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PREFACE 
 

Magnetism and magnetic materials have a strong role to play in health care and biological 

application such as cell separation, drug delivery and magnetic intracellular hyperthermia 

treatment of cancer. Magnetic bioglass ceramics (MBC) are complex and multiphase 

biocompatible materials, usually fabricated from the original bioglass with the addition of 

Fe2O3 in the basic bioglass composition. MBCs exhibit bioactivity as well as magnetic 

properties. This Ph. D thesis work is focussed on the preparation and characterization of 

CaO, MgO and ZnO based glasses containing variable amounts of iron oxide and MBC 

derived from them. These investigations are aimed at (i) optimization of preparative 

conditions of the MBC, (ii) magnetic hysteresis loss and physical property evaluation of 

MBC, and (iii) evaluation of biocompatibility of the MBCs by treating them with SBF. 

Since preparation of bioactive glasses is the first stage in the preparation of the bioglass-

ceramics, optimization and evaluation of the properties of the base glasses are also 

required in order to fully comprehend the MBCs derived from them.  

After a careful study of the bioactive based glass containing Fe2O3 and magnetic 

glass-ceramics obtained by controlled crystallization of the respective parent glasses, 

three glass systems, viz., 41CaO(52-x)SiO24P2O5xFe2O33Na2O, (x  = 0, 2, 4, 6, 8 and 10 

mole %), 4.5MgO(45-x)CaO34SiO216P2O50.5CaF2x Fe2O3 (x = 0, 5, 10, 15 and 20 wt.%) 

and x(ZnO,Fe2O3)(65-x)SiO2 20(CaO,P2O5)15Na2O  (x = 6, 9, 12, 15, 18 and 21 mole % ) 

with Ca/P = 1.67 and Fe/Zn = 6.5  were identified for the present investigations. 

Bulk glass samples belonging to the three glass systems were prepared by melt 

quenching technique. Powder X-ray diffraction technique was used to verify the 
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amorphous nature of the glasses and to record the X-ray diffraction (XRD) pattern of heat 

treated glasses. Differential scanning calorimeter (DSC) was employed to determine the 

glass transition temperature (Tg) and the crystallization temperature (Tc) of the glasses. 

Density of the glass samples was measured using Archimedes’ principle. A 

microhardness tester equipped with a Vickers pyramidal indenter was used for micro 

hardness measurements. Electron Paramagnetic Resonance (EPR) spectra were recorded 

at room temperature on powder samples using a Spectrometer in the X band for 

understanding the valence states and local structure of iron ions as a function of 

composition. Magnetization versus Temperature (M-T) curves and magnetic hysteresis 

(M-H) loops of the samples would be obtained using a Vibrating Sample Magnetometer 

(VSM) to elucidate the magnetic properties of the samples. In vitro bioactivity test was 

performed on the samples by immersion of bulk samples in SBF (Kokubo’s solution) for 

different periods of time and monitoring the changes in the structure of the glasses / 

glass-ceramics by grazing incidence XRD, reflectance FT-IR spectroscopy and Scanning 

Electron Microscopy (SEM) . All the experimental data were analysed using existing 

theoretical formalisms. The thesis is arranged in six chapters. 

The first chapter serves as a brief introduction to bioglasses and glass-ceramics, the 

materials of interest to this thesis work. The motivation behind the thesis work is briefly 

stated at the end of this chapter.  

The second chapter discusses the experimental techniques used in the present 

investigations. The basic principle and the theory behind the experiments, the 

experimental set up and the measurement/estimation procedure leading to the 

determination of the physical properties are discussed at length here.  
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In the third chapter, experimental studies on CaO-SiO2-P2O5-Fe2O3-Na2O glasses 

and glass-ceramics are presented. Variations in the EPR spectral features, hardness, 

density, molar volume, magnetic susceptibility and Tg of CaO-SiO2-P2O5-Fe2O3-Na2O 

glasses with Fe2O3 content are interpreted and correlated with changes occurring in the 

glass structure with change in composition.  The glasses immersed in SBF were taken out 

at regular time intervals and the surface structural are changes were evaluated by 

examining apatite layer formation.  In vitro bioactivity studies showed that the apatite 

forming ability in glasses increased as a function of iron oxide content. The as-quenched 

glasses were heat-treated at elevated temperatures in order to crystallize useful phases. 

The evolution of magnetic properties in the glass-ceramics samples as a function of iron 

oxide molar concentration is correlated with magnetization, coercivity and crystallite size 

of magnetite phase present in them. M-T data indicates ferrimagnetic behavior in these 

samples below the transition temperature. The EPR absorption lines near g ≈ 2.0 and g ≈ 

4.3 were observed in samples with lower concentration of iron oxide. The latter 

absorption line g ≈ 4.3 was not observed in the EPR spectra of samples with higher iron 

oxide content. In vitro bioactivity studies showed an increased apatite forming ability in 

glass-ceramics when the iron oxide content is increased. 

In four and five chapter are devoted to the study on MgO and ZnO bioactive glass 

and glass-ceramics systems, respectively. The investigations undertaken in the third 

chapter are similar to the ones discussed above. 

Conclusions and scope of future work on these bioactive glass and glass-ceramics 

are presented in the last chapter. The similarities and the differences observed in the three 

systems are discussed. The references cited in the thesis are listed in the end of the thesis. 
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Chapter 1  

 

 

Introduction 

One of the most exciting and rewarding research areas of materials science involves the 

applications of materials to health care, and especially to reconstructive surgery. The 

importance of biomaterials can be well realized from the economical aspect, i.e. in terms 

of an estimate of total health care expenditure around the world. The use of synthetic 

materials to replace parts of human body dates back to thousands of years ago. 

Nevertheless, until the 19
th

 century, these synthetic biomaterials continued to be the most 

frequently used to make implants. During the 1970s and 1980s, a new class of 

biomaterial called bioactive glasses was obtained by melting and rapid cooling of multi 

component oxides. Two main aspects dominate the current research on this special 

category of glasses, viz., improvement of the mechanical properties without decreasing 

the bioactivity, which is generally achieved by the preparation of glass-ceramics [1-2], 

and studying the influence of the composition on the bioactivity [3].  

Bioactive glasses and glass-ceramics have another application viz., as 

thermoseeds in hyperthermia treatment of cancerous cells [4-7]. This therapy consists of 
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controlled heating of local regions of the living tissues and bones by magnetic implants. 

When an alternating magnetic field is applied in the vicinity of a magnetic implant 

(thermoseed), heat is generated in the material due to hysteresis loss. This heat is 

dissipated to the tissues over a localized region. When heated above 43 ºC, the cancerous 

cells are the first one to die. If the heat treatment is selective, i.e., just above 43 ºC, and 

the application time controlled, it is possible to selectively damage the cancerous cells 

without affecting the healthy ones. Thermoseeds can be prepared by creating magnetic 

aggregates in a bioactive glass or glass-ceramic material. The amorphous nature of glass 

permits addition of iron oxide as a constituent and thus provides a means to obtain Fe 

containing glasses. These glasses can be given adequate heat treatment to induce 

magnetic nuclei in the material or to precipitate a magnetic phase. Thus, this material 

could be used as a glass or, after appropriate heat treatment, as a magnetic glass-ceramic. 

However, obtaining glass-ceramics which combine excellent bioactivity and magnetic 

properties (in the range suitable for efficient hyperthermia treatment) is a challenge.  

 

1.1. General theory of Biomaterials 

A biomaterial is a synthetic material to be used in intimate contact with living tissue. A 

more precise definition of a biomaterial was given in 1986, at the consensus conference 

of the European Society for Biomaterials, when a biomaterial was defined [8] as “a 

nonviable material used in a medical device, intended to interact with biological system”. 

A general theory of biomaterials was proposed by Hench and Ethridge in 1982 [9]. 

Its salient features are 

(a) An ideal implant material performs as if it were equivalent to the host tissue. 
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(b) Axiom 1. The tissue at the interface should be equivalent to the normal host tissue. 

(c) Axiom 2. The response of the material to physical stimuli should be like that of the 

tissue it replaces. 

These axioms are interdependent. A stable interfacial bond between tissue and implant 

must be achieved in order to obtain an equivalent physical response, and controlled 

physical stimuli are necessary for a stable interface to be produced. This general theory 

requires that a biomaterial should have both biochemical compatibility and 

biomechanical compatibility. Hence, besides bioactivity, a match in physical and 

mechanical properties is also essential for an implant to replace bone.  

 

1.2. Types of tissue attachment of biomaterials 

For many years, it was thought that interactions between body and implants could cause 

only undesirable reactions, such as tissue irritation, damage, and finally death. This was 

due to the observation that if a toxic material is put in contact with a tissue, the tissue will 

die. For this reason, the guiding principle used in biomaterials development at the 

beginning was that they should be as chemically inert as possible. Biomaterials for 

clinical applications are categorized according to the type of implant-tissue attachment 

into four types, which are summarized in Table 1.2 with examples [3]. The most inert 

material (bioinert) elicits a reaction of the body once implanted [3, 10]. A thin non-

adherent fibrous capsule is developed on bioinert materials after they remain in contact 

with body environment for some time. This prevents further interactions with the tissues. 

The thickness of the protective fibrous layer developed depends on the type of bioinert 

material, and on the motion and fit at the interface [11]. This type of interface cannot last 
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for long time. Eventually, deterioration occurs, and the material has to be surgically 

removed. This led to the development of materials that could interact with the body 

inducing a desirable response from the host tissue. 

Porous materials can achieve biological fixation. In this case, a mechanical bond 

is obtained by in-growth of bone into the pores, which have diameters > 100 µm [11]. 

The increased interfacial area between the implant and the tissue increases the resistance 

to movement of the device in the tissue. However, porous materials too do not last long 

once implanted. Their mechanical strength is not as high as bulk materials, and the 

corrosion due to the exposure of a large surface area to body fluids further decreases their 

strength. 

Resorbable bioceramics represent an alternative solution to the problem of long 

term implant failure. These materials are supposed to exploit and increase the body 

capacity of self repairing. This happens as these materials degrade gradually over a 

period of time, and are replaced by the natural host tissue. An important issue related to 

this class of biomaterials is the biocompatibility of the products of resorption. Moreover, 

resorption should occur at a rate similar to cellular metabolism. Yet another requirement 

is the matching of the resorption rate with the repair rate of body tissues [12]. These 

requirements are very difficult to be fulfilled, and for this reason not many resorbable 

biomaterials have been clinically applied so far.  

A very valuable solution to the problem of achieving a stable implant tissue 

interface is bioactive fixation. When a bioactive material is implanted in the body, a 

series of biophysical and biochemical reactions occur at the implant-tissue interface. 
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These reactions eventually result in a mechanically strong chemical interfacial bonding 

between the two [3, 8-9, 11, 13]. 

 

Table 1.2: Types of tissue attachment of biomaterials 

 

In 1969, the concept of a bioactive material was discovered [14]. In the early 1970s, bio-

ceramics began to be used in certain implant applications, which depended on the fact 

that a smooth oxide ceramics surface, especially Al2O3, elicited very little tissue reaction 

and provided good wear characteristics for a bearing surface. Since then, the field of 

ceramics has expanded enormously to include many new compositions of glass, glass-

ceramics and ceramics [3, 15]. The concept of bioactivity was defined as “a bioactive 

material is one that elicits a specific biological response at the interface of the material 

which results in the formation of a bond between the tissues and the material” [14]. It is 

Type of implant Type of attachment Example 

Nearly inert Mechanical interlock 

(morphological fixation) 

Metals, alumina, zirconia, 

polyethylene (PE) 

Porous In-growth of tissues into pores 

(biological fixation) 

Hydroxyapatite (HA), HA 

coated porous metals 

Bioactive Interfacial bonding with 

tissues (bioactive fixation) 

Bioactive glasses, HA, 

bioactive glass-ceramics 

Resorbable Replacement with tissues Tricalcium phosphate, 

polylactic acid (PLA) 
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intermediate between resorbable and bioinert [9, 13, 15]. A bioactive material creates an 

environment compatible with osteogenesis (bone growth), with the mineralizing interface 

developing as a natural bonding junction between living and non-living materials. This 

concept has now been expanded to include a large number of bioactive materials with a 

wide range of rates of bonding and thickness of interfacial bonding layers. They includes 

bioactive glasses such as Bioglass
®

, bioactive glass-ceramics such as Ceravital
®

, A/W 

glass-ceramics, dense calcium phosphate ceramics such as synthetic hydroxyapatite 

(HA), bioactive composites such as PE-HA mixtures, and a series of bioactive coating 

materials. The mechanism of bonding, the time dependence of bonding, the strength of 

the bonding and the thickness of bonding zone are different differ for each type of 

bioactive material is different. Large differences in the rate of bone bonding to bioactive 

implants indicate that different biochemical factors influence the implant-tissue interface. 

In 1994, a new hypothesis was proposed [10], in which bioactive materials are classified 

into two types, viz., 

1. Class A, osteoproductive materials. Osteoproduction has been defined by Wilson 

[16] as “the process whereby a bioactive surface is colonized by osteogenic stems 

cells free in the defect environment as results of surgical intervention”. Class A 

bioactivity occurs when a material elicits both an intracellular and an extracellular 

response at its interface. Class A bioactive glass can bond with both bone and soft 

tissue. 

2. Class B, osteoconductive materials. The osteoconductive implant simply provides a 

biocompatible interface along which bone migrates. Osteoconductive bioactivity 

occurs when a material elicits only an extracellular response at its interface [8]. 
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Synthetic HA implants are osteoconductive; i.e. they have Class B bioactivity. 45S5 

bioglass
®

, which is a Class A bioactive material, is both osteoproductive and 

osteoconductive.  

 

1.3. Bioactive materials 

“A bioactive material is one that elicits a specific biological response at the interface of 

the material which results in the formation of a bond between the tissues and the 

material”. This definition was give by L. L. Hench, who initiated this subject of research 

with his colleagues in the early 1969s [14]. Certain compositions of glasses, ceramics, 

glass-ceramics and composites have been shown to bond to bone [8-9, 11, 13, 15, 17-18]. 

These materials have become known as bioactive ceramics [13, 15]. Some even more 

specialized compositions of bioactive glasses will bond to soft tissues as well as bone 

[19-20]. A common characteristic of bioactive glasses and bioactive ceramics is a time 

dependent, kinetic modification of the surface that occurs upon implantation [13, 15]. 

The surface forms a biologically active hydroxycarbonate apatite (HCA) layer which 

provides the bonding interface with tissues. The implants are equivalent chemically and 

structurally to the mineral phase in bone. It is that equivalent which is responsible for 

interfacial bonding.  

 

1.3.1. Bioglasses 

In 1969, Prof. L.L. Hench from the University of Florida, discovered that some 

compositions of glass can bond chemically with bone. These glasses are called bioactive 

glasses and have been used mostly as a reconstructive material for damaged hard tissues 
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such as the bone. The advantage of this material is that it is possible to design the glass 

for example in order to get a controlled rate of degradation and bonding to the tissue. The 

rapid reaction at the surface leads to a fast bonding with the living tissue. But, due to the 

mostly two-dimension structure of the glass network, the mechanical properties are 

relatively low. It is important to note that small changes in the composition can lead to 

very different properties and this gives the opportunity to use a bioglass in contact with 

different tissues, since one can tailor a range of properties depending on the implantation 

site of the prosthesis.  

Hench et al. [3] showed that certain compositions of glasses containing SiO2, 

CaO, Na2O and P2O5 were able to form a bond with bone once they are implanted. In 

fact, when these glasses were put in contact with biological fluids, a layer of HCA 

analogue to the mineral phase of bones was deposited on their surface. Collagen 

molecules were incorporated into this layer, and a biological bond could be formed. Later 

work by Wilson and Nolletti [20] showed that a bond with soft tissue could also be 

achieved, if the speed of apatite formation was high enough.  

  The rate of bonding of bioactive glasses with bone depends on many factors. One 

of them is the bulk composition. The most rapid rates of bonding for bioactive glasses 

composed of SiO2, CaO, Na2O and P2O5 are obtained with SiO2 content of 45-52 wt.% . 

In this compositional range, a bonding both to soft and hard connective tissues has been 

found to occur within 5-10 days. Bioactive glasses or glass-ceramics containing 55-60 

wt.% SiO2 require a longer time to form a bond with bones, and do not bond to soft 

tissues. Glass compositions with more than 60 % SiO2 do not bond either to bone or to 

soft tissue, and elicit formation of a non adherent fibrous interfacial capsule [21]. These 

TH-800_05612106



Chapter 1: Introduction      

9 

 

concepts are summarized in Fig. 1.3.1, where Na2O-CaO-SiO2 ternary phase diagram is 

shown, in which the P2O5 % wt. is maintained at a constant value.  

Glass and glass-ceramics that have a composition falling inside region A develop 

HA both in vitro and in vivo conditions. Compositions inside the dashed line bind also to 

soft tissues. The material in region B is inert, and those in region C are resorbable. 

Region D is a non-glass forming and nonbonding region [3]. The boundary between 

region A and C depends upon the ratio of surface area of the glass to the effective 

solution volume of the tissue, as well as the glass composition. 

 

Fig. 1.3.1: Bioactive regions in the Na2O-CaO-SiO2 system [3]. 

 

Bioglass
®

, which has the following composition, 45 % SiO2, 24.5 % Na2O, 24.5 

% CaO and 6 % P2O5 in weight percent, also popularly referred to as the “45S5 bioglass” 

was the first bioactive material discovered in 1969 by Hench [14]. This material has 

found many applications in orthopedic and dental fields, and is one of the most used 

bioceramics.  
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1.3.2. Bone minerals 

Bone is a natural composite material, which by weight contains about 60 % mineral, 30 

% matrix and 10 % water [22]. Bone is also a living tissue, with about 15 % of its weight 

being due to the cellular content [23]. The matrix of bone is comprised primarily of Type 

I collagen that is highly aligned, yielding a very anisotropic structure. This organic 

component of bone is predominantly responsible for its tensile strength. The mineral 

component of bone is a form of calcium phosphate known as HA. Stoichiometric HA has 

the formula Ca10(PO4)(OH)2, and adopts a hexagonal geometry with the unit cell 

dimensions being 9.42 Å in the a and b directions, and 6.88 Å along the c-axis [24]. 

However, bone mineral is rarely stoichiometric, and usually contains many substitutions 

such as magnesium, sodium, potassium, fluorine, chlorine, and carbonate ions [25]. 

Calcium phosphate has been used in the form of artificial bone. Recently, this material 

has been synthesized and used for the manufacture of various forms of implants as well 

as solid or porous coating on implants. Calcium phosphate can be crystallized into salts, 

hydroxyapatite and β-whitelockite depending on the Ca/P ratio, presence of water, 

impurities and temperature. In a wet environment and at lower temperature (< 900 ºC), it 

is more likely that the (hydroxyl or hydroxyl) apatite will form, whereas in a dry 

atmosphere and at higher temperature the β-whitelockite will be formed. Both forms are 

very tissue compatible and are used as bone substitute in a granular or solid block forms. 

However, the mineral part of bone and teeth is made of a crystalline form of calcium 

phosphate similar to HA {Ca10(PO4)6(OH)2} or carbonate apatite {Ca10 (PO4)6(OH)2-2x 

(CO3)x} [3]. The mineral phase of calcified tissues (enamel, dentine and bone) is 

biological apatite, which is hydroxy carbonate apatite (HCA). Biological apatites are 
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usually calcium-deficient and are always carbonate substituted. Biological apatite 

contains 3.2-5.8 wt.% carbonate. Consequently, biological apatites are referred to as 

carbonate apatites [26-27]. Biological apatites also contain other minor and trace 

elements as described below: (Ca,M)10(PO4,CO3,Y)6(OH, F, Cl)2, where M represents 

Mg, Na, K and trace elements Sr, Pb, Ba etc. Y represents acid phosphate, HPO4, 

sulfates, borates etc. These elements will change the lattice parameters and the crystal 

properties of apatite [8, 28]. The ideal Ca/P ratio of hydroxyapatite is 10:6 , the calculated 

density is 3.219 g/cm
3
 and hardness [Vickers Hardness Number (VHN)] is 3.43 GPa. 

Among the most interesting properties of apatite as a biomaterial is its excellent 

biocompatibility. Apatite appears to form a direct chemical bond with hard tissues. 

