples the peak 

at 1024 cm-1 is split into two bands due to combination of isolated tetrahedral Si in 

combeite [13]. Furthermore, two small double peaks at 696 and 729 cm-1 are 

attributed to symmetric stretch Si-O-Si in crystalline combeite [51]. Finally the 

peaks at 935 and 1040 cm-1 are attributed to the stretch bond between Si and NBO 

spectrum and imply the occurrence of crystallization in gel-derived 45S5  [18, 27, 

28, 51]. These peaks show that most of Si-O groups contain at least one NBO as 

is expected to see in presence of combeite.  

Within the period of 12 hrs and 7 days of immersion, a small peak at 800 

cm-1 forms which represents Si-O bond stretch [54]. This bond corresponds to 

formation of amorphous Si-OH silanols in the second and third stage of interfacial 

reaction. After 7 days this peak disappears due to the crystallization of combeite 

on the surface. 

At stage 4 of interfacial reaction, Ca2+ and PO4
3- will migrate through the 

silica-rich layer causing growth of amorphous calcium phosphate [10]. The wide 

FTIR peak around 1100 cm-1 demonstrates stretch P-O bond which shows the 

formation of calcium phosphate. 

After immersion in SBF, the main peaks that should be noticed are P-O 

bonds that represent HA (Ca10(PO4)6(OH)2) crystallization. Three peaks at 560, 

604 and around 1100 cm-1 that grow after immersion, relate to P-O bonds. Since 

the P-O bond stretching at 1100 cm-1 (mentioned before) is superimposed on the 

Si-O stretching bonds corresponding to biomaterial, it is difficult to discriminate 

P-O stretching bond. So growth of two P-O bending peaks at 560 and 604 cm-1 
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are the peaks used for characterizing HA layer [10, 18, 55, 56]. The growth of 

these two peaks is obvious after 3 days immersion and become sharper with 

increasing time.  
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Figure 4-13 FTIR spectra for gel and melt derived 45S5 
after immersion in SBF for various times. 

 

Better assessment of the reaction kinetics was achieved by measuring the 

ratio of P-O bond intensity with the intensity of a stable peak during reaction as a 

reference. The best peak which was present in both samples and showed relatively 

steady state was Si-O bending with ~470 cm-1 wave number. Table 4-4 shows the 

ratio of the intensity first P-O bending peak (560 cm-1) over the intensity of high 

energy Si-O bending. As could be seen, it is obvious that this ratio is relatively 

getting constant after 18 days in gel-derived sample, while this occurs in melt-cast 
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powder after 21 days. This can be a good sign to show that the HA formation 

reaction is slightly higher in the gel-derived 45S5 since the formation of P-O 

bonds -which is attributed to HA formation- is faster.  

 
Table 4-4 Absorbance Intensity ratio of P-O bending at 560 cm-1 over Si-O bending at 470 cm-1. 

 
Gel-derived* Melt-cast* 

3 0.60 (0.16/0.28) 0.45 (0.19/0.42) 

14 1.00 (0.22/0.22) 0.95 (0.22/0.21) 

18 2.85 (0.26/0.90) 1.13 (0.08/0.09) 

21 3.00 (0.36/0.12) 2.68 (0.24/0.09) 
* Numbers in parentheses indicate intensities used in calculation of absorbance intensity ratio  

4.4.3 SEM  

4.4.3.1 Melt-cast and gel-derived 45S5 
 

Scanning electron microscopy is a practical method for understanding the 

morphology of gel-derived and melt-cast powders and HA which forms after 

immersion. After immersing powders in SBF, it is expected that 5 stages of 

surface reaction mentioned before, occur on the sample. Figure 4-14 shows the 

SEM image of 45S5 prepared by casting and immersion in SBF for 12 hrs. The 

EDS analysis result of this particle is shown in Table 4-5 which shows that the 

surface is covered with silicon and oxygen and small amounts of P, Ca and Na. 

This proves that the first two stages of the surface reaction happened on the 

powder after 12 hrs of immersion in SBF and that the powder is enclosed within 

amorphous silanol Si-OH gel.   

 
Table 4-5 EDS analysis of melt cast powder immersed in SBF for 12 hrs. 

Element Si P Ca Na O 
wt% 40.57 0.90 3.82 4.31 50.40 

Atomic% 29.44 0.59 1.94 3.82 64.21 

Days in 
SBF 

Specimen 
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Figure 4-14 Melt-cast 45S5 immersed in SBF for 12 hrs. 

As discussed before, the high porosity and surface area of the gel derived 

45S5, plays a major role in the reactions of the powder with SBF. Figure 4-15

represents the porous structure of the gel-derived 45S5 after 1 day immersion in 

SBF. A small nucleus of calcium phosphate could be detected on the surface. The 

porous structure makes interfacial reactions easier, even though the powder is 

crystalline.  

Figure 4-16 a illustrates the gel-derived sample immersed in SFB for 7 

days, showing some of the HAs coating has spalled. Presence of HA was 

confirmed by carrying out EDS on the area shown. Figure 4-16 a shows that the 

thickness of HA after 7 days is around 300nm. Also in Figure 4-16 b, deformation 

and scratches of the powder at the removed HA region due to unintentional 

mechanical force could clearly be detected. Figure 4-16 shows that even after 7 

days the surface of the powder is covered with HA. But since the thickness of 

hydroxyapatite is small, XRD still can detect the composition under HA.  

Immersion of the melt and gel-derived powder in SBF resulted in the 

formation of hydroxyapatite after 3 weeks, as discussed by XRD and FTIR 

results. SEM micrographs of 45S5 prepared by sol-gel and casting techniques, 

and comparison of HA formation of their surface is demonstrated in Figure 4-17. 
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Figure 4-17 a shows that nuclei (~200-500 nm; large white particles) form after 1 

day of immersion in SBF on both specimen types. These nuclei are likely related 

to amorphous calcium phosphate which forms in the fourth stage of interfacial 

reaction. EDS spectra taken from these particles show a higher calcium and 

phosphorous content than the bioactive glass powder, but HA and calcium 

phosphate have similar composition (HA is a hydroxylated calcium phosphate), 

so it is impossible to distinguish between these phases from EDS probes. 

Moreover, XRD and FTIR after 1 day immersion could not have indicated HA or 

calcium phosphate because the volume of the observed particles was too small. It 

should be mentioned that FTIR is the main method to distinguish between 

calcium phosphates and HA because of the presence of the hydroxyl peaks in HA, 

provided there is enough to detect. However, the morphology and also theoretical 

basis of interfacial reaction could be a clue for showing that particles are calcium 

phosphate. By focusing on Figure 4-17 a (gel-derived), small needle like 

hydroxyapatites could be detected all over the surface. Therefore it could be 

stated that hydroxyapatites form in two modes: 1) calcium phosphate nuclei form 

on the bioglass, and after that hydroxyapatites form on the surface of calcium 

phosphates, which implies that the first four stages of interfacial reaction happen 

together and then hydroxyapatites forms on calcium phosphates; 2) 

hydroxyapatite crystals nucleate directly on the surface of bioactive glass powder. 

Previous work has shown that hydroxyapatite can form on many different 

compositions of calcium phosphate, and that the morphology of such 

hydroxyapatite crystals is needlelike [57, 58]. It was not possible to assess the 

sequence of these reactions, but it seems that second case occurs more on the 

surface of rougher powder which is gel-derived 45S5. Therefore, small HA 

particles were not detected on the surface of melt-cast 45S5. It should be noticed 

that the image shown the melt-cast powder was prepared by sintering therefore 

the surface is not flat as expected in melt cast powders. This image is used just to 

show that HA nuclei form on the surfaces of both samples, but for other tests such 

as XRD and FTIR, and also SEM for more days of immersion, the flat sample 

which was grounded from the bulk glass was tested. 
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After 14 days the entire surface is covered with HA and new bunches of 