 

1.3.3. Bioglass ceramics 

Thousand of years ago, humans discovered a new class of materials, made by firing clay 

and transforming this into ceramics. This discovery was fundamental in the 

transformation of the society from a nomadic style of life toward an agricultural society. 

Nowadays, we are assisting a new revolution, as in the last twenty years, the development 

of glass-ceramics suitable for application as biomaterials has opened new possibilities in 

medicine. Actually glass-ceramics have been widely used as health device but their use as 

implants inside the body is relatively new. With these bioceramics, we can tailor the 

composition for obtaining different properties [29]. The main use of these is to repair 

bones, joints or teeth. There are also some other applications such as for tumour 

treatments or to replace some parts of heart valves.  The low strength of a monophase 

bioactive glass restricts its clinical application to non-load bearing situations. A way to 
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attempt to solve this problem is to prepare a glass-ceramics by a process of crystallization 

of glass [15, 30-31].  

Several kinds of bioactive glass-ceramics have been developed, including bioactive A/W 

glass-ceramics, ceravital glass-ceramics and machineable glass-ceramics. These glass-

ceramics also show bioactivity by bonding to bone [32]. Machineable glass-ceramics 

have high levels of machineability because of a mica phase crystallized during heat 

treating [18]. Glass-ceramics and glasses are commonly used in wide range of medical 

related applications, as one can easily imagine: eye glasses, chemical and chirurgical 

glassware, analysis instruments, etc. Moreover, ceramics have been widely used in 

dentistry: e.g., gold or porcelain has been used to substitute crowns, and glass cements 

are used as fillers [33]. Nowadays, bioceramics are used for a wide variety of applications 

inside human body, as can be seen in Fig. 1.3.3 [34].  

A wide range of ceramics materials are used for biomedical applications: glasses 

(45S5 Bioglass), polycrystalline ceramics (HA, tricalcium phosphate), Polycrystalline 

glass-ceramics (Ceravital), vitrified ceramics (glass-HA), sintered ceramics (alumina, 

zirconia), hot pressed ceramics or glass-ceramics (Cerabone
®

 A/W glass-ceramics), 

bioactive sol-gel glasses or ceramics compositions [29]. The first total hip replacement 

with alumina dates back to 1971 [34]. Hench`s paper concerning the mechanism of 

bonding of biomaterials to host tissue [14] opened up the research activities on bioactive 

materials. Shortly after this paper was published, Ceravital was patented [35]. Ceravital 

refers to a number of different glass compositions that have been used for the 

replacement of the ossicular chain in the middle ear. In the mid seventies, three 
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independent groups commercialized a synthetic form of HA for orthopedic applications 

[8, 36-38]. 

 

Fig. 1.3.3. Clinical uses of bioceramics [34] 
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HA can be used either as dense or as porous material. Tricalcium phosphate has 

also been used to make resorbable implants [39]. A/W glass-ceramics in the MgO-CaO-

SiO2-P2O5 system, containing apatite and wollastonite phases, were introduced by 

Kokubo et al. in 1982 [40]. They have been used for vertebral replacement, iliac crest 

prostheses and as bone defect fillers. Subsequently, composites made of a variety of 

bioceramics and other materials have been prepared and investigated. A few examples 

are stainless steel fiber reinforced bioglass, titanium fiber reinforced bioglass, tricalcium 

phosphate (TCP) or HA reinforced polyethylene [29]. Bioceramics can be used in 

granular or bulk form, depending on the need: bulk samples for tissue replacement or 

augmentation, whereas powders for space-filling, therapeutic treatment, tissue 

regeneration, or coatings [14]. 

 

1.4. Tests for biocompatibility 

The fundamental requirement of any biomaterial is its biocompatibility or the ability of 

the material to perform with an appropriate host response for the desired application i.e. 

the material and the tissue environment of body should coexist without having any 

undesirable or inappropriate effect on each other. From biological point of view, 

biocompatibility arises from the acceptability of non-living materials (synthetic 

biomaterial) in living body (mammals/humans). The material may be a natural or 

synthetic polymer, a metal, a ceramic or a combination of these and it may carry a 

surface treatment to provide a specific chemistry or biological signal that is intended to 

improve the overall performance of the material. Biocompatibility testing and 

evaluation involves both in vitro and in vivo assessments. 
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1.4.1. In vivo test 

In vivo assays use animal models to test the biological response to biomaterials in living 

animals with active fully integrated systems. This response provides a dual evaluation 

based on acquiring clinical data during the trial period and histological data from 

examination of sections of post-mortem tissue to assess the tissue response to the 

implanted materials. In vivo testing of biomaterials involves small animal models such 

as mouse, rat and/or rabbit. In vivo tests also provide interactions with extracellular 

matrix, blood-borne cells, protein and molecules.  

 

1.4.2. In vitro test 

The importance of analyzing bioactivity in vitro prior to in vivo analysis is obvious. In 

vivo studies require animal sacrifices, are more costly and less easily reproducible, and 

involve ethical issues. For these reasons, before testing bioactivity of the materials in 

vivo, screening carried out in biological labs in vitro is necessary. The choice of the 

solution used to simulate in vitro the reactions occurring on the surface of biomaterial is 

very important: simple solutions that mimic only the inorganic composition of human 

body fluids, or more complex solutions that also contain some biological moieties such as 

proteins can be used. Moreover, cell-containing solutions can be employed, thus 

increasing both the similarity to real body fluids and the complexity of the test. 

 

1.4.2.1. Simulated body fluid (SBF) 

In 1980, Hench et al. showed [41] that a SiO2-rich layer and calcium phosphate film form 

on the surface of bioglass when implanted in body environment, which allows bonding to 
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living bone. They also demonstrated that the in vivo formation of calcium phosphate film 

can be reproduced in buffer solution consisting of tris hydroxymethylaminomethane and 

hydrochloric acid (tris buffer solution) at a pH of 7.4. Kitsugi et al. showed [42] that the 

SiO2-rich layer does not form on glass-ceramics A/W, but a calcium phosphate layer 

forms on its surface in the living body, allowing bonding to living bone. Subsequently, 

Kokubo et al. [43], using micro X-ray diffraction, identified this calcium phosphate layer 

as crystalline apatite. In addition, in 1990, they showed that the in vivo apatite formation 

on the surface of glass-ceramics A/W can be reproduced in an acellular SBF with ion 

concentrations nearly equals to those of the human blood plasma, but not in a tris buffer 

solution [44-45]. Kokubo et al. [44] and Hench et al. [46] also independently confirmed 

the formation of apatite on the surface of Bioglass 45S5-type glass treated in SBF. 

Detailed analysis of the surface apatite formed in SBF, by means of thin film X-

ray diffraction (TF-XRD), Fourier transform infrared spectroscopy, scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM), showed [44-45, 47] 

that it was similar to bone mineral in its composition and structure. As a result, it was 

speculated that osteoblasts might preferentially proliferate and differentiate to produce 

apatite and collagen on its surface. Thus formed apatite might bond to the surface apatite 

as well as to the surrounding bone. Consequently, a tight chemical bond is formed 

between the material and the living bone through the apatite layer. In contrast, glass-

ceramic A/W (Al), (which also contains apatite and wollastonite, but in a glassy matrix 

containing Al2O3, and hence does not bond to living bone) did not have apatite formation 

on its surface, both in vivo and in SBF [45, 48]. Based on these results, it was proposed in 

1991 that the essential requirement for a material to bond to living bone is the formation 
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of bone-like apatite on its surface in the living body and that this in vivo apatite formation 

can be reproduced in vitro in SBF. It is now widely accepted that in vivo bone bioactivity 

of a material can be predicted by examining apatite formation on its surface in SBF [49]. 

It should be noted here that the original SBF used by Kokubo et al. [44] and Hench et al. 

[46] lacks the SO4
2+

 ions contained in human blood plasma [50], as shown in Table 

1.4.2.1. This was corrected by Kokubo et al. in 1991 in papers [49, 51].  

 

Table 1.4.2.1: Ion concentrations of SBFs and human blood plasma 

 

Since then, the corrected SBF composition has been used as “SBF” by many 

researchers. It should be also noted here that SBF is a solution highly supersaturated with 

respect to apatite [52]. It is not easy to prepare clear SBF with no precipitation. 

Therefore, a detailed recipe for preparation of SBF was reported in 1995 by Cho et al. 

[53]. However, it can be seen from Table 1.4.2.1 that the corrected SBF is still richer in 

Solution Ion concentration (mM) 

Na
+
 K

+
 Mg

2+
 Ca

2+
 Cl

−
 HCO3

−
 HPO4

2−
 SO4

2−
 

Human blood plasma  142.0 5.0 1.5 2.5 103.0 27.0 1.0 0.5 

Original SBF 142.0 5.0 1.5 2.5 148.8 4.2 1.0 0 

Corrected SBF (c-SBF) 142.0 5.0 1.5 2.5 147.8 4.2 1.0 0.5 

Revised SBF (r-SBF) 142.0 5.0 1.5 2.5 103.0 27.0 1.0 0.5 

Newly improved SBF 

(n-SBF) 

142.0 5.0 1.5 2.5 103.0 4.2 1.0 0.5 
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Cl
−
 ion and poorer in HCO3

−
 ion than human blood plasma (HBP). In 2003, Oyane et al.  

[54] tried to correct this difference by preparing a revised SBF (r-SBF) in which the 

concentrations of Cl
−
 and HCO3

−
 ions were decreased and increased, respectively, to the 

levels of human blood plasma. However, calcium carbonate has a strong tendency to 

precipitate from this SBF, as it is supersaturated with respect to not only apatite, but also 

to calcite [55]. In 2004, Takadama et al. [56] proposed a newly improved SBF (n-SBF) in 

which they decreased only the Cl
−
 ion concentration to the level of human blood plasma, 

leaving the HCO3
−
 ion concentration equal to that of the corrected SBF (c-SBF). This 

improved SBF was compared with the corrected, i.e., conventional, c-SBF in its stability 

and the reproducibility of apatite formation on synthetic materials. Both SBFs were 

subjected to round robin testing in ten research institutes. As a result, it was confirmed 

that the c-SBF does not differ from n-SBF in stability and reproducibility [56]. Through 

this round robin testing, the method for preparing c-SBF was carefully checked and 

refined so that the SBF could be easily prepared. This refined recipe for preparing SBF is 

given in Appendix A of this paper, accompanied with procedure of apatite-forming 

ability test. In 2003, conventional SBF with the refined recipe was proposed to the 

Technical Committee ISO/TC150 of International Organization for Standardization as a 

solution for in vitro measurement of apatite-forming ability of implant materials 

 

1.4.2.2. Mechanism of HCA layer deposition 

Even though the compositions of bioactive glasses synthesized are quite different, it 

seems that the mechanism of HCA formation involves some specific steps that are 

analogous for all of them. For example, the presence of silica in these glasses was proved 
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to be necessary in order to obtain HCA nucleation within 30 days. When both CaO-P2O5 

and CaO-SiO2 based glasses were immersed in body fluid, the ion activity product of 

apatite was increased by a similar amount. However, a layer of HCA was deposited only 

on CaO-SiO2 based glasses [57-58]. 

It was hypothesized that a hydrated silica layer forms on the surface of these glasses 

prior to the deposition of HCA, and silanol groups could be specific sites of nucleation of 

apatite. Clark and Hench [59] first proposed the following well-detailed sequence of 

reactions occurring at the surface of silica-based bioactive glasses: 

(i)  Rapid exchange of Na
+
 or K

+
 with  H

+
 or H3O

+
 from solution; 

Si-O-Na
+
 + H

+
 + OH

-
 → Si-OH

+
 + Na

+
(solution) + OH

-
 

(ii)  Loss of soluble silica in the form of Si(OH)4 to the solution, resulting from  

breaking of Si-O-Si bonds and subsequent formation of surface silanol groups (Si-

OH) in the process; Si-O-Si + H2O → Si-OH + OH-Si 

(iii)  Condensation and re-polymerization of surface silanols to form an SiO2 rich 

surface layer; 

 

(iv)  Migration of Ca
2+

 and PO4
3-

 to the surface through the silica-rich layer and 

formation of a Ca-P rich layer on the surface of the glass; 

(v) Incorporation of OH
−

, CO3
2−

 from the solution and subsequent crystallization of 

the Ca-P layer to form HCA. 

After these physical chemical reactions occur, biological moieties begin to interact with 

the glass surface.  
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1.5. Survey of literature on bioglass and bioactive glass-ceramics 

Recently, a lot of work has been reported in the area of bioactive glass and glass-ceramics 

by various groups using a variety of constituent materials. Ebisawa et al. [60] have 

studied the compositional dependence of bioactivity of P2O5-free and Na2O-free 

CaO.SiO2 glasses through in vitro studies. The surface structural changes have been 

investigated by soaking the glasses in SBF. They have also observed the effects of adding 

third components, such as MgO, B2O3, Fe2O3 and CaF2 on the bioactivity of these 

glasses. The observed results indicate that P2O5-free CaO.SiO2 glass bonds to the living 

bone. In addition, an increase in bioactivity with addition of Na2O and P2O5 content, and 

a decrease in the same with the addition of MgO, B2O3, CaF2 and Fe2O3 have been 

revealed. It has also been demonstrated that CaO-SiO2 based glasses without phosphate 

formed an apatite layer on their surface when exposed for 2 to 30 days in SBF [44]. Work 

carried out by Locker et al. [61] determined the effect of substituting sodium oxide for 

calcium oxide on some glass properties. Ohtsuki et al. [62] studied the mechanism of 

apatite formation on CaO-SiO2-P2O5 glasses by in vitro studies. They found that CaO-

SiO2-based glasses formed the surface apatite layer in SBF, whereas, CaO-P2O5-based 

glasses did not form it. Studies on bioactivity of 1.25CaO.SiO2 glass by Branda et al. [63] 

revealed that the mechanism involves the rapid reactions of hydrolysis and successive 

condensation and re-polymerization of silicate substrate. Martinez et al. [64] studied 

CaO-SiO2 binary system with different silica content (50-90 mole %) in vitro. The FTIR, 

XRD, SEM and EDS analysis of the surface of these glasses after in vitro assays reveal 

the formation of a HCA layer. The growth rate of this layer was found to mainly depend 

TH-800_05612106



Chapter 1: Introduction      

21 

 

on the glass composition. Glasses with lower SiO2 content and higher CaO content 

exhibited higher apatite layer growth rates. Ohtsuki et al. [65] investigated the effect of 

Al2O3 on the bioactivity of CaO-SiO2 glasses. CaO-SiO2-Al2O3 glasses containing Al2O3 

less than 1.5 mole % as well as Al2O3-free CaO-SiO2 glasses formed the surface apatite, 

whereas, CaO-SiO2-Al2O3 glasses containing more than 1.7 % mole Al2O3 as well as 

SiO2-free CaO-Al2O3 glass did not form it. This indicates that only a small amount of 

addition of Al2O3 to glass compositions suppresses the bioactivity of glasses and glass-

ceramics by suppressing apatite formation on their surfaces in the body.  

Attempts have been made to study the bioactivity of binary calcium silicate glass 

CaO-SiO2 by adding a third component such as Na2O, B2O3, Al2O3, Fe2O3, P2O5 and F
¯  

after soaking the bioactive glasses in vitro for 8 - 25 weeks. All glasses, except the Fe2O3 

containing glass, formed a Ca/P-rich layer in combination with a Si-rich layer on their 

surfaces within 8 weeks. A detachment test performed 8 weeks after implantation showed 

that only glasses containing B2O3, P2O5 and F
¯
 have good compatibility and hence, 

bonded tightly with bone, while the Fe2O3 containing glass did not form these layers, nor 

did it attach to bone even after 25 weeks [66]. 

  Fujii et al. [67] probed the structural roles of fluorine on the bioactivity of NaF-

CaO-SiO2 glasses. Three calcium silicate glasses containing 10 mole % fluoride ions had 

different apatite-forming abilities. In the case of 10NaF.45CaO.45SiO2 and 

50CaO.50SiO2 glasses containing the same CaO/SiO2 ratio, apatite-forming ability was 

lower for the former. This indicated that the addition of fluoride ions suppressed the 

apatite-forming ability, irrespective of the structural similarity of the silicate network 

based on the ratio of CaO/SiO2 between the glasses. Franks et al. [68] prepared phosphate 
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based glasses in the system CaO–Na2O–P2O5 and studied their thermal parameters. The 

glasses had a fixed P2O5 content of 45 mole % and the CaO/Na2O ratio was varied. In 

high Na2O containing glasses, NaPO3 and a second unidentified phase that is probably 

calcium rich formed. In the middle compositional region, multiple phases precipitated 

out, which were identified as NaPO3 and Na4Ca(PO3)6. For the high CaO content glasses, 

Na4Ca(PO3)6 was the only phase formed. Further, NaPO3 forms via a bulk nucleation 

mechanism whereas, Na4Ca(PO3)6 forms via surface nucleation. Cacaina et al. [69] 

looked at the behavior of yttrium containing bioactive glasses SiO2-Na2O-P2O5-CaO-

K2O-MgO in SBF environments. The addition of yttrium to a bioactive glass increases its 

structural stability which therefore, induced a different behaviour of the glasses in SBF 

environment. Lee et al. [70] observed the effect of iron state on crystallization and 

dissolution in Fe2O3-CaO-SiO2 glasses. It was found that higher CaO content interrupts 

the crystallization of magnetite crystallites as well as the oxidation of iron, that is, the 

transformation from Fe
3+

 to Fe
2+

. In order to use as thermoseed in hyperthermia 

treatment, compositions with low CaO content would be most useful.  Roman et al. [71] 

have studied the bioactivity of CaO–MgO–SiO2–P2O5–CaF2 (G13) glass. A non-bioactive 

glass-ceramic (GC13) that contains hydroxyapatite [Ca5(PO4)3OH], diopside 

[CaMg(SiO3)2] and althausite (Mg2PO4OH) as crystalline phases has been obtained by 

thermal treatment of a parent bioactive glass G13.  However, in order to induce 

bioactivity, GC13 was chemically treated with 1 M HCl for different periods of time. A 

new bioactive glass-ceramics containing CaO-MgO-SiO2-P2O5-CaF2 has been developed 

by Liu [72] exhibits flexural strength of 233 MPa and fracture toughness of 2.95 

MPam
1/2

. It contains stable, randomly distributed crystalline phases (i.e. akermanite, 
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wollastonite and apatite phases) at temperatures of 930-1150 ºC. The prospects of 

utilization of glass-ceramics in medical applications, especially those requiring load-

bearing capacity are promising. Kokubo et al. [30] carefully studied the formation of 

glass-ceramics by observing the microstructure of the crystallized products. 

Crystallization of the parent glass in a bulk form led to the occurrence of large cracks in 

the crystallized product. Crystallization of the same glass in a powder compact led to the 

formation of a crack-free dense crystallized product due to uniform precipitation of both 

apatite and wollastonite fine crystals throughout the glass matrix. Kokubo [49] have also 

reported bioactivity in MgO-CaO-SiO2-P2O5 glass-ceramics. These glass-ceramics 

showed bioactivity and a fairly high mechanical strength which decreased only slowly, 

even under load-bearing conditions in body. The bioactivity of this glass-ceramics was 

attributed to apatite formation on its surface body. Dissolution of calcium and silicate 

ions from the glass-ceramics was considered to play an important role in forming the 

surface apatite layer. Oliveira et al. [73] have prepared the glass and glass-ceramics of 

MgO-CaO-P2O5-SiO2 glass in different compositions. A Ca/P-rich layer identified as 

hydroxyapatite developed on both samples after immersion in SBF for various days. The 

precipitated film on the glassy sample was weakly bonded, whereas the one formed on 

the glass-ceramics surface was strongly adherent. Although, the glass-ceramics has 

higher chemical and mechanical stability, the glasses are expected to be capable of bone 

bonding with bone which results in good bioactivity. Salinas et al. [74] reported in vitro 

bioactivity in glass and glass-ceramics of the CaO-SiO2-P2O5-MgO-CaF2 system.  The 

glass sample showed in vitro bioactivity evidenced by the formation of a calcium 

phosphate-rich layer on its surface when soaked in SBF. However, the glass-ceramics 
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containing diopside, althausite and akermanite did not form any mineralized layer even 

after 6 weeks in SBF. The same glass-ceramics attacked with 1M HCl selectively 

deposits an apatite layer after 4 days in SBF. Serra et al. [75] studied the bonding 

configuration of bioactive silica based glasses and identified the silicon-oxygen groups 

by spectroscopic techniques.   

Kamitakahara et al. [76] investigated the effect of the addition of ZnO in a 

modified A/W glass-ceramics. The chemical durability of the glass-ceramics increased 

with increasing ZnO content and their apatite-forming ability decreased concomitantly. 

The addition of ZnO may provide CaO-SiO2-P2O5-CaF2 glass-ceramics with appropriate 

biodegradation, as well as the enhancement of bone formation. Balamurugan et al. [77] 

studied the development and in vitro characterization of CaO-P2O5-SiO2-ZnO bioglass by 

sol-gel technique. Incorporation of Zn into a bioglass system does not diminish the 

bioactivity of such a material. Addition of Zn is beneficial for cell attachment and for 

maintaining the pH of SBF within the physiological limit by forming zinc hydroxide in 

the SBF solution. Jaroch et al. [78] studied the bioactivity of SiO2-CaO-ZnO system.  Zn 

is an essential trace element which may be effective in promoting hard tissue healing. 

Using a constant silica content (70 mole %), the ratio of Ca to Zn was varied (1.5, 3.5, or 

6.5), as was the stabilization temperature (650, 750, or 850 °C), to examine such effects 

on the bioactive response and Zn release in SBF. Structural studies revealed the 

development of CaSiO3 and Ca2ZnSi2O7 crystalline phases during stabilization at 850 °C 

only. N2 adsorption analysis determined that the specific surface area (BET) varied 

between 14 and 179 m
2
/g, and was dependent of composition and stabilization 

temperature, as was the average initial pore size (51-125 Å). The formation of 
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hydroxycarbonate (HCA) and amorphous calcium phosphate (ACP) was observed at 14 

days for samples stabilized at 650 or 750 °C. Only ACP layers were observed on such 

samples prior to 14 day. Relative to the Ca levels at 14 day (60-485 µg/ml), Zn levels in 

solution were relatively low (0.06-1.18 µg/ml). Compositional analysis suggested that 

released Zn was incorporated into the forming calcium phosphate reaction layer, thereby 

preventing concentrations of the essential trace element from reaching potentially toxic 

levels. Ivanova et al. [79] examined bioactive ceramics in CaO-Al2O3-P2O5-ZnO system. 

It was found that the main crystalline phases in the glass ceramics were Ca(PO3)2 and 

Ca2P2O7. This glass ceramic is claimed to be more bioactive than hydroxylapatite in the 

initial stage after implantation. Du et al. [80] have prepared Zn-containing glass by the 

substitution of CaO
 
in 58S bioactive glass with 0.5 and 4 wt. % ZnO. Glass-ceramics was 

obtained by heat-treating the glass at 1200 °C. The results indicate that Zn promotes the 

crystallization of SiO2 and wollastonite in glass-ceramics,
 
and proper crystallization can 

enhance the bending
 
strength of the glass-ceramic. This study suggests that the glass

 
and 

glass-ceramics with different ZnO content
 
might be used as bioactive bone implant 

materials. 

 

1.6. Preparative methods and their characteristics 

1.6.1. Melt derived bioglass and glass-ceramics 

As previously mentioned, the study of bioactive materials began with the discovery that 

silicate glasses of a specific composition were able to bond to bone. The first bioactive 

glass viz., Bioglass
®

 45S5, introduced by Hench in 1971 [14], still remains the most used 

in clinical applications. Bioglass
®

 45S5 is produced by fusion, and its specific 
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composition is 45% SiO2, 24.5% CaO, 24.5% Na2O, 6% P2O5 (expressed as wt.%). The 

name ‘45S5’ refers to both the SiO2 content (45 % wt.) and the Ca/P molar ratio (5).  

 

Table 1.6.1: Composition, structure and index of bioactivity of different glasses [32] 

 

 

Hench`s group explored many other compositions in the same SiO2-CaO-Na2O-

P2O5 system, and later other groups tried to synthesize more complex bioactive glasses or 

glass-ceramics. A comparison between composition and index of bioactivity of a few of 

them is shown in Table 1.6.1 [32]. All these materials are bioactive, in that they form a 

biologically active layer of HCA on their surface when implanted. 
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1.6.2. Sol-gel bioglass and glass-ceramics 

In the early 1990s, Li et al. [81-82] synthesized some bioactive glasses by sol-gel 

technique. This new class of bioactive glasses showed a higher compositional range of 

bioactivity. Glasses in the SiO2-CaO-P2O5 system could form a layer of HA with silica 

content up to 90 %. This is quite different with respect to that observed on melt-derived 

bioactive glasses, which showed bioactivity only up to 60 % SiO2 content. 

One of the main differences between sol-gel and melt-derived glasses lies in 

surface area. For sol-gel glasses, surface area ranges from ~ 200 to 650 m
2
/g, whereas 

melt-derived glasses show surface area < 1 m
2
/g for rough particles, and ~ 2 m

2
/g for 

micron sized particles. This big difference is due to the temperature and synthesis 

conditions of two types of materials. Sol-gel glasses are synthesized in an aqueous 

environment, and then dried and stabilized at temperatures that do not exceed 600 °C. 

Surface and structural properties (such as surface area and porosity) can be finely 

modulated depending on composition and synthesis conditions. Melt derived bioactive 

glasses are melted at temperatures higher than 1000 °C and cooled rapidly. The resulting 

material does not have any porosity at all, and surface area depends only on particle size 

obtained by grinding up the powders. HA is claimed to be deposited much faster on sol-

gel bioactive glasses than on traditional melt derived glasses, and the materials can be 

resorbed, in some cases. In fact, the porous structure of gel bioactive glasses allows the 

formation of a hydrated layer inside the material, where biological moieties can enter 

maintaining their structural configuration and biological activity [83-85].  

TH-800_05612106



Chapter 1: Introduction      

28 

 

Many different systems synthesized by sol-gel technique showed bioactivity when 

immersed in SBF. Their composition was chosen in the binary system CaO-SiO2 [86-87], 

ternary system SiO2-CaO-P2O5 [88-91] and quaternary system SiO2-CaO-P2O5-MgO [92-

93]. In general, higher amount of SiO2 in glass composition induces larger surface area, 

but lower degree of porosity. Moreover, higher temperatures used in the synthesis process 

decrease the glass surface area. However, the influence of surface, textural and 

composition parameters on bioactivity of the sol-gel derived samples is not completely 

clear yet.  

The study of sol-gel bioactive glasses opened the field to the research of even 

simpler sol-gel synthesized materials. In the early 1990s, Li and colleagues showed that 

HA is deposited on the surface of a gel of silica when soaked for a few days in SBF [94-

96]. Different factors influence HA deposition. A first relevant one is the presence of 

pores. HA did not precipitate on non-porous silica, such as quartz [94], or gel-silica 

treated at temperatures  ≥ 900 °C [97] (sintering occurred at such temperatures, and 

porosity was eliminated). Pores could be sites of nucleation of HA because the degree of 

supersaturation of the solution is usually higher there than in the solution bulk. Some 

distinction depending on the pore size should be made: if the pores were smaller than ~ 6 

Å, HA could not precipitate, because phosphate ions were too big to diffuse into the 

pores. Peltola et al. [90] showed that mocroporous silica gels obtained with basic 

catalysis. Hydroxylation is another relevant factor for HA precipitation: Cho et al. [97] 

proposed that silanol groups formed when porous silica is immersed in SBF could be 

sites for HA nucleation. Still, experimental evidence for the bonding of HA to silanol 
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groups has not been given yet, and a clear distinction between the relevance of surface 

hydroxylation, surface area extension and degree of porosity has not been outlined. 

 

1.6.3. Thin film deposition of bioglass and bioglass ceramics 

Bioactive coating materials mimic the excellent bioactivity of the bioactive glasses or 

ceramics, apart from possessing the advantageous mechanical properties of metals or 

alumina. The bone-bonding capacity of these coatings may help provide cementless 

fixation of orthopedic prostheses, especially in short term stabilization of the implants. 

But in long term implantation, the bioactive coating materials have deficiencies with 

respect to reliability of the coating / implant interface. Another approach to solving the 

mechanical limitations of bioactive glasses and ceramics for load-bearing applications is 

to apply the material as a coating on a mechanically tough substrate. Various techniques 

are available to deposit calcium phosphate coatings on metal implants, including hot 

isostatic pressing, plasma or flame spraying, ion-beam sputter deposition, electrophoretic 

deposition, pulsed laser deposition (PLD) and radio frequency magnetron sputtering [98-

101]. Recently, a lot of work has been reported in the area of bioactive glass and glass-

ceramics by various groups using a variety of constituent materials.  

Gyorgy et al. [102] studied the bioactive glass, HA, and ZrO2-doped HA thin 

films prepared by pulsed laser deposition on Ti substrates. The depositions were 

performed in oxygen and water vapour atmospheres, at pressure values in the range of 5-

40 Pa. Biocompatibility tests showed that cell growth was better on HA than on bioactive 

glass thin films. Cannillo et al. [103] studied apatite and wollastonite (A/W) crystals in 

the MgO-CaO-SiO2-P2O5 glassy matrix, thermally sprayed by atmosphere plasma 
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spraying on Ti-6Al-4V substrates. Since in the as-sprayed conditions the coating 

microstructure was defective because of pores and cracks, thermal treatments on A/W 

plasma-sprayed coatings were conducted to enhance the coating microstructure. Zhao et 

al. [104] studied the role of the pressure in pulsed laser deposition (PLD) of SiO2-Na2O-

CaO-P2O5 bioactive glass films. Takamasa et al. [105] studied apatite forming and 

hydroxyapatite bonding ability of Ti-based bulk metallic glasses (BMGs). Powder 

mixture of CaHPO4.2H2O and Ca(OH)2 and the BMGs disks were treated with autoclave 

for hydrothermal hot-pressing (HHP) simultaneously. Borrajo et al. [106] studied in vitro 

behavior of bioactive glass coatings grown by PLD on silicon and titanium substrates. 

The temporal evolution of the bioactivity process was followed for thick bioactive glass 

coatings deposited on biomorphic silicon carbide ceramics. Verne et al. [107] studied 

double-layer glass-ceramic coatings on Ti6Al4V substrates by dipping coating and firing. 

The optimized coating method was then used to coat Ti6Al4V screws for dental 

applications. Mardare et al. [108] studied of thin films of MgO-CaO-P2O5-SiO2 system 

bioactive glass-ceramics deposited on titanium and silicon substrates by RF magnetron 

sputtering. The adhesion strength for as-deposited films was approximate 40 MPa, but 

after crystalline the strength dropped to about half this value due to the presence of 

cracks. Samples kept in SBF showed an apatite-like layer, suggesting that the films are 

bioactive. Ishizawa et al. [109] studied an anodic titanium oxide film containing Ca and P 

(AOFCP) by hydrothermal treatment. HA crystals were precipitated by hydrothermally 

heating the AOFCP at 300 ºC. In vitro tests for 300 days suggested that the stability of 

the film was high.  
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1.7. Biomaterials and magnetism 

Magnetism, which is an intrinsic property of every atom, has a profound influence on 

living organisms. The hemoglobin in our blood is an iron complex and is magnetic in 

nature. Magnetism and magnetic materials have a strong role to play in health care and 

biological applications [100-114]. Some of the early medical applications of magnetic 

materials were, for example, the removal of metallic objects from the body of animals 

and humans [115]. The use of materials in biological environment for implantation or for 

replacement of a part or a function of the body in a reliable and physiologically 

acceptable manner was a challenge for the last several decades. Of late the combination 

of fine particles and magnetism in the field of biology and biomaterials has been found 

useful in sophisticated bio-medical applications such as cell separation [116-118], drug 

delivery, and magnetic intracellular hyperthermia treatment of cancer [119-121].  

 

1.7.1. Role of magnetism in biomaterials  

Magnetism has a strong role play in some specific bio applications. For example, in 

sorting of cells, interactions between biological cells and magnetic nanoparticle occurs 

which lead to separation under the action of magnetic field gradient. The characteristics 

of hard and soft magnetic materials as well as the particle size dependent properties have 

been exploited for different bio applications. In magnetic hyperthermia, the 

ferromagnetic, ferrimagnetic, as well as superparamagnetic properties of particles are 

useful. The losses due to magnetization and reorientation of these particles depend upon 

the type of demagnetization process, which is determined by intrinsic properties such as 

magnetocrystalline anisotropy and extrinsic properties such as particles size and 
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microstructure. A great deal of information can be learned about the magnetic properties 

of a material by studying its hysteresis loop. A hysteresis loop shows the relationship 

between the induced magnetization (M) and the applied magnetic field (H). It is often 

referred to as the M-H loop. An example hysteresis loop is shown in Fig. 1.7.1. 

 

Magnetization

 

Fig. 1.7.1: Response of a ferro or ferrimagnetic material to applied magnetic field.  

 

The loop is generated by measuring the magnetization of a ferrimagnetic material 

while the magnetic field is changed. The dashed line shows the initial magnetization 

curve of a demagnetized material. The magnetization increases with increasing applied 

magnetic field and saturates at higher magnetic fields. At point ‘a’, almost all of the 

magnetic domains are aligned and an additional increase in the magnetic field will 
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produce very little increase in magnetisation. The material has reached the point of 

magnetic saturation (Ms). When the magnetic field is decreased to zero, the curve will 

move from point ‘a’ to point ‘b’. The induced magnetization does not decrease to zero, 

but the alignment of most of domains during magnetization results in a remanent 

magnetization or remanence (Mr). When the magnetic field is reversed, the curve moves 

to point ‘c’, the induced magnetization decreases and finally becomes zero at a value of 

the magnetic field strength called the coercive force or coercivity (Hc). As the magnetic 

field is increased in the negative direction, the material will again become magnetically 

saturated (Ms) but in the opposite direction (point ‘d’). Reducing H to zero brings the 

curve to point ‘e’. Increasing H back in the positive direction will return M to zero. 

Magnetic saturation in the reverse direction and produces a saturation (Ms), coercivity 

(Hc) and remanence (Mr) values of the same magnitudes as in the first quadrant. As an 

applied field is cycled from one direction to the other direction, the hysteresis is followed. 

The curve will take a different path from point ‘f’ back to the saturation point where it 

with complete the loop. Since the area of the hysteresis loop represents the energy or 

work to bring about changes in the magnetic domain structure, the maximum value of 

(MH)max, called the energy product, represents a net loss in the system, usually in form of 

heat. The area inside the second quadrant of the loop determines the energy consumed in 

one cycle. The hysteretic power loss of an AC device can be dissipated in the form of 

heat for hyperthermia applications. Superparamagnetic particles would not exhibit 

hysteresis losses. But Neel relaxation in them is equally useful in generating and 

dissipating heat.  
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1.7.2. Hyperthermia treatment for cancer 

Cancer is a general term for more than 100 diseases that are characterized by 

uncontrolled, abnormal growth of cells. Cancer is a group of many related diseases that 

begin in cells, the body’s basic unit of life. Normally, cells grow and divide to produce 

more cells only when the body needs them. This orderly process helps keep the body 

healthy. Sometimes, however, cells keep divided when new cells are not needed. These 

extra cells form a mass of tissues, called a growth or tumor. Heat above 41 °C also 

pushes cancer cells toward acidosis (decreased cellular pH) which decreases the cell 

viability and transplant ability [122].  

Hyperthermia is basically a heat treatment process. The temperature of the tissue 

is elevated artificially with the aim of receiving therapeutic benefits [122]. In the last 

decades of the nineteenth century, it was observed that a few patients with high fever 

demonstrated reduction of tumors. Also, a few others demonstrated that moderately 

elevated temperatures (< 45 °C) cause a significant regression and even complete 

destruction of tumors. As a result, the heat treatment of cancer gained a lot of attention 

not only as a modality by itself, but it was also demonstrated that it gives significant 

results when used in combination with other modalities such as radiotherapy and 

chemotherapy.  It is often very difficulty to target the cancerous cells specifically. Any 

attempt to destroy cancer cells may also result in the damage to surrounding normal cells. 

Heat treatment has the advantage that it can specifically target the cancer cells. Heat 

treatments of organs, such that the temperature is increased to 42-46 °C and the viability 

of cancerous cells reduces, is know as hyperthermia. It is based on the fact that tumors 

cells are more sensitive to temperature than normal cells [123]. In hyperthermia it is 
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essential to establish a heat delivery system, such that the tumor cells are heated up or 

inactivated while the surrounding normal tissues are unaffected. Using magnetic drug 

carriers is one method of drug targeting. In this technique, a powerful external magnet is 

placed over the tumor. After being injected into the blood stream, the magnetic drug 

carriers would be pulled by the magnetic field into the tumor region (Fig. 1.7.2). 

 

Fig. 1.7.2: Magnetic drug targeting into the tumor region [124]. 

 

Hyperthermia treatment can be classified in various ways. One way to classify 

hyperthermia is as external and internal hyperthermia. In external hyperthermia, the heat 

is applied from outside the body using various means such as microwaves, 

radiofrequencies, ultrasound etc. whereas in internal hyperthermia, certain foreign 

substances are inserted inside the body to act as sources of heat. Hyperthermia is also 

classified as local (heat is applied to a small area, such as a tumor), regional (heat is 

applied to large areas of tissue, such as a body cavity, organ or limb) and whole body 

hyperthermia (heat is applied to the entire body using thermal chambers or hot water 

blankets) [125]. The therapeutic benefits of heat have been known for many centuries. 
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But its use in the treatment of cancer has been developed recently. It has been 

demonstrated that hyperthermia when combined with radiotherapy produced better 

results over radiation alone. As a result hyperthermia has gained a lot of attention and 

significant research is going on in this new modality for treatment of cancer. 

 

1.7.3. Bioactive magnetic glass-ceramics for hyperthermia application 

Magnetic hyperthermia is the method of heating body tissue using magnetic materials. In 

this process, magnetic (ferrimagnetic or ferromagnetic) materials in the form of rods or 

pellets (thermoseeds) are introduced near the tumor. When these thermoseeds are 

subjected to oscillating magnetic fields, the materials are heated due to induction heating. 

The rate and the extent of heat generated can be controlled by changing the strength and 

the frequency of the applied alternating magnetic field. Recently, a lot of work has been 

done in the area of magnetic hyperthermia by various groups using a variety of materials.  