HA nuclei on the surface of gel-derived powder could be detected as illustrated in 

Figure 4-17 b. Figure 4-17 c demonstrates that new HA forms on the surface of 

previous hydroxyapatites. It can also be seen that HA forming on the surface of 

the gel-derived powder is much finer than the melt-cast. The thickness of HA 

platelets on the gel-derived 45S5 was measured around 10 nm while in the melt-

cast powder it was approximately 30 nm by using Image J software. This 

indicates that finer hydroxyapatite platelets could be achieved by using 45S5 

prepared by the sol-gel method.  

 
Figure 4-15 High porosity structure of gel derived 45S5 after 1 day immersion in SBF.
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Figure 4-16 SEM micrograph of gel derived 45S5 immersed in SBF for 7 days 

a 

b 
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Figure 4-17 SEM micrograph of gel-derived and melt-cast 45S5 after a. 

1 day b. 14 days c. 21 days immersion in simulated body fluid. 
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4.4.3.2 Gel-derived 58S 
 

The scanning electron microscopy images of 58S bioglass prepared by the 

sol-gel method are shown in Figure 4-18. It shows that after 1 day small particles 

of HA start to form and after 7 days the porous surface is covered with HA. By 

measuring the size of HA after 21 days immersion, the thickness of particles was 

found to be around 20-25 nm.  

 

 
Figure 4-18 SEM micrograph of gel-derived 58S after a. 1 day b. 

7 days c. 14 days and d. 21 days immersion in SBF. 
 
 
 

Figure 4-18 represents that the HA particles have a smaller aspect ratio 

compared to the HA formed on the surface of the gel-derived 45S5 which was 

more acicular. The main reason may be attributed to the presence of sodium as a 

modifier in 45S5. Sodium is an important element which enhances HA nucleation 

rate. This element enhances the reaction of bioglass with body fluid due to 

increasing NBO bonds. When the surfaces of bioactive glasses contain sodium, 

HA a b 

c d 
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more surface is available to react (more surface reaction) which leads to the 

formation of an HA morphology with higher surface area (e.g., platelets). In 58S, 

there is less interest of a surface reaction, therefore HA desires to form more on 

itself than the surface of bioglass, compared with 45S5 as shown in Figure 4-19. 

This lead to have more volume to surface ratio in HA formed on surface of 58S.  

HA morphology has been reported to change with temperature and 

solution concentration (e.g., NaCl) [57], however in this research the temperature 

and solution concentration (i.e., SBF) were held constant, so the HA morphology 

differences observed are believed to be due to powder composition, surface area, 

and structure.  

As discussed before, more surface area makes the kinetics of the reaction 

higher. So the reason of lower HA rate formation after 14 days of immersion in 

58S, could be related to the stable shape of apatite. It also means that the effect of 

HA morphology on reaction interest was more than the thickness of the particle 

(melt-cast 45S5 vs. gel-derived).  

Figure 4-19 Schematic illustration of the effect of presence of sodium on the morphology of 
bioglass, HA forms on itself more in 58S than 45S5. 

58S 
No sodium in composition 

45S5 
Sodium in composition

HA 

HA 
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4.4.4 EDS 

 
Quantitative data about the sequence of interfacial reactions and the 

amount of elemental changes are represented by EDS in Table 4-6 and Table 4-7. 

The theoretical elemental composition of 45S5 is:  16.30% Si, 1.77% P, 9.51% 

Ca, 17.26% Na and 55.16% O in mol%. EDS results show compositions close to 

expected the slightly higher amount of sodium might be due to less accuracy of 

lighter elements detection in EDS. Hydroxyapatite (Ca10(PO4)6(OH)2) forms after 

immersion of 45S5 in SBF, due to the interfacial reactions mentioned before [40]. 