 Bretcanu et al. [126] studied the effect of melting temperature (between 1440-

1500 °C) on magnetic properties in SiO2-Na2O-CaO-P2O5-FeO-Fe2O3 ferrimagnetic 

glass-ceramics samples.  These glass-ceramics contain magnetite and hematite crystals in 

a glassy matrix.  The magnetic hysteresis parameters are strongly influenced by glass-

ceramics microstructure, which depends on melting temperature. The highest specific 

power loss is obtained for samples melted at 1550 °C (29 W/g), which presents the 

highest hysteresis area. Kawashita et al. [127] reported the preparation of pure Fe3O4 

microspheres, 20-30 µm in diameter. These microspheres, however, showed heat 

generation as low as 10 W/g, at 300 Oe and 100 kHz, as they were composed of Fe3O4 

crystals of 1 µm size. The heat-treated microspheres showed heat generation as high as 
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41 W/g, under the same magnetic field. Bretcanu et al. [128] studied two different 

ferrimagnetic glass-ceramics with the composition of the system Na2O-CaO-SiO2-P2O5-

FeO-Fe2O3. The magnetite crystallite size increased with iron oxides concentration from 

34 nm to 54 nm in glass-ceramics samples. The glass-ceramics samples showed heat 

generation 65 W/g and 25 W/g, at 500 Oe and 440 kHz. Singh et al. [129] reported on the 

effect of iron oxides on the bioactivity and magnetic properties in SiO2-Na2O-Fe2O3-

CaO-P2O5-B2O3. The glass-ceramics samples exhibited Na3CaSiO3 and Na3-xFexPO4 

phases. High coercive force and small magnetic moments were observed in all the 

samples. However, magnetic moment of the samples decreased with increased iron 

concentration. Bretcanu et al. [130] have also studied the bioactivity and magnetic 

properties of SiO2-Na2O-CaO-P2O5-FeO-Fe2O3 glass-ceramics. The magnetite crystals in 

their samples were about 50 nm in dimension. The as prepared glass-ceramics has a 

saturation magnetization of 34 A.m
2
/kg and a coercive force of 6.7 kA/m. The estimated 

magnetic loss / cycle under the magnetic field up to796 kA/m is around 1.45 mJ/g. This 

material showed a bioactivity after 2 weeks of soaking in SBF with the formation of a 

hydroxylapatite layer on their surfaces. Leventouri et al. [131] studied the effect of 

processing parameters on the magnetic properties in SiO2–CaO–Fe2O3–P2O5-Na2O glass-

ceramics. Two major phases develop in the bulk material: calcium phosphate 

crystallizing in monoclinic and rhombohedral structures and magnetite in an 

orthorhombic structure. A trend of increased magnetic hysteresis loss was observed when 

the concentration of iron oxide was increased. Ebisawa et al. [132] studied the bioactivity 

of ferrimagnetic glass-ceramics in CaO-SiO2-FeO-Fe2O3 system and reported that glass-

ceramics with Na2O or B2O3 added in combination with P2O5 in the matrix helps these 
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samples to exhibit bioactivity. Kawashita et al. [133] studied glass-ceramics containing 

zinc ferrite (ZnxFe3-xO4) in a CaO-SiO2 based glass matrix and reported heat treatment of 

ZnO-Fe2O3-CaO-SiO2 glasses between 700 °C to 1150 °C for different time periods in a 

95 CO2 + 5 H2 atmosphere. The content and crystallite size of the ZnxFe3-xO4 increased 

with increasing heat treatment temperature from 2.2 mass % and 6 nm at 700 °C to 37.0 

mass % and 130 nm at 1150 °C. The coercive force of the heat treated powders increased 

from 10.7 Oe at 700 °C to 167.6 Oe at 1000 °C, and then decreased to 63.0 Oe at 1150 

°C. The saturation magnetization of the heat treated powders increased with increasing 

heat treatment temperature from 6.7 emu/g at 700 °C to 38.4 emu/g at 1150 °C. The 

powder heat treated at 1150 °C for 5 h in a 95 CO2 + 5 H2 atmosphere showed the 

maximum amount of heat generation of 12.4 W/g. Eniu et al. [134] examined the vicinity 

and magnetic interactions of iron ions of CaO-P2O5-SiO2-Fe2O3 glass and glass-ceramics. 

Maintaining Ca/P ratio similar to that in hydroxyapatite,  up to 30 mole % of iron oxide 

was added. After heat treatment, the iron preponderantly crystalliises as magnetite, but 

hematite and maghemite are also developed. Iron ions seem to form low-sized magnetic 

domains even in glass samples. A ferromagnetic behavior with the Curie temperature 

around 547 °C was observed in the glass-ceramics samples. Lee et al. [135] studied 

ferrimagnetic glass-ceramics formed in the Fe2O3-CaO-SiO2 system and reported that the 

lyses of carcinoma cells were examined after exposure to an alternative magnetic field 

both in vitro and in vivo. Kawashita et al. [136] have synthesised crack-free ferrimagnetic 

γ-Fe2O3 microspherers of 20-30 µm diameter. Their saturation magnetasation and 

coercive force were 68 emu/g and 198 Oe, respectively. Their heat generation in an 

alternating magnetic field of 300 Oe at 100 kHz was estimated to be 42 W/g. The 
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microspheres showed in vitro heat generation when they were dispersed in an agar 

phantom and placed under an alternating magnetic field. Ebisawa et al. [4] reported that 

the bone bonding ability and bone heating ability in CaO-SiO2-Fe2O3-B2O3-P2O5 glass-

ceramics system. The resulting glass-ceramics containing magnetite and wollastonite 

crystals showed high saturation magnetization. The bone-heating ability of this glass-

ceramics was investigated by applying a maximum 300 Oe, 100 kHz magnetic field. The 

granules of glass-ceramics filled in the rabbit tibiae heated the whole surrounding bone to 

more than 42 °C and maintained this temperature for 30 min. 

Various techniques such as treatment with hot water, infrared rays, ultrasound and 

microwaves have been attempted for heating the tumours. Of these, the non-invasive 

ultrasound and electromagnetic techniques are claimed [A.Y. Cheung and A. Neyzari, 

Cancer Research (Suppl.) 44 (1984) 4736] to be potentially useful for deep local 

hyperthermia treatment of deep-seated tumours. Hyperthermia treatment based on 

magnetic bioglass-ceramics has turned out to be an alternative and promising technique 

in such applications. One cannot go forward without quoting two excellent patents on this 

topic, viz., U.S. Patent 4323056 entitled “Radio frequency induced hyperthermia for 

tumor therapy” filed by N.F. Borrelli, A.A.. Luderer, G.R.Mansfield, J.N. Panzarino in 

1982 and U. S. Patent 6167313 entitled “Targeted Hysteresis hyperthermia as a method 

for treating diseased tissue filed by B. N. Gray and S. K. Jones in 2000.  

1.8. Motivation and preview of the thesis work  

Magnetic bioglass-ceramics (MBC) are mulitiphase, biocompatible and bioactive 

materials that were introduced as thermoseeds for hyperthermia treatment of cancer. Such 

glass-ceramics, were first prepared by Kokubo [49] for hyperthermia treatment of bone 
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cancer, and they have been tested to be effective in curing animal bone cancer [4]. MBC 

are synthesized by melting procedures of the original bioglass with addition of Fe2O3 in 

the oxides (P2O5, CaO, SiO2). Fe2O3 forms magnetite (Fe3O4) upon heat treatment of the 

glass. It can heat the surrounding bone locally by magnetic hysteresis loss to temperatures 

that are effective for cancer treatment, when subjected to an external alternating magnetic 

field. Application of MBC is based on the fact that cancer cells survive less on heat 

treatment than ordinary tissue cells in the temperature range 42-45 °C. When granular 

particles of MBC are implanted around a bone tumor, they bond to the bone as well as 

with each other forming a surface apatite layer. Then, when the bone tumor is placed 

under an alternating magnetic field, it will be locally heated up to temperatures that are 

effective for bone cancer treatment. Generally, tumors are heated easier than the 

surrounding tissues, since blood vessels and nervous systems are poorly developed in the 

tumor. So, cancer cells are easily killed by heat treatment, since oxygen supply via the 

blood vessels is not sufficient in the tumor [123]. A survey of the literature showed that 

there is ample scope of work in these exciting and application orientation materials. 

After a careful survey of the literature, it was decided to study MBCs derived 

from the following three glass compositions:  

(i)  41CaO(52-x)SiO24P2O5xFe2O33Na2O, (x  = 0, 2, 4, 6, 8 and 10 mole %) . This is 

basically the original bioglass [14] with the addition of Fe2O3.  

(ii)  4.5MgO(45-x)CaO34SiO216P2O50.5CaF2x Fe2O3 (x = 0, 5, 10, 15 and 20 wt. %). 

MgO based glasses (without Fe2O3) have high mechanical strength [30, 49]. Since the 

glass-ceramics are expected to have higher mechanical strength than the base glasses, 

this system could offer high strength MBCs suitable for load-bearing applications.  
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(iii) (65-x)SiO2-20(CaO, P2O5)-15Na2O-x(ZnO,Fe2O3)   (x = 6, 9, 12, 15, 18 and 21 mole 

% ) with [molar ratio Ca/P =1.67 and Fe/Zn = 6.5]. In this series of glasses, Ca/P 

molar ratio is maintained at 1.67, which is close to the molar ratio of the mineral 

phase in human bone. When crystallized, solid solutions of ZnxFe1-x[Fe1-xFe1+x]O4 

(=ZnxFe3-xO4), and Zn0.4Fe2.6O4 (x = 0.4) form. These phases show higher saturation 

magnetization than Fe3O4 [137-138]. Therefore, glass-ceramics containing 

Zn0.4Fe2.6O4 (Fe/Zn = 6.5) is expected to give higher heat generation for the same 

applied magnetic field as compared to the other two systems. 

This thesis work is focused on (i) optimization of preparative conditions of the above 

MBCs, (ii) evaluation of the physical properties of MBCs relevant to applications, and 

(iii) evaluation of bioactivity of the MBCs in vitro by treating them in SBF. Since 

preparation of bioactive glasses is the first stage in the preparation of the bioactive glass-

ceramics, optimization of glass compositions and evaluation of the properties of the base 

glasses need to be addressed first before attempting to optimize the properties the MBCs 

derived from them. Hence both the base glasses and the glass-ceramics derived from 

them are studied in this thesis work. It is worthy to point out that no systematic study has 

been reported on the influence of Fe2O3 content (in the starting composition) on the 

physical properties or biocompatibility of these MBCs. Moreover, a detailed account of 

the preparative conditions required to obtain optimized bone mineral phases in these 

MBCs is not available in the literature to the best of our knowledge. The potential 

application, general lack of systematic work and the rich scope for unraveling the physics 

of these materials have motivated the work presented in this thesis work. 
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 Experimental Techniques  

 

In this chapter, the experimental techniques used in the current investigations are 

discussed together with the relevant theory associated with these techniques. Specific 

instruments used and the measurement methodology employed are also discussed. The 

experimental results presented in chapters 3, 4 and 5 are based on the experimental 

procedures outlined in this chapter.  

 

2.1. X-ray diffraction 

A commercial X-ray powder diffraction system (Seifert XRD 3003 T/T) was used for the 

verification of the amorphous nature of the as-quenched glass samples and to study the 

phase purity and crystal structure of the glass-ceramics samples. Cu-Kα radiation (1.541 

Å) with a nickel filter was used in all measurements. The X-ray generator was operated 

with an acceleration voltage of 40 kV and tube current of 30 mA. The theta-theta 

goniometer was used in the reflection (Bragg-Brentano) geometry [Fig. 2.1] [139]. The 

data were collected in the usual θ-θ scan with an angular speed 1-2°/min. and a step size 
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of 0.02-0.05
º
. A thick layer of coarsely powdered glass/glass-ceramics sample was evenly 

spread over a polymetamethyacrylate (PMMA) place with a square depression and 

mounted on the goniometer for recording the X-ray diffraction (XRD) patterns. The XRD 

data provides the variation of intensity / counts per second (cps), recorded by the 

scintillation detector as a function of 2θ, where θ is the glancing angle. A standard 

polycrystalline silicon (Si) sample, provided with the instrument was used for the 

calibration of the instrument. The diffracted beam is detected by using a moveable 

detector, which is connected to a computer which controls all the functions of the X-ray 

diffractometer and records XRD patterns. 

 

 

Fig. 2.1: Schematic diagram of the X-ray diffractometer. θ is the glancing angle and 2θ is 

the diffraction angle. 
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The XRD technique allows identification of various crystalline phases present in 

the material and provides other structural information such as the size of the crystallites, 

strains present inside the crystallites, etc. The average crystallite size (d) of the fine 

crystallites present in the sample was estimated from the peak broadening by using the 

Scherrer’s formula [139]  

          
θβ

κλ

cos
=d                                                                 (2.1) 

where, β  is the full width at half maximum (FWHM) of the Bragg peak, λ is the 

wavelength of the Cu-Kα radiation, θ  is the diffraction angle at the peak maximum and κ 

is a constant which depends upon the shape of the crystallite. Here, it is taken as 0.89 by 

assuming the shape of the crystallites to be spherical. The instruments broadening effect 

has been taken into account in the estimation procedure. 

 

2.2. Differential Scanning Calorimetry 

Differential scanning calorimeter (DSC) is a thermal analysis technique with which the 

thermal behavior of a sample can be studied over a wide temperature range, under 

isothermal as well as non-isothermal conditions. This thermal technique was 

commercially developed by Watson et al. [140]. In this technique, the sample and a 

reference material are maintained at the same temperature with respect to each other by 

proper application of electrical energy. The heat flow, dH/dt to the sample and a 

reference at the same temperature is recorded as a function of temperature. The reference 

is an inert material such as alumina or just an empty aluminum sample pan. In non-

isothermal measurements, the temperature of the sample and reference are increased at a 
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constant heating rate. Thermal changes in a sample may be of exothermic or endothermic 

nature. Some of the endothermic transitions are the glass transition, reduction, 

dehydration and some decomposition reactions. Crystal-crystal structure transformation, 

glass-crystal transition, oxidation and some decomposition reactions are the most 

frequently studied exothermic transitions.  

 

Fig. 2.2.1: Schematic diagram of a DSC. 

 

A commercial instrument (Perkin-Elmer, DSC 7) was used in the present 

investigations. A temperature sensor (platinum thermopile) and a heater (made of 

platinum wire) are embedded in each of the two micro-furnaces (Fig. 2.2.1). The 

measuring range could be extended from 25 ºC to 725 ºC. In the present studies, the 

instrument was calibrated for optimal operation from room temperature to 700 ºC. High 

purity zinc (m.p. = 418.6 ºC) and indium (m.p. = 156 ºC) were used to calibrate the 

instrument’s temperature and enthalpy scales. Measurements were done with weighed 

quantities (~ 20 mg) of glass samples taken in crimped aluminium sample pans. High 

purity nitrogen gas was continuously purged during the entire duration of the experiment.
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 DSC curves were recorded at constant heating rates of 20 ºC min
-1

. A typical DSC 

curve of a glass is shown in Fig. 2.2.2. As a glass is heated at a constant heating rate in a 

DSC, the heat flow exhibits an endothermic base line shift at the glass transition 

temperature (Tg), followed by an exothermic crystallization peak at Tc. Further heating 

results in melting of the sample at Tm, which is an endothermic transformation. 

Generally, it has been observed that glasses, which are unstable, show one or more 

exothermic peaks corresponding to devitrification of various crystalline phases. Such 

glasses may sometimes show multiple melting endothermic as well. The Tg values 

reported in the present studies correspond to the on-set of the glass transition (Fig. 2.2.2). 

The crystallization temperature reported corresponds to the value at the maximum of the 

exothermic peak.  

 

 Fig. 2.2.2: A typical DSC curve of a glass. 
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2.3. Density 

Density is measured by weighing a suitably selected piece of glass in air and delivering 

this weight by the buoyancy, when the sample is suspended in water. According to 

Archimedes’ principle, the buoyancy equals the weight of the displaced fluid, which, for 

water, equals the volume. If Wa is the weight of the specimen in air and Wb in water, then 

the buoyancy is (Wa-Wb) and density (assuming density of water to be 1 gm/cm
3
),  

  
ba

a

WW

W
ρ

−

=                            (2.2) 

Glass samples may react with water, in which case, a suitable inert liquid such as xylene 

is selected as the immersion fluid. If W1 is the weight of the density bottle filled with 

xylene and W2 is the weight of the density bottle with xylene and sample outside the 

density bottle, then the weight of the sample is (W2-W1). If W3 is the weight of the 

density bottle with the sample immersed in xylene, then the sample weight loss in the 

immersion medium is (W2-W3). Then the specimen volume is, 

                      
m

32 WW
V

ρ

−

=                            (2.3) 

where mρ is the density of xylene and the density of the specimen [141] is, 

                       
m

32

12 ρ
WW

WW
ρ ×

−

−

=                 (2.4) 

 The molar volume of the samples can be calculated from the following expression [142-

143],  

         
ρ

M
  meMolar volu =                        (2.5) 

where ρ is the density of the glass and M is the molecular weight. For a typical 
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multicomponent oxide glass, say CaO-SiO2-P2O5-Na2O-Fe2O3, M can be expressed as 

M =  xM(CaO)+ yM(SiO2) + zM(P2O5) + rM(Na2O) +(1-x-y-z-r)M(Fe2O3)    (2.6) 

where x, y, z, r and (1-x-y-z-r) are the mole fractions of the constituents and M(CaO), 

M(SiO2), M(P2O5), M(Na2O) and M(Fe2O3)  are the molecular weights of the constituents. 

In the present measurements, high purity xylene was used as the immersion fluid and 

each density value reported is the average of at least three independently measured 

values. Measurements were performed in a room maintained at 24 ± 1 ˚C. 

 

2.4. Microhardness 

The microhardness (or simply the hardness measured over a micron distance scale) is a 

characteristic property of solids. The hardness is a measure of the resistance of a material 

to being penetrated and eroded by another material’s sharp projections. The measurement 

method involves the use of a diamond micro indenter in the shape of a square pyramid 

(Vickers indenter). Fig. 2.4.1 explains the process of a small diamond pyramidal indenter 

being pushed into the material under a known load. The indentation size is generally of 

the order of a few microns under 5 to 1,000 g loads and hence the term ‘microhardness’. 

 

 

Fig. 2.4.1: Geometry of a micro indenter of the Vickers’ type.  
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For the Vickers indenter, 

                       
2d

2
sinF2

area

force
VHN








 θ

==                                        (2.7) 

where F is the force in kg, θ is the inclined angle of Vickers pyramid and d is the average 

diagonal of the impression in mm. Since θ = 136
0
 for the Vickers pyramid, the Vickers 

hardness number (VHN) which is usually expressed in units of kg/mm
2
 may be written as 

  
2d

F8544.1
VHN =                           (2.8) 

Generally, a total indentation time of 15-25 seconds is used for the measurement, 

which is sufficient for the load to gradually descend onto the surface and reach an 

equilibrium penetration depth. Although the physics of hardness is still not understood 

completely, one can discuss hardness in relation to elastic moduli and bond strength 

parameters according to the model of Yamane and Mackenzie [144] using elastic moduli 

to constrain the effective bond strength. High bond strengths cause high elastic moduli 

preventing breakage, while small bond strengths result in a higher percentage of bonds 

breaking concomitant irreversible, plastic flow. This concept led Yamane and Mackenzie 

[144] to estimate VHN from the square root of the bond strength, bulk modulus B and 

shear modulus G using the relation, 

            BGCVHN α=                          (2.9) 

where C is a proportionality constant and α is the bond strength factor. From equation 

(2.9) it is evident that the VHN decreases as the elastic moduli of the glass decreases. 

This behaviour has been observed in many glasses [145-146]. When the number of non-

bridging oxygen’s in a glass increases, the elastic moduli of the glass decreases [145]. 
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From equation (2.9) it is also obvious that a decrease in the elastic moduli decreases the 

micro-hardness in a glass.  

Careful preparation of the sample surface is necessary prior to indentation. For 

this, the samples are mounted on resin and polished to a mirror finish. The polished 

samples are then indented using the Vickers indenter mounted in a microhardness tester 

(Buehler 2100) and the lengths of the diagonals of the indent are measured using the 

graduated microscope in the tester. A typical indent made on a polished glass sample is 

shown in Fig. 2.4.2. The indent corresponds to an applied load of 100 gm and loading 

time of 15 s. The microhardness values reported in this thesis are the average values of at 

least 10 independent indents made on each sample composition under identical loading 

conditions. All measurements were made at room temperature (24 ± 1 ˚C). 

 

Fig. 2.4.2: Typical indent made on typical glass sample using a Vickers pyramidal 

indenter. 

 

2.5. Magnetometry 

The Vibrating Sample Magnetometer (VSM) has become a widely used instrument for 

determining magnetic properties of a large variety of magnetic materials. This 
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experimental technique was invented in 1956 by Simon Foner [147]. It has a flexible 

design and combines high sensitivity with easy of sample mounting and exchange. 

Measurements of magnetic moments as small as 5x10
-5

 emu are possible in magnetic 

fields from zero to 3 Tesla. Maximum applied fields of 3 Tesla are reached using 

conventional laboratory electromagnets and superconducting solenoids, respectively. 

Using a VSM, one can measure the DC magnetic moment as a function of temperature, 

magnetic field, angle and time. So, it allows performing susceptibility and magnetization 

studies. Some of the most common measurements done are magnetic hysteresis loops, 

susceptibility or saturation magnetization as a function of temperature (thermomagnetic 

analysis) [147]. 

A block diagram of the VSM is shown in Fig. 2.5. The VSM operates on the principle of 

Faraday's law of induction, which tells us that a changing magnetic field will produce an 

electric field [148]. This electric field can be measured, which in turn can provide us 

information about the magnetic moment of the sample as magnetic field and temperature 

are varied. The VSM normally consists of a water cooled electromagnet and power 

supply, a vibration exciter and sample holder (with angular position indicator), sensing 

coils, a Hall probe, an amplifier, the control chassis, a lock-in amplifier, a Gauss meter, 

and a computer interface. In a VSM, the sample is mounted on the end of a rigid rod 

attached to a mechanical resonator which oscillates the sample (usually in a vertical 

direction) at a fixed frequency. Surrounding the sample is a set of sensing coils.  As the 

sample moves, its magnetization (M) alters the magnetic flux through the coils. This 

produces an AC voltage directly proportional to M, which can be amplified and detected 

using a lock-in amplifier. The external magnetizing field is usually provided by a 
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horizontal electromagnet. The measurement sequence is then programmed using the 

software provided with the instrument. 

 

 

     Fig. 2.5: Block diagram of the vibrating sample magnetometer. 

 

The vibration exciter is then started and the signal received from the probe and the 

pick-up coils is converted into the magnetic moment value of the sample. Magnetic field 

up to 30 kOe can be applied to the sample with a 10 inch diameter electromagnet. 

Normally, magnetic field is automatically increased in steps at a constant temperature 

(M-H measurement) by setting the program. The VSM was calibrated using a standard 

reference (high purity nickel sphere), supplied with the instrument. The quantity of 

magnetic phase presented in the glass-ceramic samples was determined from the 
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saturation magnetization ratio between the sample and pure magnetite (Ms = 92 emu/g 

[148]). From this measurement, the value of magnetization at different applied magnetic 

fields is obtained in emu/g. These data provide Msat value of the sample. Magnetization as 

a function of temperature at a constant applied field (M-T measurement) is recorded to 

obtain information of transition or Curie / Neel temperature. Magnetic susceptibility 

measurements of glass-ceramics containing iron oxide reveal the nature of interaction 

between the iron ions apart from providing information on the valence states of iron ions. 

Magnetic susceptibility data of the glass ceramics was obtained from temperature 

dependent magnetization measurements carried out over a temperature range of 300 K to 

1050 K at a constant applied field of 79.6 kA/m (1 kOe) using a Vibrating sample 

magnetometer (Lakeshore model 7410) equipped with a high temperature oven. The 

magnetic hysteresis loop of the glass-ceramics samples was obtained using two different 

external magnetic fields of ± 20 kOe and ± 500 Oe. Low field (± 500 Oe) measurements 

were used to evaluate the power loss (or heat generation capability) of the sample at 

fields amenable to clinical conditions. Magnetic susceptibility measurements of glasses 

containing iron oxide reveal the nature of interaction between the iron ions apart from 

providing information on the valence states of iron ions. Magnetic susceptibility data of 

the glasses was obtained from temperature dependent magnetization measurements 

carried out over a temperature range of 300 K to 600 K at a constant applied field of 1 

kOe. Temperature dependence of the reciprocal of magnetic susceptibility of 

paramagnetic materials (glass samples) shows a Curie-Weiss type behavior which can be 

expressed as [148], 

   

1 p

M

T

C

θ

χ

−
−

=                               (2.10) 
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where χ is the magnetic susceptibility, CM is the Curie constant, and pθ  is the 

paramagnetic Curie temperature. 

 

2.6. Electron Paramagnetic Resonance  

Electron paramagnetic resonance (EPR) or electron spin resonance (ESR) spectroscopy is 

a technique for studying chemical species that have one or more unpaired electrons, such 

as organic and inorganic free radicals or inorganic complexes possessing a transition 

metal ion. EPR studies of glass/glass-ceramics containing transition metals ions probe the 

site symmetry around the transition metal ions present and provide information on the 

glassy network. EPR absorption measurements at room temperature of glasses / glass-

ceramics containing iron oxide reveal the nature of interactions between the iron ions 

apart from providing information on the valance state of iron ions. Every electron has a 

magnetic moment and spin quantum number s = 1/2, with magnetic components            

ms = ±1/2. In the presence of an external magnetic field with strength B0, the electron's 

magnetic moment aligns itself either parallel (ms = –1/2) or antiparallel (ms = +1/2) to the 

field, each alignment having a specific energy (see the Zeeman effect). The parallel 

alignment corresponds to the lower energy state, and the separation between it and the 

upper state is ∆E = geµBB0, where ge is the electron's so-called g-factor (see also the 

Landé g-factor) and µB is the Bohr magneton. This equation implies that the splitting of 

the energy levels is directly proportional to the magnetic field's strength, as shown in the 

diagram Fig. 2.6.1. An unpaired electron can move between the two energy levels by 

either absorbing or emitting electromagnetic radiation of energy ε = hν such that the 

resonance condition, ε = ∆E, is obeyed. Substituting in ε = hν and ∆E = geµBB0 leads to 
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the fundamental equation of EPR spectroscopy, viz., hν = geµBB0. Experimentally, this 

equation permits a large combination of frequency and magnetic field values, but the 

great majority of EPR measurements are made with microwaves in the 9 – 10 GHz 

region, with fields corresponding to about 8000 G (0.8 T).  

 

 

Fig. 2.6.1: Energy level splitting of electron of spin s=1/2 in a static magnetic field Bo. 

 

A block diagram of the EPR is shown in Fig. 2.6.2. EPR absorption spectra of 

glasses and glass-ceramics in powder form were obtained using a JEOL Spectrometer 

(model JES-FA200) operating at X-band frequency (ν = 9.4 GHz) with 100 kHz field 

modulation at room temperature. The magnetic field was scanned from 0 to 800 mT and 

microwave power was set at 1 mW. Powdered glass or glass-ceramics specimen 

weighing ~50 mg was taken in a quartz tube for the EPR measurements. The EPR 

spectrometer was calibrated with the in-built software which uses EPR spectrum of Mn
2+

 

ions in MgO as reference. In principle, EPR spectra can be generated by either varying 

the photon frequency incident on a sample while holding the magnetic field constant, or 

doing the reverse. In practice, it is usually the frequency which is kept fixed. A collection 
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of paramagnetic centers, such as free radicals, is exposed to microwaves at a fixed 

frequency. By increasing an external magnetic field, the gap between the ms = +1/2 and 

ms = −1/2 energy states is widened until it matches the energy of the microwaves, as 

represented by the double-arrow in the diagram (Fig. 2.6.1). At this point, the unpaired 

electrons can move between their two spin states. Since there are more electrons in the 

lower state due to the Maxwell-Boltzmann distribution, there is a net absorption of 

energy, and it is this absorption which is monitored and converted into a spectrum. Most 

EPR spectra are recorded and published only as first derivatives. 

 

 

Fig. 2.6.2: A block diagram of the electron paramagnetic resonance spectrometer. 
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2.7. Bioactivity test 

2.7.1. Preparation of SBF and in vitro test 

Kukubo and his colleagues developed [44-45] an acellular simulated body fluid (SBF) 

that has inorganic ion concentrations similar to those of human blood plasma (HBP), in 

order to reproduce formation of apatite on bioactive materials in vitro. This fluid can be 

used for not only evaluation of bioactivity of artificial materials in vitro, but also for 

coating apatite on various materials under biomimetric conditions. The ion concentrations 

of SBF are given on Table 2.7.1. The following reagent grade chemicals stored in 

vacuum desiccators and ion-exchanged distilled water were used for the preparation of 

SBF:  

(1) sodium chloride (NaCl),  (2) sodium hydrogen carbonate (NaHCO3), (3) potassium 

chloride (KCl), (4) di-potassium hydrogen phosphate trihydrate (K2HPO4.3H2O), (5) 

magnesium chloride hexahydrate (MgCl2.6H2O), (6) calcium chloride (CaCl2), (7) 

sodium sulfate (Na2SO4), (8) Tris-hydroxymethyl aminomethane (CHOCH2)3CNH2) 

(Tris), (9) 1m (mol/l) Hydrochloric Acid, 1m-HCl, (10) pH standard solutions (pH 4, 7 

and 9). 

 

Table 2.7.1: Nominal ion concentrations of SBF in comparison with those in HBP. 

 

Ion (mM) Na
+
 K

+
 Mg

2+
 Ca

2+
 Cl

−
 HCO3

−
 HPO4

2−
 SO4

2−
 

SBF 142 5 1.5 2.5 147.8 4.2 1 0.5 

HBP 142 5 1.5 2.5 103 27 1 0.5 
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Table 2.7.2: Order, amounts, weighing containers, purities and formula weights of 

reagents for preparing 1000 ml of SBF 

 

 Since SBF is supersaturated with respect to apatite, an inappropriate preparation method 

can lead to the precipitation of apatite in the solution. The preparing solution has to be 

kept colorless and transparent with no deposits on the surface of the bottle. In order to 

prepare 1000 ml of SBF, 700 ml of ion-exchanged and distilled water is taken in a 

1000 ml plastic beaker. Water in the beaker is heated to 36.5 ± 1.5 °C under constant 

stirring. The reagent number 1 to 8 are dissolved in the solution at 36.5 ± 1.5 °C one by 

Order Reagent Amount Container Purity 

(%) 

Formula 

weight 

1 NaCl 8.035 g Weighing paper 99.5 58.4430 

2 NaHCO3 0.355 g Weighing paper 99.5 84.0068 

3 KCl 0.225 g Weighing bottle 99.5 74.5515 

4 K2HPO4·3H2O 0.231 g Weighing bottle 99.0 228.2220 

5 MgCl2·6H2O 0.311 g Weighing bottle 98.0 203.3034 

6 1.0m-HCl 39 ml Graduated cylinder — — 

7 CaCl2 0.292 g Weighing bottle 95.0 110.9848 

8 Na2SO4 0.072 g Weighing bottle 99.0 142.0428 

9 Tris buffer 6.118 g Weighing paper 99.0 121.1356 

10 1.0M HCl 0–5 ml Syringe — — 
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one in the order given in Table 2.7.2. The 9
th

 (Tris) and 10
th

 reagents are then added for 

pH adjustment in a careful and methodical manner to a pH value of 7.40. Additional 

water is then added to make up the solution to 1000 ml. The prepared SBF is then 

preserved in dark coloured plastic bottles with a tightly placed lid and kept at 5−10 °C in 

a refrigerator. The SBF stock was preserved and used for a maximum of 30 days only. 

The glass/glass-ceramics pieces to be tested in vitro were polished with 2000 grit 

silicon carbide paper to dimensions of 10 × 10 × 2 mm
3
. The polished specimens were 

washed with acetone in an ultrasonic cleaner.  In vitro bioactivity test was carried out by 

soaking the glass / glass-ceramics pieces in 30 ml of SBF. The temperature of the 

solution was maintained at 36.5 
o
C. Specimens immersed in SBF were taken out after 1, 

3, 7, 10, 20 and 30 days, lightly washed with acetone and dried in a sterile environment.  

  

2.7.2. Analysis of samples treated in SBF 

Surface structural changes in the dried glass and glass-ceramics samples treated in SBF 

were analyzed by grazing incidence X-ray diffraction (GI-XRD), Fourier transform infra-

red reflection spectroscopy (FT-IRS) and scanning electron microscopy (SEM) 

techniques. The surface chemical analysis was carried out by energy dispersive X-ray 

spectroscopy (EDS) analysis. The specific techniques and procedures adopted are 

described below: 

 

2.7.2.1. Glancing incidence X-ray Diffraction 

Grazing incidence X-ray diffraction (GI-XRD) is a commonly used method for structural 

evaluation of surface layers or thin films. GI-XRD measurements were carried out at 
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room temperature using a commercial X-ray diffractometer (Bruker D8 Advance). The 

GI-XRD measurements were performed in the 2θ range of 20–50° using CuKα (λ = 

1.5418 Å) radiation at a scan rate of 1°/min and with 2° glancing angle against the 

incident beam on the specimen surface. All the XRD data were collected with the X-ray 

generator setting of 40 kV / 30 mA.  

 

(a)

(b)

 

Fig. 2.7.2.1: (a) X-ray diffraction geometry for glancing incidence asymmetric diffraction 

and (b) path of a diffracted X-ray beam in GID. 
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X-ray diffraction geometry for glancing incidence asymmetry diffraction and path 

diffraction of the X-ray beam in the glancing incidence diffraction (GID) are pictorially 

depicted in Fig. 2.7.2.1(a) and Fig. 2.7.2.1(b), respectively. In glancing incidence 

asymmetric Bragg diffraction, the sample surface and X-ray source are set a low-

incidence angle and they remain stationary throughout the detector scan {Fig. 2.7.2.1(a)}. 

In a typical measurement, the glancing-incidence angle is fixed and the sample is scanned 

by moving the detector only. Unlike the Bragg-Brentano geometry, a focusing circle is 

not maintained in GID geometry {Fig. 2.7.2.1(a)}. GID is a non-focusing geometric 

arrangement which makes use of parallel, rather than divergent X-rays diffracted from 

suitably oriented crystallographic planes. A GID attachment placed between the 

diffracting planes and detector slit absorbs converging and diverging diffracted X-rays 

and allows only parallel X-rays to pass {Fig. 2.7.2.1(a)}. 

 

2.7.2.2. Scanning Electron Microscopy 

Analysis of microstructure and composition has been carried out by using LEO 1430VP 

Scanning Electron Microscope (SEM) equipped with Oxford energy dispersive 

spectrometer (EDS Model 7353). The SEM-EDS was operated with an acceleration 

potential of 10 kV to 20 kV and each spectrum was collected for about 100 s duration. 

Elemental analysis of the samples was done by recording energy dispersive spectrum. 

Basic principles of SEM & EDS analysis are briefly presented below. 

  In a typical SEM (schematically shown as in Fig. 2.7.2.2), electrons are 

thermionically emitted from a tungsten filament cathode are accelerated towards an 

anode. The types of signals produced by an SEM include secondary electrons, back 
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scattered electrons (BSE), characteristic X-rays, light (cathodoluminescence), specimen 

current and transmitted electrons. Each of these signals requires specialized detectors for 

their detection which are all not usually present in a single machine. The signals result 

from interactions of the electron beam with atoms at or near the surface of the sample. In 

the most common or standard detection mode, secondary electron imaging (SEI), the 

SEM can produce very high-resolution images of a sample surface, revealing details 

about 1 to 5 nm in size. Due to the way these images are created, SEM micrographs have 

a very large depth of field yielding a characteristic three-dimensional appearance useful 

for understanding the surface structure of a sample. A wide range of magnifications is 

possible, ranging from about 25× to about 250,000×. 

 

 

Fig. 2.7.2.2: A schematic diagram of a SEM. 
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The electron beam, which typically has an energy ranging from a few hundred eV 

to 40 keV, is focused by one or two condenser lenses to a spot of about 0.4 nm to 5 nm in 

diameter. The beam passes through pairs of scanning coils or pairs of deflector plates in 

the electron column, typically in the final lens, which deflect the beam in the x and y axes 

so that it scans in a raster fashion over a rectangular area of the sample surface. When the 

primary electron beam interacts with the sample, the electrons lose energy by repeated 

random scattering and absorption within a teardrop-shaped volume of the specimen 

known as the interaction volume, which extends from less than 100 nm to around 5 µm 

into the surface. The size of the interaction volume depends on the electron's landing 

energy, the atomic number of the specimen and the specimen's density. The energy 

exchange between the electron beam and the sample results in the reflection of high-

energy electrons by elastic scattering, emission of secondary electrons by inelastic 

scattering and the emission of electromagnetic radiation, each of which can be detected 

by specialized detectors. The beam current absorbed by the specimen can also be detected 

and used to create images of the distribution of specimen current. Electronic amplifiers of 

various types are used amplify the signals which are displayed as variations in brightness 

on a cathode ray tube. The raster scanning of the CRT display is synchronised with that 

of the beam on the specimen in the microscope, and the resulting image is therefore a 

distribution map of the intensity of the signal being emitted from the scanned area of the 

specimen. The image can be digitally captured and displayed on a computer monitor and 

saved to a computer's hard disk. 

EDS Analysis stands for Energy Dispersive X-ray Spectroscopy. It is a technique 

used for identifying the elemental composition of the specimen.  The EDS analysis 
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system works as an integrated feature of a  SEM, and cannot operate on its own without 

the latter. During EDS Analysis, the specimen is bombarded with an electron beam inside 

the SEM. The bombarding electrons collide with the specimen atoms' own electrons, 

knocking some of them off in the process. A position vacated by an ejected inner shell 

electron is eventually occupied by a higher-energy electron from an outer shell. To be 

able to do so, however, the transferring outer electron must give up some of its energy by 

emitting an X-ray. The amount of energy released by the transferring electron depends on 

which shell it is transferring from, as well as which shell it is transferring to. 

Furthermore, the atom of every element releases X-rays with unique amounts of energy 

during the transferring process. Thus, by measuring the amounts of energy present in the 

X-rays being released by a specimen during electron beam bombardment, the identity of 

the atom from which the X-ray was emitted can be established. The EDS spectrum is just 

a plot of how frequently an X-ray is received for each energy level. An EDS spectrum 

normally displays peaks corresponding to the energy levels for which the most X-rays 

had been received. Each of these peaks are unique to an atom, and therefore corresponds 

to a single element. The higher a peak in a spectrum, the more concentrated the element 

is in the specimen.  

 

2.7.2.3. Fourier transforms infrared spectroscopy 

Infrared spectroscopy is an important technique which provides an easy way to identify 

the presence of certain functional groups in a molecule.  One can also use the unique 

collection of absorption bands to confirm the identity of a pure compound or to detect the 
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presence of specific impurities. The basic configuration of an FT-IR spectrometer is 

schematically shown in Fig. 2.7.2.3.  

 

 

Fig. 2.7.2.3: A schematic diagram of an FT-IR spectrometer. 

 

The essential component of this spectrometer is a Michelson interferometer that 

consists of a fixed mirror, a moving mirror, and a beam splitter. When the IR beam 

coming from a source reaches the beam splitter, it is divided into two halves. Half of the 

beam is reflected in the beam splitter to the fixed mirror, while the remaining half passes 

through the beam splitter toward the moving mirror. These two beams are reflected in the 

fixed and moving mirrors, respectively, and come back to the beam splitter, where they 

recombine into a new beam that passes through the sample. The sample absorbs all the 

different wavelengths characteristic of its spectrum, and this subtracts specific 

wavelengths from the interferogram.  The detector now reports variation in energy versus 

time for all wavelengths simultaneously.  A laser beam is superimposed to provide a 

reference for the instrument operation.  
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The infrared reflection spectra were measured using FT-IR spectrometer 

(PerkinElmer Spetrum- BX). The samples were scanned in the wave number range of 

2000-400 cm
-1

 at a resolution 2 cm
-1

 and scanning speed 2 mms
-1

. The purpose of 

infrared studies is to obtain information about the chemical bonding and structure of the 

surface layer formed on the specimens treated in SBF through a detailed examination of 

infrared absorption bands. 
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A systematic study of CaO-SiO2-P2O5-Na2O glasses with varying iron oxide content and 

the glass-ceramics derived from them is presented in this chapter. EPR absorption 

spectroscopy, microhardness, density, differential scanning calorimetry, magnetic 

susceptibility and in vitro bioactivity studies have been performed on the parent glass 

compositions. Glass-ceramics have been derived from these glasses by appropriate heat 

treatment. The evolution of structural and magnetic properties in the glass-ceramics along 

with EPR absorption, microhardness and in vitro bioactivity studies carried out on the 

glass-ceramic samples are also presented in this chapter. 

 

3.1. Preparation of glasses and glass-ceramics 

Glass samples with composition of 41CaO(52-x)SiO24P2O5 xFe2O33Na2O (x = 0, 2, 4, 6, 

8 and 10 mole %) were prepared by melt quenching technique. Appropriately weighed 

quantities of high purity SiO2 (99.9 % purity), Na2CO3H2O (99.9 % purity), Fe2O3 (99.9 
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% purity), CaCO3 (99.9 % purity) and NH4(H2PO4) (99.9 % purity) were thoroughly 

mixed in an agate pestle and mortar. The well mixed charge taken in a platinum crucible 

was calcined at 800 °C for 24 hours and then held at 1550 °C for 2 hours to completely 

melt the charge. The melt was then poured on to a copper plate at room temperature and 

pressed with a copper plate to form glass samples of a few millimeter thickness. The as-

quenched glasses were annealed at 500 °C (well below their glass transition temperature) 

for 10 hours in air atmosphere to remove residual stresses. These heat-treated samples 

were used for all measurements. Identical preparation conditions such as furnace 

temperature and quenching procedure were followed while preparing the entire series of 

glasses. The glass plates obtained by the method described above were placed on alumina 

boats and heat-treated at 1050 °C for 3h and slowly cooled to room temperature to form 

glass-ceramic samples. The heat-treatment temperature was chosen to ensure the 

complete crystallization of the two phases observed in thermograms of the glass samples 

(to be discussed in the section 3.2.2 of this chapter). 