The composition of HA is: 22.73% Ca, 13.64% P, 59.10% O and 4.54% H (molar 

%). So, EDS results should show, increase in Ca, and P elements and decrease in 

Na and Si. EDS results show that after 1 day immersion in SBF, as anticipated, 

45S5 shows increase in Ca and P and considerable decrease in Na. There no 

significant change in silicon value because, silicon is needed at first stages of 

interfacial reaction to form amorphous silanols. So it could be concluded that after 

1 day, the first two stages of reaction are almost accomplished. Melt cast powder 

shows higher rate of reaction after 1 day immersion. It shows around 3 % 

decrease in silicon and also higher increase in Ca and P. After 14 days immersion, 

EDS results of gel-derived and melt cast powder represent relatively similar 

values. This means that, although at first days of immersion melt-cast powder 

shows faster dissolution, later and after 14 days, gel-derived powder reactions get 

faster and match that of melt-cast powder. Both types of sample still show 

noticeable amount of silicon due to amorphous silanol. The XRD results and the 

presence of a Si-OH peak at 800 cm-1 in FTIR, after 14 days immersion confirm 

the EDS results. Finally after 21 days, a small amount of silicon and sodium and 

large amount of Ca and P could be detected by EDS test. Stochiometric value of 

Ca/P which is expected for HA is 1.67. This value for gel-derived and melt-cast 

powder is 1.58 and 1.90 respectively. It shows that stochiometric ratio achieved 

by gel-derived 45S5 is close to the expected value.    
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Table 4-6 EDS results of immersed 45S5 prepared by sol-gel method in SBF (mol%). 
Days in  

SBF 
 

 
0 

 
1 

 
14 

 
21 

Si 15.81 15.11 8.34 2.20 

P 1.41 7.50 12.54 14.48 

Ca 8.00 13.28 17.02 22.88 

Na 20.68 2.55 0.71 1.29 

O 53.85 62.32 63.40 61.63 

 
 
Table 4-7 EDS results of immersed 45S5 prepared by melt-casting technique in SBF (mol%). 

Days in  
SBF 

 

 
0 

 
1 

 
14 

 
21 

Si 15.12 
 

12.05 
 

9.77 
 

0.42 
 

P 1.56 
 

9.33 
 

11.11 
 

13.25 
 

Ca 8.00 
 

14.13 
 

15.80 
 

25.27 
 

Na 22.37 
 

1.95 
 

1.09 
 

1.22 
 

O 53.60 62.52 62.95 59.84 

 
 
 

Another way to show elemental change and EDS results of gel-derived 

and melt-cast 45S5 after immersion in SBF is illustrated in Figure 4-20. It shows 

the trend of decrease in Na and Si and increase in Ca and P values. Furthermore, 

higher rate of melt-cast reaction in first day of immersion can be seen.  

EDS results can be a helpful method to roughly determine the thickness of 

HA. As shown in Figure 4-21, the interaction volume of electrons which penetrate 

in the sample shows how much dept of sample is detected by EDS. Interaction 

Element 
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volume is roughly around 2µm [47] which means whenever elements related to 

substrate could not be detected, the thickness of HA has reached ~2µm. 

 
Figure 4-20 EDS analysis of melt-cast and gel-derived 45S5. 
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Figure 4-21 Schematic illustration of the dept of electrons could be detected. Before 
immersion, interaction volume just detect 45S5 as expected, after 7 days both 45S5 

and HA will be detected and finally after 21 days, the thickness of HA will be as thick 
as interaction volume that only HA could be detected. 
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EDS, XRD and FTIR help in comparing the reactions rate of specimens 

during immersion. Results show that the reaction is slightly faster during the first 

days of immersion of the melt-cast powder, but after 3 days the gel-derived 

samples show a higher rate of reaction. A simple reason might be explained via 

the morphology and structure of the samples. As shown in the XRD spectra, 

combeite crystal peaks are present up until 3 days of immersion for the gel-

derived powder. This phenomenon indicates that the lower dissolution rate in the 

first days of immersion is related to the presence of stable crystalline combeite 

which makes dissolution more difficult. In general, crystalline ceramics have the 