 

3.2. Characterization of the glasses  

Systematic characterization of the glass samples was first carried out, the details of the 

characterizations performed on the glasses are given below: 

 

3.2.1. XRD studies 

As a first step in the investigations, all the CaO-SiO2-P2O5-Na2O-Fe2O3 glasses prepared 

were checked for amorphous nature by recording their X-ray powder diffraction (XRD) 

patterns. In the present investigations, a Seifert XRD 3003 T/T X-ray powder diffraction 
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system was used as explained in chapter 2. A typical XRD pattern from a CaO-SiO2-

P2O5-Na2O-Fe2O3 glass is shown in Fig. 3.2.1. The diffractograms of all the as quenched 

glass samples showed no sharp peaks, thereby signifying the total lack of crystallinity in 

the samples.  
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Fig. 3.2.1: X-ray diffraction pattern of a typical CaO-SiO2-P2O5-Na2O-Fe2O3 glass.  

 

3.2.2. DSC studies 

DSC studies on 41CaO(52-x)SiO24P2O5 xFe2O33Na2O glasses with x =  2, 4, 6, 8 and 10 

mole % have been performed following the procedure explained in chapter 2. The 

experiments were performed with ~ 20 mg samples. Fig. 3.2.2 is the typical DSC curve 

obtained for 41CaO(52-x)SiO24P2O5 xFe2O33Na2O glasses with x = 8 mole %  iron oxide 

under a constant heating rate of 20 °C/min. Single glass transition temperature (Tg) and 

two crystallization temperatures (Tc1 and Tc2) were observed in the DSC curves of all the 

glass samples. The glass transition temperature was marked by a distinct endothermic 
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baseline shift within the temperature range 600 to 650 °C and crystallization temperature 

range was between 850 °C and 1056 °C when heated under a constant rate of 20 °C/min.  

400 600 800 1000 1200

Tc1

Tc2

Tg

 

 

Temperature  (°C)

x = 8 mole % 

 

Fig. 3.2.2: Typical DSC curve obtained for 41CaO(52-x)SiO24P2O5xFe2O33Na2O glasses 

(x = 8 mole %)  with constant heating rate (φ) of 20 °C/min. 

 

Table 3.2.2:  DSC data of 41CaO(52-x) SiO2 4P2O5 xFe2O33Na2O glasses. 

 

 

 

 

 

 

 

 

x (mole %) Tg  (°°°°C ) Tc1 (°°°°C ) Tc2 (°°°°C ) 

2 656 1020 1056 

4 639 970 1004 

6 629 941 991 

8 621 906 939 

10 605 871 897 
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It can be seen from the DSC curve that hydroxyapatite crystals precipitated 

between 870 and 1020 °C, and wollastonite crystals between 897 and 1056 °C as a 

function of increasing x (iron oxide content).  Tg and Tc’s decreased with increasing x (cf. 

Table 3.2.2). Tg values listed in the table correspond to a constant heating rate of 20 

o
C/min. Tg is closely related to the change in the coordination number of the network 

forming oxides and the number of non-bridging oxygens present in the glass. A decrease 

in the number of non-bridging oxygens in these glasses with the addition of Fe2O3 results 

in the depolarization of the glass skeleton. Hence the decrease in Tg as a function of 

Fe2O3 concentration in the glasses is a result of the decrease in the depolymerization of 

the glass skeleton. Such conclusions have been drawn in earlier studies [149] in support 

of this argument. 

 

3.2.3. Density  

The mass density (ρ) measurements on CaO-SiO2-P2O5-Fe2O3-Na2O glasses were carried 

out using a density bottle with xylene as the immersion liquid. From the density data, the 

molar volumes of the glasses were calculated (Table 3.2.3) using equations (2.4) and 

(2.5). Fig. 3.2.3 shows the composition dependence of density and molar volume of 

41CaO(52-x)SiO24P2O5 xFe2O33Na2O glasses. The density of the glass increases and 

molar volume decreases as iron oxide mole % content is increased. When iron oxide 

mole % is increased, Fe2O3 progressively replaces SiO2. Since the molecular weight of 

Fe2O3 (159.697) is higher than the molecular weight of SiO2 (60.088), one would expect 

the overall density of the glass to increase. Increase in density from 2.56 to 2.99 g/cm
3
 

(Table 3.2.3) with increasing iron oxide content is a result of strengthening of cross-
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linking within the glassy network as the volumetric portion of the four-coordinated Fe ion 

increases at the cost of the six-coordinated Fe [150]. 
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Fig. 3.2.3: Composition dependence of density and molar volume of CaO glasses. 

 

Table 3.2.3:  Density, molar volume and microhardness of  41CaO(52-x)SiO24P2O5 

xFe2O33Na2O glasses. 

x  mole % Density (gm/cm
3
) Mol.vol.(cm

3
/mol) VHN (kg mm

-2
) 

2 2.56 24.90 576 

4 2.66 24.69 689 

6 2.77 24.42 725 

8 2.86 24.25 744 

10 2.99 23.95 771 
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The decrease in the molar volume with increasing Fe2O3 mole % content indicates 

that the glassy network shrinks in size with the addition of Fe2O3. The decrease in the 

molar volume of the samples can be attributed to the increase in the probability of 

formation of FeO4 group in glass, as result of the decrease in the number of non-bridging 

oxygens [150]. This may cause a decrease in the volume of the glass network structure. 

The decrease in molar volume in glasses can also be attributed to the formation of a 

closed packed structure due to the change of the coordination of iron ions to the four-fold 

coordination. 

 

3.2.4. Microhardness 

The microhardness of glasses has been measured following the procedure outlined in 

second chapter. All the glass samples were uniformly subjected a load of 100 gm for a 

duration of 15 s. The measured microhardness values are tabulated in Table 3.2.3.  
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Fig. 3.2.4: Variation of VHN of 41CaO(52-x)SiO24P2O5xFe2O33Na2O glasses. 
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Fig. 3.2.4 shows the variation of VHN with iron oxide content in 41CaO(52-x) 

SiO24P2O5 xFe2O33Na2O glasses. It shows that the VHN increases as the iron oxide mole 

% content is increased. As the number of non-bridging oxygen in glass decreases, the 

bulk (B) and shear (G) elastic moduli of the glass increase. When the number of non-

bridging oxygens in a glass decreases, the elastic moduli of the glass increase [145]. 

From equation (2.9), it is evident that an increase in the elastic moduli increases the 

microhardness, which is the behaviour exhibited by the glasses depicted in Fig. 3.2.4. 

 

3.2.5. EPR studies 

EPR absorption spectra of Fe
3+

 ions in oxide glasses are generally characterized by the 

appearance of resonance absorptions at g ≈ 2.1, 4.3 and 6.0, with their relative intensities 

being strongly dependent on composition [151-155]. The g ≈ 2.1 resonance is assigned to 

those ions which interact by a superexchange coupling and can be considered as 

distributed in clusters [151-153]. The g ≈ 4.3 resonance line is characteristic of isolated 

Fe
3+

 ions predominantly situated in rhombically distorted octahedral or tetrahedral oxygen 

environments [151-155]. The g ≈ 6.0 resonance line arises from axially distorted sites. 

EPR spectra of phosphate [156], borate [157-160], bismuthate [161-162], tellurite [163-

164], silicate [165-167] glasses have been reported, as functions of Fe2O3 content. Iron 

ions exist in different valence states with different local symmetries in the glass matrices, 

for example, as Fe
3+

 with both tetrahedral and octahedral coordination, and/or as Fe
2+

 with 

octahedral coordination. Fe
3+

 and Fe
2+

 are paramagnetic ions. However, only Fe
3+

 

(3d
5
,
6
S5/2) shows ESR absorptions at room temperature. 
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Fig. 3.2.5.1: EPR absorption spectra of 41CaO(52-x)SiO24P2O5 xFe2O3 3Na2O glasses. 

 

 EPR absorption spectra of 41CaO(52-x)SiO24P2O5xFe2O33Na2O (2 ≤ x ≤ 10 mole 

%) samples recorded at room temperature are shown in Fig. 3.2.5.1. The resonance 

absorptions observed at g ≈ 2.1 and g ≈ 4.3 are due to Fe
3+

 ions (3d
56

S5/2). The EPR 

parameters of the first derivative resonance curve that were determined are the linewidth 

(∆H) and the intensity of absorption line J. While J was estimated from peak to peak 

height (I) and the linewidth was calculated using the relation J = I(∆H)
2
. Analysis of the g 

≈ 2.1 resonance line was performed by integrating the relevant part of the first derivative 

EPR curve. The relative intensity and linewidths of the two absorptions lines vary with 

glass composition.  

 The analysis of the EPR spectra usually begins with a discussion on the spin 

Hamiltonian which can be expressed as [168] 

              H  = βg·H·S + D[S
2

z −
1

3
 S(S + 1)] +E(S

2
x − S

2
y)                    (3.1)  
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where Sx, Sy, Sz, are components of spin along three mutually perpendicular crystalline 

axes x, y, and z, D and E are the usual second–order crystal field terms with axial and 

rhombic symmetry, and H is the applied field, respectively. If D and E are zero, the g 

value is expected to lie very near the free electron value of 2.0. If D or E is large as 

compared with gβH, then, in the two limiting cases of  D ≠ 0, E = 0, and D = 0, E ≠ 0, the 

energy levels in zero magnetic field turn out to be three Kramer’s doublets. In the first 

case (D ≠ 0, E = 0), the lowest doublet has effective g values of g ≈ 2.0 and g ≈ 6.0. In the 

second case (E ≠ 0, D = 0), the middle doublet has an isotropic g value of 4.3. Castner et 

al. [169] were the first to apply the spin Hamiltonian given in eqn. (3.1) to the g ≈ 4.3 

absorption line of Fe
3+

 ions in glass and Wickman et al. [170] identified the origin of the g 

≈ 4.3 resonance as Fe
3+

 ions in sites which have undergone rhombic distortion from cubic 

symmetry. The generalized spin Hamiltonian has been diagonalised within the S = 5/2 

manifold, with 0 < λ (= E/D) < 1/3, exhausting the physically acceptable possibilities. In 

particular, the resonance at g ≈ 2.0 and 6.0 are the parallel and perpendicular g values of 

Kramer’s doublets when λ = E/D = 0. The isotropic resonance at g ≈ 4.3 corresponds to λ 

= E/D = 1/3. This assignment identifies the feature at g ≈ 2.0 with weak crystal field terms 

and the feature at g ≈ 4.3 with the rhombic distortions of the crystal field about a site of 

tetrahedral or octahedral symmetry.  

Fig. 3.2.5.2 shows the composition dependence of the EPR parameters 

corresponding to the g ≈ 4.3 resonance line. It can be seen from Fig. 3.2.5.1 that the peak 

to peak height (I) decreases with an increase in iron oxide concentration and the linewidth 

(∆H) increases with increase in iron oxide concentration. The overall intensity of the 

absorption line J increases steadily in glasses with x = 2 to 6 mole % iron oxide and then 
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decreases as depicted in Fig. 3.2.5.2. Intensity of the g ≈ 2.1 resonance shows an 

increasing trend as the iron oxide content is increased as depicted in Fig. 3.2.5.3. 
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Fig. 3.2.5.2: Composition dependence of the line intensity and linewidth of g ≈ 4.3 

resonance absorption line of 41CaO(52-x)SiO24P2O5xFe2O33Na2O glasses. 

 

The origin of the g values in the EPR spectra of glasses shown in Fig. 3.2.5.1 is 

closely related to the coordination numbers of Fe ions. The g ≈ 4.3 absorption line can be 

produced by low symmetry (rhombic) sites of either tetrahedral or octahedral 

coordination. The behaviour depicted in Fig. 3.2.5.2 shows that the concentration of Fe
3+

 

ions in octahedral (tetrahedral) environments increases in the composition range of 2 < x 

< 6.  The slow increase in g ≈ 4.3 line intensities at low Fe2O3 concentrations indicates 

that fewer Fe
3+

 ions reside in low symmetry sites at these compositions. The decrease in g 

≈ 4.3 line intensity beyond x = 6 mole % reflects a reduction in the number of Fe
3+

 ions in 

octahedral (tetrahedral) environment in the vitreous matrix. One can observe that the 
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decrease in the intensity of the signal at g ≈ 4.3 is accompanied by the appearance of a 

broad signal centered at g ≈ 2.1. The latter could be attributed to the formation of clusters 

of paramagnetic ions containing two or more ions coupled together. It can also be seen 

from Fig. 3.2.5.2 that the linewidth of the g ≈ 4.3 resonance line increases monotonically 

with Fe2O3 content. These observations lead to the conclusion that at lower 

concentrations, iron sites are populated randomly in the glass, while at higher iron 

concentrations (i.e., for x > 6 mole %) the site population deviates from randomness and 

results in the formation of clusters. When the site population deviates from randomness at 

higher iron (i.e., for x > 6 mole %) concentrations, superexchange type interaction begins 

to dominate. Their strength is far too weak to favour macroscopic magnetic ordering and 

so the sample remains essentially paramagnetic. The superexchange interaction between 

the nearest neighbours (which increases with iron oxide content due to their increased 

proximity), acts as narrowing mechanism of the absorption line. This narrowing process 

is balanced by other broadening processes such as increase in network disordering and 

interaction between multivalent iron ions (i.e., Fe
2+

 and Fe
3+

).    

 The nonlinear behaviour depicted in Fig. 3.2.5.3 can be attributed to the process 

by which iron enters in the vitreous matrix i.e., either as Fe
3+

 or Fe
2+

. Fe
2+

 ions are not 

involved in the EPR absorption, but their interaction with Fe
3+

 ions influences the 

characteristics of the absorption lines. The resonance line at g ≈ 2.1 shows a shift towards 

lower values of the magnetic field when the iron oxide content increases. The g value 

(magnetic field) shifts from 2.10994 ± 0.00001 (3206 G) for the x = 2 sample to 2.22448 

± 0.00001 (3030 G) for the x = 10 sample. The g ≈ 2.1 resonance arises due to the 

formation of iron clusters which give rise to superexchange type interaction between iron 
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ions. Superexchange mechanisms tend to narrow the absorption line. On the other hand, 

interactions between Fe
3+

 and Fe
2+ 

ions tend to broaden the linewidth. The final linewidth 

depends on the relative strengths of the two mechanisms influencing the linewidth. The 

increase in the linewidth of the g ≈ 2.1 resonance with Fe2O3 concentrations shows the 

dominance of the broadening mechanisms which in turns indicates a larger increase in 

Fe
2+

 ion concentration as Fe2O3 concentration is increased in the glass. 
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Fig. 3.2.5.3: The composition dependence of the line intensity and linewidth of g ≈ 2.1 

resonance absorption line of 41CaO(52-x)SiO24P2O5xFe2O33Na2O glasses. 

 

3.2.6. Magnetic susceptibility 

Magnetic susceptibility measurements of glasses containing iron oxide reveal the nature of 

interactions between the iron ions apart from providing information on the valence states 

of iron ions. Magnetic properties of glasses containing iron oxide depend on the 

concentration of the 3d element and the ratio of valence states [153-154, 156-157, 160-
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162, 171-173] as well as on the structure of the vitreous matrix and implicitly on the 

conditions of sample preparation [157, 173]. Inverse of susceptibility (χ
-1

) versus 

temperature plots for various glass compositions are shown in Fig. 3.2.6.1. Temperature 

dependence of the reciprocal of magnetic susceptibility of paramagnetic materials shows a 

Curie-Weiss type behavior expressed by equation (2.10). The straight lines in Fig. 3.2.6.1 

represent the least squares fit to equation (2.10). The negative paramagnetic Curie 

temperature calculated for the glasses (cf. Fig. 3.2.6.2 and Table 3.2.6) indicates 

superexchange magnetic interactions between the iron ions in the glass which are 

predominantly anti-ferromagnetically coupled. The superexchange interaction of the iron 

ions in the oxide glasses has been mostly attributed to an antiferromagnetic coupling 

within the pairs Fe
3+

-Fe
2+

, Fe
3+

-Fe
3+ 

and Fe
2+

-Fe
2+ 

[163]. An antiferromagnetic coupling 

between iron ions was reported in borate [157, 174], phosphate [166-164], silicate [171, 

175], tellurite [164] and bismuthate [161-162] oxide glasses. The vitreous oxide structure 

imposes the short-range character of magnetic interaction and enhances the structural 

image of the clusters. So, the magnetic behavior of the glasses can be described by the 

micromagnetic type behavior [176]. Analysis of the present data shows that the iron ions 

in the CaO-SiO2-P2O5-Na2O glass matrix behave magnetically similar to iron ions in 

Bi2O3-PbO [161], TeO2-B2O3-PbO [163], B3O4-CaO [177] and CaO-P2O5 [178] glasses. 

Composition dependence of paramagnetic Curie temperature is illustrated in Fig. 3.2.6.2. 

The absolute magnitude of paramagnetic Curie temperature and the value of the exchange 

integral increase with increase in iron oxide content in the glasses. Composition 

dependence of the Curie constant is shown in Fig. 3.2.6.2. The presence of iron in the 

form of Fe
2+

 and Fe
3+

 ions has been reported in many oxide glasses [165, 171, 179]. 
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Fig. 3.2.6.1: χ
-1 

versus T plots of 41CaO.(52-x)SiO2.4P2O5.xFe2O3.3Na2O glasses . 
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Fig. 3.2.6.2: Variation of paramagnetic Curie temperature and the Curie constant of 

41CaO(52-x)SiO24P2O5xFe2O33Na2O glasses with composition. 
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Table 3.2.6: Molar Curie constant, exp. magnetic moment µexp, molar fraction of Fe
3+ 

(x1) 

and Fe
2+ 

(x2) ions and Fe
2+

 ion ratio in 41CaO(52-x)SiO24P2O5xFe2O33Na2O glasses. 

 

 The Fe
2+

 valence state of iron in 41CaO.(52-x) SiO2. 4P2O5. xFe2O3.3Na2O glasses 

might have been favoured by the presence of the Ca
2+

 and Si
4+

 ions in the vitreous matrix. 

Using the atomic magnetic moments of free ions, viz.,   µFe
2+

 = 4.90µB and µFe
3+

 = 5.92µB, 

one can estimate [180] the molar fraction of Fe
2+

 and Fe
3+

ions in the glasses using the 

relations, 

                                x.µ
2

exp = x1.µ
2

Fe
3+

 + x2.µ
2
Fe

2+
         (3.2) 

and 

   x = x1 + x2       (3.3) 

where µ exp = 2.827(CM/2x)
 1/2

 is the experimental magnetic moment, and  x1 and x2 are 

mole fractions of iron ions in Fe
3+

 and Fe
2+

 valence states, respectively. µexp obtained from 

relations (3.2) and (3.3) using experimentally determined values of CM, were found to be 

lower than µFe
3+

 (cf. Table 3.2.6). Comparison of x1 (mole % Fe2
3+

O3) and x2 (mole % 

x    

(mole %) 

CM ± 1×10
-4

 

(emuKOe
-1

mole
-1

) 

µexp ±1×10
-2

 

(µB) 

x1 ± 1× 10
-2

 

(mole%Fe2
3+

O) 

x2 ± 1× 10
-2

 

(mole%Fe2
2+

O3) 

x2/(x1+x2) 

± 1× 10
-2

 

2 0.1715 5.85 1.85 0.15 0.08 

4 0.3262 5.71 3.11 0.89 0.22 

6 0.4660 5.57 3.81 2.19 0.37 

8 0.5440 5.22 2.35 5.65 0.71 

10 0.6270 5.01 0.99 9.01 0.90 
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Fe2
2+

O3) for various glasses listed in Table 3.2.6 shows that iron ions exist in both Fe
3+

and 

Fe
2+

 valence states in all the glass compositions. While the x1 and x2 values show an 

increasing trend up to 6 mole % Fe2O3, x1 decreases in glasses with x > 6 mole % Fe2O3. 

The ratio of the number of ions in Fe
2+

 state (x2) to the total number of ions (x1+x2) in 

various glass compositions is listed in Table 3.2.6. This shows that the relative domination 

of Fe
3+

 ions in glasses with lower concentrations of Fe2O3 is reduced as x is increased 

giving way to more and more Fe
2+

 ions at higher x values. The glass composition near       

x ≈ 7 mole% Fe2O3 is expected to contain an equal distribution of these two species of Fe 

ions. The molar fraction of Fe
+2

 ions obtained from the intensity of the g ≈ 2.1 absorption 

line increases with an increase in x (Fig. 3.2.5.3). The molar fraction of Fe
3+

 ions as 

indicated by the intensity of the g ≈ 4.3 line (Fig. 3.2.5.2) shows a maximum for the glass 

composition with x = 6 mole%. µexp decreases from 5.85 (which is close to µFe
3+

 value) for 

the glass with composition x = 2 mole % to 5.01 (which is close to µFe
2+

 value) for the 

glass with x = 10 mole %. The magnetic data of the glasses can be understood on the basis 

of the relative concentration of the iron ions if one presumes the existence of Fe
2+

-Fe
2+

, 

Fe
3+

-Fe
3+

 and Fe
2+

-Fe
3+

 magnetic exchange pairs.  Based on these two results, one can 

conclude that as x is increased in this series of glasses, the dominating magnetic exchange 

pairs change from Fe
3+

-Fe
3+

 to Fe
2+

-Fe
3+

 and ultimately to Fe
2+

-Fe
2+

. 

 

3.2.7. In vitro bioactivity test of glass samples  

In vitro bioactivity test was carried out by soaking the glass pieces in 30 ml of SBF, 

following the procedure detailed in chapter 2. Bioactive samples treated with SBF show 

the growth of a calcium phosphate layer on their surface. Glass pieces with nominal 
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compositions of 41CaO(52-x)SiO24P2O5xFe2O33Na2O immersed in SBF were taken out 

after 1, 3, 7, 10, 20 and 30 days, lightly washed with acetone. Surface structural changes 

of the glass samples treated in SBF were analyzed by glancing incidence X-ray powder 

diffraction (GI-XRD), Fourier transform infra-red reflection spectroscopy (FT-IRS) and 

scanning electron microscopy (SEM). The surface chemical analysis was carried out by 

energy dispersive X-ray spectroscopy (EDS) analysis.   

      

3.2.7.1. GI-XRD studies of the glass samples soaked in SBF 

Fig. 3.2.7.1(a) shows the typical GI-XRD patterns obtained from the surfaces of glasses 

before and after soaking in SBF for various time periods (i.e. 0, 1, 3, 7, 10, 20 and 30 

days). The GI-XRD patterns of the glass sample with x = 8 mole % Fe2O3 is shown in the 

figure. GI-XRD patterns of all untreated samples [designated as 0 d in Fig. 3.2.7.1(a)] 

were devoid of crystalline peaks, indicating the amorphous nature of the glassy samples. 

On immersion in SBF for a day or more, crystalline peaks appear in the GI-XRD 

patterns, indicating the formation of a crystalline layer on the surface of the glass. 

Initially, two well defined peaks at 2θ values of ~26° and ~32° develop after 3 days of 

soaking in SBF. After 7 days of soaking in SBF, these two peaks intensify and two new 

peaks develop at 2θ values of ~40° and ~46°.  The four peaks could be assigned to (002), 

(211), (130) and (222) reflections of hydroxyapatite (HA) crystallites (JCPDS file no: 74-

0565). Apatite formation on the surface of the glasses in the SBF is governed by chemical 

reaction of the surface of the matrix with the fluid. The wide diffraction peak at 2θ 

ranging from 30˚ to 34˚ corresponds to the overlap of (112), (300) and (202) reflection of 

the well-crystallized HA.   
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Fig. 3.2.7.1 (a): Thin-film X-ray diffraction patterns of glass sample x = 8 mole % 

soaked in SBF for various periods. 

 

The GI-XRD patterns depicted in Fig. 3.2.7.1(a) show the preferential growth 

mechanism of the surface apatite layer. Formation of the hydroxyapatite layer over the 

glass surface shows that the glass samples are bioactive. The bonding of bioactive glass 

and glass-ceramics to bone tissue was associated with a series of chemical interactions at 

the interface with the surrounding fluids and tissue. Hench [3] has described the bonding 

mechanism as a sequence of reactions between the glass/glass-ceramics and the 

surrounding fluid. A silica-rich layer is formed initially, followed by the formation of a 

calcium-phosphate-rich layer. It has been shown that most of the bioactive glasses [58, 

181-182] and glass-ceramics [4, 42, 183] form a layer of a carbonate containing 

hydroxyapatite similar to the apatite in the bone on their surface in the body, and bond to 
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the living bone through this apatite layer. Formation of this apatite-like layer on the 

surface of materials immersed in SBF is now accepted as a confirmation of the 

bioactivity of the material [44-45, 58, 60, 66]. The gradual growth in the intensity of the 

individual reflection, appearance of other low intensity apatite reflections and the 

narrowing of the peak width clearly show the evolution of the crystalline HA surface 

layer as a function of immersion time in SBF. The intensity of two major reflections, viz., 

(002) and (211), increase [cf. Fig. 3.2.7.1 (b)] with an increase in the concentration of 

Ca
2+

 and PO4
3-

 ions on the surface of the glass immersed in SBF for various days. It is 

obvious that the intensity of the reflections attain saturated values within 10 days of 

immersion in SBF.  

0 5 10 15 20 25 30
0

50

100

150

200

250

 

 

X
R

D
 p

e
a

k 
in

te
n
si

ty
 (

a
. 
u

.)
 

Immersion time (days)

 002
 211

 

Fig. 3.2.7.1 (b): Variation of GI-XRD intensity of (002) and (211) reflections of glass 

sample x = 8 mole % as a function of soaking time in SBF. 
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The average crystallite size (d) in a direction perpendicular to the crystallographic 

plane can be estimated using the Scherrer`s formula equation (2.1) [139]. The average 

size of crystallised HA was calculated from the peak profile of (002) reflection using 

equation (2.1). Fig. 3.2.7.1 (c) reveals an increase in the average particle size of the 

crystalline surface layer on the glass immersed in SBF for various days, which is 

consistent with results of reported earlier [184]. The crystallite size increases from about 

14.1 (± 0.36) nm to 17.8 (± 0.45) nm in samples immersed for 3 days to 30 days. The size 

of HA crystalline depends on the rate of crystalline growth on the surface of the glass 

immersed in SBF. The variation of the crystallite size with immersion time shows a sharp 

increase in crystallite size in samples treated in SBF for 10 days, followed by a slower 

increase in crystallite size in samples treated in SBF for longer periods.  
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Fig. 3.2.7.1 (c): The averages size of HA crystalline (nm) corresponds to the (002) 

reflection peak for sample x = 8 mole % soaked in SBF for 3, 7, 10, 20 and30 days. 
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 Fig. 3.2.7.1(d) shows the GI-XRD patterns obtained from the surfaces of glasses 

with x = 2, 4, 6, 8 and 10 mole % Fe2O3 after treatment in SBF for 30 days. The 

hydroxyapatite (HA) peaks appearing between 2θ values of 30° to 34° sharpen in samples 

with higher x.  Since the broad peaks signify the presence of small sized crystallites, one 

can infer that on immersion in SBF, the HA formation gradually improves from small 

sized crystalline aggregates to a well-crystallized HA phase as the amount of iron oxide is 

increased in the system. Formation of the HA layer over the glass surface shows that the 

glass samples are bioactive. The relative intensity and peak width of the characteristic 

apatite reflections show considerable composition dependence. It is interesting to observe 

the growth in the intensity and reduction in the width of the apatite reflections as a 

function of increasing iron oxide content in this series of glasses. 
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Fig. 3.2.7.1 (d): GI-XRD patterns of various samples x = 2, 4, 6, 8 and10 mole %   

soaked in SBF for 30 days. 
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  Addition of Fe2O3 in CaO.SiO2 glass [66, 185] or an increase in Fe
3+

 ion 

concentration in Na2O.CaO.P2O5.SiO2 glass [186] have been reported to reduce their 

apatite forming ability. Addition of Fe2O3 in CaO-SiO2 based glass has been reported 

[60] to reduce its apatite forming ability when immersed in SBF decreased. On the other 

hand, addition of Na2O or P2O5 facilitates apatite formation in CaO-SiO2 based glasses. 

Heat treatment of CaO-SiO2 based glasses containing Fe2O3 results in the precipitation of 

the ferrimagnetic magnetite (Fe3O4) crystallites [4, 131-132, 134]. Such ferrimagnetic 

bioactive glass-ceramics [4, 130-132, 134, 187] find potential application as thermoseeds 

for hyperthermia treatment of cancer. We observe better apatite formation in this series of 

glasses when the iron oxide content is increased. This might be due to the fact that in this 

series of glasses, Fe2O3 replaces SiO2, leaving the amount of CaO and P2O5 undisturbed. 

Such compositional variation seems to aid the apatite forming ability on the surface of 

these glasses. 

 

3.2.7.2. FT-IR spectroscopy of the glass samples soaked in SBF 

Fig. 3.2.7.2 (a) shows the infrared reflection spectra of the glass sample with x = 8 mole 

% Fe2O3 before and after the immersion in SBF for 0, 1, 3, 7, 10, 20 and 30 days.  The 

spectrum before the immersion reveals bands at 1238, 937, 773, 640 543 and 490 cm
-1

. 

The peaks at 1238, 937, 773, 640, 543 and 490 cm
-1 

correspond [188-190] to v3 P-O 

stretching, Si-O stretching [with one non bridging oxygen (NBO)], Si-O-Si stretching, O-

H stretching, ν4 P-O bending and ν4 Si-O-Si bending frequencies, respectively. After   1 

day of immersion in SBF, new peaks appear at 479, 860, 901, 1339 and 1566 cm
-1

. The 

peaks at 479 cm
-1

 and 901 cm
-1

 correspond to v2 P-O bending and v1 P-O-P stretching 
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frequency, respectively. The band located at 860 cm
-1

 and the large bands at 1339 and 

1566 cm
-1

 can be assigned to C-O vibration mode of CO3
2-

. These bands signify the 

incorporation of carbonate anions from the SBF in the apatite crystal lattice. After 7 days 

of immersion in SBF, the appearance of the band at 970 cm
-1

, which is related to calcium 

phosphate (hydroxyapatite) surface layer is observed. The peak at 970 cm
-1

 corresponds 

to the v1 P-O symmetric stretching frequency. It indicates the obviation of phosphate ions 

from the ideal tetrahedral structure. This is a Raman active only mode when v1 P-O 

symmetric stretching is in the free ion state. This Raman active mode can be seen in the 

infrared spectra because of lowering of the symmetry in the crystalline state [191]. After 

20 days of immersion in SBF, the appearance of the peak at 1024 cm
-1

 reflects the v3 P-O 

antisymmetric stretching vibration. 
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Fig. 3.2.7.2(a):  FT-IR reflection spectra of surfaces of glass x = 8 mole % soaked in SBF 

for various   days. 
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With further increase in immersion time, the intensity of the bands related to the 

CO3
2- 

group increases. Carbonate ions occupy two different sites in carbonated apatite as 

indicated by peaks in the region of 1650 to 1300 cm
-1

 which are due to v3 vibration mode, 

whereas the peak at 860 cm
-1

 is due to the v2 vibration mode of carbonate ion [190]. The 

v3 band splits into two peaks centered at 1339 and 1566 cm
-1

, respectively, with the 

distribution of the carbonate v3 sites depending on the maturation and formation of apatite 

crystals. Occupancy of the v2 sites is considered to occur competitively between the OH
-1

 

and carbonate groups at the interface of growing crystal, whereas, occupancy of the v3 

sites depends on competition between the phosphate and carbonate ions [190]. Presence 

of v2 and v3 vibration modes of carbonate is the signature of the development of HCA 

layer on the surface of the sample.  

Fig. 3.2.7.2 (b) shows the infrared reflection spectra of glass samples with x = 2, 

4, 6, 8 and 10 mole % Fe2O3 after the immersion in SBF for 30 days. Spectral bands of 

HA assigned to PO4
3–

 groups (ν3–1024 cm
-1

, ν1–970 cm
-1

, ν1–901 cm
-1

 and ν2–473 cm
-1

), 

CO3
2–

 functional groups  (v2–860 cm
-1

, ν3–1339 cm
-1

and ν3–1566 cm
-1

) and OH
– 

groups 

(631 cm
-1

) appear in the spectra. The band at 932 cm
-1

 Si-O stretch (with 1 NBO) 

disappears in the samples with x = 8 and 10 mole %. A new band at 1024 cm
-1

 develops 

in samples with x = 8 and 10 mole %, which is related to calcium phosphate 

(hydroxyapatite) surface layer. The peak at 901 cm
-1

 reflects the v1 P-O-P stretching 

mode. These bands (860 and 901 cm
-1

) sharpen and their relative intensities increase with 

increase in iron oxide content signifying the formation of a well crystallized HCA layer 

in these samples. The FTIR studies thus clearly show an increased bioactivity in these 

glasses as the iron oxide content is increased in the composition range studied. 
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Fig. 3.2.7.2(b): FT-IR reflection spectra of surfaces of various glasses soaked in SBF for 

30 days. 

 

3.2.7.3. SEM-EDS studies of the glass samples soaked in SBF 

Fig. 3.2.7.3 (a) shows the SEM micrographs of the glass sample with x = 8 mole % Fe2O3 

after immersion in SBF for 1, 3, 7, 10, 20 and 30 days, respectively. The micrograph 

shows images magnified 1000 times. The micrographs provide visual evidence of the 

formation of a surface layer on the glasses, which can now be presumed to be an apatite 

layer. After 30 days of immersion, the whole surface of the specimen is covered with 

spherical Ca-P particulate apatite layer. Results from EDS analysis reveal the gradual 

development of an HCA layer on the surface of glass samples after immersion for various 

time periods in SBF. The spherical particles in the sample treated in SBF for 30 days are 
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made up of calcium and phosphorus and the Ca/P molar ratio (calculated from EDS 

analysis) was of ~1.67, corresponding to the value of hydroxyapatite. 
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Fig. 3.2.7.3: (a) SEM micrographs of glass with x = 8 mole % (magnified 1000×) soaked 

in SBF for various days, and (b) EDS spectra of sample soaked in SBF for 30 days.  
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Microanalysis of the precipitates reveals the presence of small quantities of Na, 

Mg and Cl as shown in EDS spectra [Fig. 3.2.7.3(b)]. This finding is in agreement with 

reports which claim that the growth of hydroxyapatite in SBF results in the incorporation 

of sodium, magnesium and chlorine [192] as well. It may thus be concluded that the 

surface layer on the glasses treated in SBF contains carbonate, sodium, magnesium and 

chlorine substituted hydroxyapatite [193]. 

 

 3.3. Characterization of glass-ceramics samples 

Powder X-ray diffraction analysis was used to identify the crystalline phases in the glass-

ceramics derived from the parent glasses. The magnetic hysteresis loop was obtained 

using at room temperature at two different external magnetic fields of ± 20 kOe (kA/m) 

and ± 500 Oe. Magnetic susceptibility measurements of glasses containing iron oxide 

reveal the nature of interactions between the iron ions apart from providing information 

on the valence states of iron ions. EPR absorption spectra were analaysed to understand 

the local environments and valence state of Fe ions in glass-ceramics at room 

temperature. Room temperature microhardness provides information on the mechanical 

strength of the glass-ceramics samples. In vitro bioactivity test was performed on the 

samples by immersion of samples in SBF and the changes in the surface structure of the 

glass-ceramics were examined by grazing incidence XRD, reflectance FT-IR 

spectroscopy and Scanning Electron Microscopy (SEM) . The surface chemical analysis 

was carried out by energy dispersive X-ray spectroscopy (EDS) analysis. 
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3.3.1. XRD studies of glass-ceramics samples 

XRD patterns of 41CaO.(52-x)SiO2.4P2O5.xFe2O3.3Na2O (x = 2, 4, 6, 8 and 10 mole %) 

glass-ceramic samples are shown in Fig. 3.3.1.1. Three major phases, viz., calcium 

hydroxide phosphate [hydroxyapatite Ca10(PO4)6(OH)2] [PDF # 74-0566], magnetite 

(Fe3O4) [PDF # 88-0315] and wollastonite (CaSiO3) [PDF # 84-0655] were identified in 

all glass-ceramics samples. Hydroxyapatite and wollastonite are bone minerals and their 

presence is indicative of the biocompatibility of all the glass-ceramic samples. The 

percentage of hydroxyapatite was found to increase in samples with increasing iron oxide 

concentration. 

20 25 30 35 40 45 50 55 60

x=0

x=2

x=4

x=6

x=8

x=10
o

•

••

* *** * *
*

*

*
** * *

***

 

In
te

n
s
it
y
 (

a
.u

.)

2θ (Degrees)  

Fig. 3.3.1.1: XRD patterns of glass-ceramic samples derived from glasses with 

composition 41CaO.(52-x)SiO2.4P2O5.xFe2O3.3Na2O. The three major crystalline phases 

present are magnetite (open circle) hydroxyapatite (filled circle) and wollastonite (stars). 
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The average crystallite size was calculated from the broadening of the primary 

magnetite peak [(311)] using Scherrer’s equation (2.1) [139]. The average crystallite size 

of the magnetite phase increased in the samples as the iron oxide content was increased 

from 2 to 10 mole % as depicted in Fig. 3.3.1.2. The average crystallite size of the 

magnetite phase d ranged between 31 nm to 56 nm in various samples (cf. Table 3.3.4.1).  
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Fig. 3.3.1.2: Variation of average magnetite crystallite size with iron oxide content. 

 

3.3.2. Microhardness studies of glass-ceramics samples 

Microhardness of the above glass-ceramics was measured following the procedure 

outlined in the second chapter. All specimens were uniformly subjected a load of 100 g 

for a duration of 15 s. The measured VHN values are tabulated in Table 3.3.4.1. Fig. 

3.3.2 shows the variation of VHN with the iron oxide mole % in 41CaO(52-x)SiO24P2O5 

xFe2O33Na2O glass-ceramics. The glass-ceramics samples show a higher VHN as 
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compared to the corresponding parent glasses. VHN of the glass-ceramics samples 

increases as a function of iron oxide content as shown in Fig. 3.3.2 and Table 3.3.4.1.  

The presence of crystalline phases increases the VHN of the glass-ceramics. An increase 

in the VHN can then be interpreted as due to the increase in the percentage of the 

crystalline phases in the glass-ceramics as a function of iron oxide content. Thus, addition 

of iron oxide increases the hardness of this series of samples. 
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Fig. 3.3.2: Variation of VHN of 41CaO(52-x) SiO2 4P2O5xFe2O33Na2O glass-ceramics. 

 

3.3.3. EPR studies of glass-ceramics samples 

The EPR spectra of 41CaO(52-x)SiO2 4P2O5 xFe2O3 3Na2O (2 ≤ x ≤ 10 mole %) glass-

ceramic samples are shown in Fig. 3.3.3.1. EPR spectra of Fe
3+

 ions in oxide glasses and 

glass-ceramics are generally characterized by the appearance of resonance absorptions at g 

≈ 4.3 and 2.1 with their relative intensity being strongly dependent on composition [134, 

157, 167, 194-196]. The g ≈ 4.3 resonance line is characteristic of isolated Fe
3+

 ions 
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predominantly situated in rhombically distorted octahedral or tetrahedral oxygen 

environments. The g ≈ 2.1 resonance is assigned to those ions which interact by a 

superexchange coupling and can be considered as distributed in clusters [134,151, 165, 

194-195]. The spectra mainly consist of absorption lines centered at g ≈ 4.3 and g ≈ 2.0 

which are due to Fe
3+

 ions (3d5
6
S5/2). The relative intensity and linewidth of these 

absorption lines show a strong dependence on Fe2O3 concentration. 
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Fig. 3.3.3.1: Room temperature EPR spectra of 41CaO(52-x)SiO24P2O5xFe2O33Na2O 

glass-ceramics. 