most stable structure compared with ceramic glasses (i.e., crystals have a lower 

Gibbs free energy). Materials, including glasses, change their state by 

transforming to the structure with the lowest energy, which is why glasses 

crystallize upon heating at sufficiently high temperatures and long times to allow 

for diffusion. Being more energetically stable, crystalline structures do not have 

as high a cation release as glasses, so the first stages of interfacial reaction are 

thermodynamically more difficult in crystals. However, in the amorphous 

structure, since the structure is metastable compared with crystals, ion release can 

occur more easily. Therefore, interfacial reaction is more favorable on the surface 

of amorphous bioglass than crystalline or partially crystalline glass-ceramics, but 

the reason that there is not that much of a difference in reaction after HA covered 

the surface relates to effect of porosity and roughness of the gel-derived powder 

on the kinetics of interfacial reaction. The increased surface area of sol-gel 

derived powders was found to overcome thermodynamic limitations of structure 

mediated dissolution by achieving enhanced kinetics, due to increase in the 

available surface area for reaction and increased aspect ratio of the apatite 

crystals. The rougher surface helped the reaction to occur more quickly because 

there were more reaction sites. Generally it could be concluded that there are three 

parameters which affect surface reactions before HA covers the surface of the gel-

derived 45S5: 1) atomic structure of the powder: crystalline vs. amorphous; 2) the 

specific surface area: high vs. low; 3) composition: sodium vs. sodium free. The 

latter is slightly more dominant, which helps to explain the lower reaction rate of 
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the 58S compared to the 45S5 powder (independent of crystallinity) within 3 days 

of reaction.  

As mentioned before, during first days of immersion, hydroxyapatites 

form on the surface of bioglass in two ways. Melt-cast bioglasses shows apatite 

formation more, by the first mechanism (production of HA on surface of calcium 

phosphate)  and it is probably difficult to find apatite which formed by the second 

way (as could be seen in Figure 4-17 a) [17, 37]. But in gel-derived biomaterial 

the other mode of apatite formation happens more. This might be related to high 

roughness which is expected to see on the surface of the gel-derived material. 

High roughness makes the major part of interfacial reactions occur on the edges 

of small roughness (which is not detectable in SEM micrograph and probably will 

be ~10 nm due to the size of particles formed by sol-gel method). Larger edges 

which could be detected in SEM micrographs make first mode of reaction 

available.  

Within 3 days the first layers of HA start to form on the surface of gel-

derived powder. This means that the connection between the surface of the glass 

ceramic and body fluid probably decreases, and the structure of the powder has no 

effect on the rate of the reaction. In melt-cast powder after formation of calcium 

phosphate on the surface this connection is lost. Therefore, the reaction rate is just 

related to the formed apatite and its morphology. XRD and FTIR results represent 

that both samples surfaces are covered with hydroxyapatite (Ca10(PO4)6(OH)2). 

So, the only parameter that might affect the surface reaction after the apatite 

formation on the surface is HA morphology itself. As mentioned before, and 

shown in Figure 4-17c, the hydroxyapatites which formed on the surface of the 

gel-derived 45S5 are much finer than HA formed on m the melt-cast bioglass. 

Higher surface area and the roughness of the gel-derived particles might be the 

reason of the finer hydroxyapatite platelets in the gel-derived sample as compared 

with the melt-cast powder. It is expected that apatite which form individually, 

become finer since they form on rougher nucleation sites. The surface of 

amorphous calcium phosphate could not be as rough as surface of gel-derived 

45S5. As shown in Figure 4-22, rough surface shows more nucleation sites, thus 
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finer particles will form on surface of rougher powder. It is easier for HAs to 

nucleate on corners because of the higher surface area. As a result finer platelets 

will be formed in comparison with the melt-cast 45S5, where apatite forms on the 

surface of calcium phosphate rich glass. Many reports show that subsequent 

layers of HA form on the surface of previous HA [17]. As the platelets of HA 

appear finer for the gel-derived powder, the next layers will form faster due to a 

higher nucleation surface. Round fine clusters which could be seen in Figure 

4-17c are related to these new hydroxyapatites. 

Eventually after 21 days of immersion in SBF, the dissolution rate of 45S5 

prepared by sol-gel method, even though the structure is crystalline (and of 

slightly different composition locally), becomes higher than the amorphous cast-

derived bioglass. It could be expected that the next stages of interfacial reaction 

between interface and body fluid will be faster in the gel-derived powder due to 

finer morphology. Besides, previous research has shown that finer hydroxyapatite 

will make the surface rougher so the connection with the body will become easier 

and mechanical attachment will improve as well [59-61]. 

 

 
 

 
 

Figure 4-22 Schematic illustration of Surface with low roughness which 
shows less nucleation sites than surface with more roughness 
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5 Conclusions 
In this research the apatite formation rate of three bioactive glasses was 

compared. Comparison of traditional compositions (used in medical applications) 

of melt cast bioglass 45S5, with gel-derived glass-ceramic 45S5 and gel-derived 

bioglass 58S (45S5 without sodium oxide in composition) were carried out by 

immersion in simulated body fluid (SBF). The rate of hydroxyapatite (HA) 

formation during immersion in SBF was used as an appropriate sign to correlate 

the bioactivity of the materials.  

1. Since preparation of amorphous 45S5 by sol-gel method was not possible 

due to crystallization, it was first expected to have a lower apatite 

formation rate because of the stable crystalline structure. This means that 

crystalline structure thermodynamically showed less favor to for m apatite, 

than amorphous bioglass. However the high surface area of sol-gel 

powders helped to increase the kinetics of HA formation therefore, 

increased the rate of apatite formation.  

2. Immersing gel-derived 45S5 powder in SBF showed similar HA formation 

rate compared with melt cast 45S5. This occurred because of the higher 

roughness and surface area of 45S5 prepared by sol-gel method, despite its 

crystalline structure.  

3. Specific surface area, which indirectly changes surface roughness of the 

powder, is the likely determinant in affecting the morphology of observed 

HA; it was shown that finer HA platelets formed on gel-derived samples.  

4. The presence of sodium in 45S5 was a major factor leading to formation 

of crystal structure when using the sol-gel method; compositions without 

sodium did not crystallize after stabilizing heat treatments.  

5. The kinetics of interfacial reaction for gel-derived 58S was faster than for 

gel-derived and melt-cast 45S5 in the first days of immersion, which is 

related to the high surface area and amorphous structure of 58S. 

6. After 7 days of immersion, the rate of reaction became slower in 58S. It 

might be related to the morphology of the formed HA. Although the size 



 92 

of HA was relatively small, the spherical shape of it could have lead to 

lower formation rate of HA. This morphology had much less surface area 

compared with acicular HA particles formed in gel-derived 45S5. This is 

because of less aspect ratio which leads to have less surface area, in a 

constant volume. Therefore, the reaction became slower after the first 

layers of HA covered the surface. 

  

Future work: 
Mechanical properties and in vivo studying of melt-cast 45S5 and gel-

derived 58S have been explored by previous researchers. Gel-derived 45S5 has 

not been tested in living tissues. There is high potential of this material to show 

characteristics for use as bone filling therapy. As mentioned before, it is expected 

to have better mechanical properties in comparison with amorphous 45S5. So, 

many kinds of tests such as nano-indentation could be carried out on powder to 

study the hardness of particles. Since the gel-derived 45S5 has a crystalline 

structure it would be feasible to sinter it at high temperatures to form a bulk 

sample. This could help to study other mechanical properties such as fracture 

toughness, stress, and elastic modulus. It is important to perform in vivo tests on 

such samples to achieve better assessment about the true bioactivity of crystalline 

gel-derived 45S5. Finally, testing mechanical properties and the effect of finer 

HA layers in gel-derived powder on the nature and strength of the interface 

between implant and bone could be useful. 
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