 

 The composition dependence of the EPR parameters of the glass-ceramics is 

plotted in Fig. 3.3.3.2 for the absorption centered at g ≈ 2.0. The figure illustrates the 

variations in the EPR parameters, viz., the relative peak to peak height I, the linewidth of 

the derivative plots ∆H, and the intensity of the absorption line J, approximated as J = I 

(∆H)
2 

of the absorption at g ≈ 2.0. It is apparent from the figure that the intensity (J(g=2.0)) 

TH-800_05612106



Chapter 3: Investigations on CaO-SiO2-P2O5-Na2O-Fe2O3 glass and glass-ceramics      

99 

 

and linewidth (∆H(g=2.0)) of the g ≈ 2.0  absorption line increase as function of x. The g ≈ 

2.0 resonance arises due to the formation of iron clusters which give rise to 

superexchange type interaction between iron ions. The increase in J(g=2.0) as a function of 

iron oxide content indicates an increase in the ferrimagnetically coupled superexchange 

type interactions in the glass-ceramic samples. 
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Fig. 3.3.3.2: Composition dependence of intensity and linewidth for g ≈ 2.0 absorption 

line of 41CaO(52-x)SiO24P2O5xFe2O33Na2O glass-ceramic samples. 

 

 However, the nonlinear increase of J(g=2.0) and ∆H(g=2.0) with Fe2O3 concentration 

depicted in Fig. 3.3.3.2 shows that iron ions are present as  Fe
3+

 as well as Fe
2+ 

 in the 

samples. Fe
2+

 ions are not involved in the EPR absorption but their interaction with Fe
3+

 

influences the characteristics of the absorption lines. Superexchange mechanisms tend to 

narrow the absorption line. On the other hand, interactions between Fe
3+

 and Fe
2+ 

ions 

tend to broaden the linewidth. The final linewidth depends on the relative strengths of the 
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two mechanisms influencing the linewidth. The increase in the linewidth of the g ≈ 2.0 

resonance with Fe2O3 concentration signifies the dominance of the broadening 

mechanisms as the Fe2O3 content is increased, which in turns indicates an increase in Fe
2+

 

ion concentration as a function of Fe2O3 concentration in the glass-ceramic samples. It can 

be observed in Fig. 3.3.3.1 that the g ≈ 2.0 line shifts from 0.342 T (or g = 1.971) for the x 

= 2 mole % sample to 0.326 T (or g = 2.069) for the x = 10 mole % sample. This shift can 

be attributed to an increase in the number of ferrimagnetic multi-domain crystallites in the 

samples. It is worthy to point out that the average magnetite crystallite size increases in 

the samples as a function of x. Fig. 3.3.3.1 shows that the EPR absorption at g ≈ 4.3 is 

observed only in samples with x = 2 and 4 mole % Fe2O3.  The concentration dependence 

of the EPR parameters of the absorption line centered at g ≈ 4.3 is plotted as a function of 

composition in Fig. 3.3.3.3.  
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Fig. 3.3.3.3: Composition dependence of intensity and linewidth for g ≈ 4.3 absorption 

line of 41CaO(52-x)SiO24P2O5xFe2O33Na2O glass-ceramic samples. 

TH-800_05612106



Chapter 3: Investigations on CaO-SiO2-P2O5-Na2O-Fe2O3 glass and glass-ceramics      

101 

 

 

 The intensity (J(g=4.3)) and linewidth (∆H(g=4.3)) of the g ≈ 4.3  absorption line 

decreases as x is increased. Since the g ≈ 4.3 line arises from Fe
3+

 ions in low symmetry 

sites, the disappearance of the g ≈ 4.3 line signifies a decrease of low symmetry sites at 

Fe
3+

 ions and a corresponding increase in Fe
3+

 sites of higher symmetry in the 

crystallization process. In other words, the EPR spectra indicate that low symmetry sites 

whose crystal fields are equal and very near to the special crystal fields with D = 0, E ≠ 0 

and λ = E/D = 1/3 have been removed during the crystallization process. As already 

pointed out, XRD studies have confirmed that magnetite (Fd 3 m) crystallizes when the 

glasses are heat-treated at 1050 °C. 

 

3.3.4. Magnetic properties of glass-ceramics samples 

Fig. 3.3.4.1 depicts the room temperature magnetic hysteresis (M-H) loops of 

different glass-ceramic samples derived from respective glasses with composition 

41CaO(52-x)SiO24P2O5xFe2O33Na2O. All the samples attained magnetic saturation 

within a magnetic field of 20 kOe. The coercive field and the remanent magnetization are 

individuated in the inset in Fig. 3.3.4.1, where an enlarged view of the central part of the 

hysteresis cycles is shown. It can be seen that the magnetic field necessary to saturate the 

samples increased with increasing mole % iron oxide.  The sample with x = 2 mole % 

iron oxide showed a weak magnetic response. The coercive field decreased from 171 Oe 

to 91 Oe, whereas the saturation magnetization increased from 0.496 emu/g to 7.945 

emu/g as the iron oxide percentage was increased from 2 to 10 mole %. With increasing 

iron oxide concentration, the magnetic response of the samples increases. The magnetic 

TH-800_05612106



Chapter 3: Investigations on CaO-SiO2-P2O5-Na2O-Fe2O3 glass and glass-ceramics      

102 

 

behaviour observed is similar to soft magnetic materials with narrow hysteresis loop and 

low coercivity. The quantity of magnetic phase present in the glass-ceramic samples was 

determined from the magnetization ratio between the sample and pure magnetite (Ms = 

92 emu/g [148]). The saturation magnetization increases with the amount of magnetic 

phases crystallised in the sample (cf. Table 3.3.4.1). The highest amount of magnetite 

phase is obtained for the sample x = 10 mole % which contains the highest value of 

saturation magnetization (Ms). The results are summarized in Table 3.3.4.1.  
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Fig. 3.3.4.1: Room temperature M-H curves of 41CaO(52-x)SiO24P2O5xFe2O33Na2O 

glass-ceramics under ± 20 kOe field. Data close to the origin is expanded in the inset. 
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Table 3.3.4.1: Physical parameters of the glass-ceramics samples. 

 

Fig. 3.3.4.2 displays the relevant magnetic parameters obtained from M-H loops 

for samples with different iron oxide content. The saturation magnetization (MS) (Fig. 

3.3.4.2a) increased with increasing iron oxide concentration from x = 2 to 8 mole % and 

showed a tendency to saturate for x = 10 with the maximum value of about 7.945 emu/g.  

The increase of Ms with an increase in iron oxide concentration could be attributed to the 

development of magnetite phase in the samples, which can be inferred from Fig. 3.3.1.1 

and Table 3.3.4.1. Coercivity of the samples (cf. Fig. 3.3.4.2b) decreases with increasing 

iron oxide concentration from 2 to 10 mole %, revealing soft magnet-like behaviour in 

the samples with higher iron oxide concentration.  

Magnetic and structural parameters  Sample (x) (mole % of iron oxide) 

x = 2 x = 4 x = 6 x = 8 x = 10 

Average (magnetite) crystallite size d (nm) 32 34 38 51 56 

Percentage of magnetic phase 0.18 0.53          3.71         5.7              8.64              

Saturation magnetization Ms (emu/g) 0.17      0.49           3.42 5.25                    7.95             

Coercive force, HC (Oe) 523 171 114 108 91 

Remanent magnetization Mr (emu/g) 0.02 0.06          0.29         0.51             0.71             

Hysteresis area ± 20 kOe (erg/g) 293 625 2992 4285 6842 

Hysteresis area ± 500 Oe (erg/g) 4 32 246 408 642 

Vickers hardness number (VHN) (kg mm
-2

) 599 722 793 826 864 
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Fig. 3.3.4.2: Variation of (a) saturation magnetization, (b) coercivity, (c) remanent 

magnetization, and (d) area under the hystersis loop under ± 20 kOe of 41CaO(52-x) SiO2 

4P2O5xFe2O33Na2O glass-ceramics as a function of iron oxide content. 

 

The remanent magnetization values are much lower than Ms values due to 

structural characteristics of the glass-ceramic samples. Fig. 3.3.4.2 d illustrates the 

variation of the area of hysteresis loop as a function of iron oxide content. The areas were 

obtained by integrating the extrapolated loop area under ± 20 kOe field sweep. The area 

of hysteresis cycle calculated for each glass-ceramics sample is presented in Table 

3.3.4.1. The highest value is obtained for the x = 10 % mole sample, which also exhibits 

the highest Ms and lowest coercivity. The area under the hysteresis loop increased with 

increasing iron oxide content. Since the area under the loop is proportional to the energy 

loss and hence the heat generated by a sample under an alternating field, samples with 

higher iron oxide concentration are capable of generating more heat in hyperthermia 
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applications. The large variation in the area under the loops for samples with x = 2 to x = 

10 mole % iron oxide provides a means for controlled heat generation by appropriate 

choice of sample composition. Since such a high magnetic field is difficult to realize in a 

clinical laboratory, hysteresis loops were measured using a magnetic field 40 times 

smaller (± 500 Oe). The corresponding M-H loops are shown in Fig. 3.3.4.3. When 

magnetic saturation is not reached, decreasing the maximum magnetic field value results 

in a rapid reduction of the loop area. Therefore, the magnetic loss per cycle for x = 10 

mole% iron oxide sample is the highest. The variation of the loop area with composition 

is shown as in-set in Fig. 3.3.4.3. A comparison of this plot with Fig. 3.3.4.2d shows that 

the area of the plots scales linearly with magnetic field.   
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Fig. 3.3.4.3: Room temperature M-H loops of glass-ceramics under ± 500 Oe field 

sweep. Inset shows the variation of loop area as a function of iron oxide concentration. 
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Fig. 3.3.4.4: Variation of hysteresis loop area as a function of iron oxide concentration, 

for applied fields of 20 kOe and 500 Oe. 

 

The calculated values of hysteresis loop area for an applied field of 20 kOe and 

500 Oe, (reported in Table 3.3.4) are plotted in Fig. 3.3.4.4. For an applied magnetic field 

of 500 Oe, magnetic saturation is not reached; the magnetic loss/cycle for sample with 10 

mole % iron oxide is the highest. For an applied of 20 kOe, the saturation magnetization 

is reached for all samples and the loop area increase with iron oxide concentration. In this 

case, the saturation magnetization has the predominant effect.  

 Fig. 3.3.4.5 shows the initial magnetization curves for all samples measured at 

room temperature. The magnetization curves of the x = 2 and 4 samples are not saturated 

up to an applied magnetic field of 20 kOe as seen from the in-set of Fig. 3.3.4.5. It can be 

inferred from the nature of the curves that the samples with x = 2 and 4 mole % Fe2O3 

exhibit a combination of paramagnetic and ferrimagnetic behaviour. Such behaviour has 
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also been reported in annealed CaO-P2O5-Fe2O3 glasses [171]. A comparison with the 

EPR spectra of these samples (Fig. 3.3.3.1) would clarify that both these techniques yield 

results that support and complement each other. The magnetization curves of samples with 

x = 6, 8, and 10 are saturated at a magnetic field ± 20 kOe. These compositions exhibit 

only ferrimagnetic behaviour. EPR spectra of these compositions show only one 

absorption at g ≈ 2.0, which indicates enhanced magnetic superexchange interaction 

between iron ions. 
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Fig. 3.3.4.5: Room temperature initial magnetization curves of the glass-ceramic 

samples. In-set shows M-H plots for the samples with x = 2 and 4 mole % Fe2O3. 

 

 Fig. 3.3.4.6 shows magnetization as a function of temperature (M-T) curves of all 

the glass-ceramics samples under a constant applied magnetic field of 1 kOe. During 

heating, a steady decrease in magnetization is observed. The ferrimagnetic behavior of 

the investigated samples is obvious from the nature of the M-T curves. 
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Fig. 3.3.4.6: Variation of magnetization as a function of temperature of 41CaO(52-x) 

SiO24P2O5xFe2O33Na2O glass-ceramics samples.   

 

 Magnetic susceptibility (χ) of CaO-Na2O-Fe2O3-B2O3 [196], CaO-P2O5-Fe2O3 

[171], CaO-P2O5-SiO2-Fe2O3 [134] and basalt [165, 197] glass-ceramics has been used to 

understand the magnetic interactions in these glass-ceramics. The variation of inverse 

magnetic susceptibility (χ
-1

) with temperature over the range of 600 to 1050 K is shown in 

Fig. 3.3.4.7. The χ
-1

 - T plots which are nearly linear above 950 K show a downward drop 

at low temperatures. The deviation from linearity and the systematic downward drop of χ
-1 

- T curves indicate the onset of short-range order just above the ferrimagnetic Neel 

temperature (TN). The heat treatment given to the glass samples modifies the internal 

network structure of the specimen and induces increased crystallization of magnetite in 

samples with higher x due to an increase in Fe
3+

 ions. Comparison with the literature [198] 

reveals that the main contribution to magnetization in these glass-ceramics comes from 

iron ions in magnetite (Fe3O4). 
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Fig. 3.3.4.7: Plots of temperature dependent inverse magnetic susceptibility of 

41CaO(52-x)SiO24P2O5xFe2O33Na2O (x = 2, 4, 6, 8 and 10 mole % iron oxide) glass-

ceramic samples. 

 

 The Neel temperature (TN) of the glass-ceramic samples increases from 830 to 853 

K as x is varied from 2 to 10 mole %. The Neel temperature increase with increase in 

Fe2O3 concentration may be correlated with the corresponding increase in the intensity of 

the g ≈ 2.0 resonance line [Fig. 3.3.3.2]. A closer look at Fig. 3.4.4.7 would show a 

departure in the manner in which inverse susceptibility decreases as temperature is 

lowered in the case of the x = 2 and x = 4 samples vis-a-vis the x ≥ 6 samples. χ
-1

 should 

tend to zero at T = TN  if the sample is entirely ferrimagnetic. Any departure from this 

behaviour as observed in the case of samples with x = 2 and 4 shows the coexistence of a 

paramagnetic phase along with the ferrimagnetic phase in these samples. 
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3.3.5. In vitro bioactivity test of glass-ceramics samples  

Glass-ceramics samples 41CaO(52-x)SiO24P2O5xFe2O33Na2O immersed in SBF were 

taken out after 1, 3, 7, 10, 20 and 30 days, lightly washed with acetone. Surface structural 

changes of the glass-ceramics samples treated in SBF were analyzed by glancing 

incidence X-ray powder diffraction (GI-XRD), Fourier transform infra-red reflection 

spectroscopy (FT-IR) and scanning electron microscopy (SEM). The surface chemical 

analysis was carried out by energy dispersive X-ray spectroscopy (EDS) analysis.        

 

3.3.5.1. GI-XRD studies of the glass-ceramics samples soaked in SBF 

Fig. 3.3.5.1(a) shows the GI-XRD patterns obtained from the surfaces of the glass-

ceramics (x = 2, 4, 6, 8 and 10 mole % Fe2O3) after soaking in SBF for 30 days.  
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Fig.3.3.5.1(a): GI-XRD patterns of glass-ceramics with x = 2, 4, 6, 8 and 10 mole % 

soaked in SBF for 30 days.   
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The HA peaks appearing between 2θ values of 30° to 34° sharpen in samples with 

higher x.  Since the broad peaks signify the presence of small sized crystallites, one can 

infer that on immersion in SBF for 30 days, the HA formation gradually improves from 

small sized crystalline aggregates to a well-crystallized HA phase as the amount of iron 

oxide is increased in the system. Formation of the hydroxyapatite layer over the glass-

ceramics surface shows that the glass-ceramics samples are bioactive.  

Fig. 3.3.5.1(b) shows the GI-XRD patterns from the surfaces of the sample with x 

= 8 mole % iron oxide before and after soaking in SBF for various time periods (i.e., 0, 1, 

3, 7, 10, 20 and 30 days). The characteristic apatite peaks are indicated by closed circles 

in the figure. It is obvious from the figure that broad crystalline peaks develop in samples 

treated with SBF for 3 days and more.  
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Fig.3.3.5.1(b): GI-XRD patterns of sample with x = 8 mole % soaked in SBF. 
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Initially, two peaks at 2θ values of ~26° and ~32° develop after 3 days of soaking 

in SBF. The two peaks could be assigned to (002) and (211) reflections of hydroxyapatite 

(HA) crystallites (JCPDS file no: 74-0565). Intensities of the (002) and (211) reflections 

rise monotonically with an increase in the accumulation of Ca
2+

 and PO4
3-

 ions on the 

surface of the glass-ceramics immersed in SBF. The wide diffraction peak spread over a 

2θ range of 30° to 34°, could be assigned to three closely placed reflections from (112), 

(300) and (202) planes for the well-crystallized HA. The increase in the intensities and 

decrease in the width of the apatite peaks of the samples immersed for longer periods in 

SBF clearly shows the evolution of the apatite layer on the surface of the glass-ceramic 

samples in physiological conditions. Hench [3] has described the bonding mechanism as 

a sequence of reactions between the glass / glass-ceramics and the surrounding fluid. A 

silica-rich layer is formed initially, followed by the formation of a calcium-phosphate-

rich layer. It has been shown that most of the bioactive glasses [58, 181-182] and glass-

ceramics [4, 42, 183] form a layer of a HCA layer similar to the apatite in the bone on 

their surface in the body, and bond to the living bone through this apatite layer. 

Formation of this apatite-like layer on the surface of materials immersed in SBF is now 

accepted as a confirmation of the bioactivity of the material [44-45, 58, 60, 66]. 

 

3.3.5.2. FT-IR studies of the glass-ceramics samples soaked in SBF 

Fig. 3.3.5.2(a) shows the FT-IR reflection spectra of the bioglass-ceramics samples (x = 

2, 4, 6, 8 and 10 mole %) after the immersion in SBF for 30 days. Spectral bands of HA 

assigned to PO4
3–

 groups (ν3–1024 cm
-1

, ν1–970 cm
-1

 and ν2–473 cm
-1

), CO3
2–

 functional 

groups  (v2–863 cm
-1

, ν3–1399 cm
-1

and ν3–1560 cm
-1

) and OH
– 

groups (631 cm
-1

) appear 
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in the spectra. These bands sharpen and their relative intensities increase with increase in 

iron oxide concentration.  
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Fig. 3.3.5.2 (a): FT-IR reflection spectra of surfaces of various glass-ceramics (x = 2, 4, 

6, 8 and 10 mole %) soaked in SBF for 30 days. 

 

Fig. 3.3.5.2(b) shows the FT-IR spectra of the sample with x = 8 mole % before 

and after the immersion in SBF for 0, 1, 3, 7, 10, 20 and 30 days.  The spectrum before 

the immersion reveals bands at 1075, 1038, 957, 895, 603 and 563 cm
-1

. The peaks at 

1075, 1038, 957, 895, 603 and 563 cm
-1

correspond to v3 Si-O-Si stretch, v3 P-O stretch, ν1 

P-O strech, Si-O stretch, ν4 P-O bend and ν4 Si-O-Si bend, respectively [188-190].  After 

one day of immersion, new bands start developing at 479, 863, 901, 1399 and 1560 cm
-1

. 

The peaks at 479 cm
-1

 and 901 cm
-1

 correspond to v2 P-O bend and v1 P-O-P stretching 

frequency, respectively. The band located at 863 cm
-1

 and the large bands at 1399 and 
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1560 cm
-1

 can be assigned to C-O vibration mode in CO3
2-

. These bands signify the 

incorporation of carbonate anions from the SBF in the apatite crystal lattice. After 7 days 

of immersion, the appearance of bands at 970 and 1024 cm
-1

 can be seen, which are 

related to calcium phosphate (hydroxyapatite) surface layer. The peak at 970 cm
-1

 reflects 

the v1 P-O symmetric stretching mode. This band indicates the obviation of phosphate 

ions from the ideal tetrahedral structure. This is a Raman active only mode when v1 P-O 

symmetric stretch is in the free ion state. This Raman active mode can be seen in the 

infrared spectra because of the lowering of the symmetry in the crystalline state [191]. 

The peak at 1024 cm
-1

 is associated with the v3 P-O antisymmetric stretching mode. With 

further increase in immersion time, the intensity of the bands due to CO3
2- 

increases. 

Carbonate ions occupy two different sites in carbonated apatite: peaks in the region of 

1650 to 1300 cm
-1

 are due to v3 vibrational mode whereas the peak at 863 cm
-1

 is due to 

the v2 vibrational mode [190] of carbonate ion. 
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Fig. 3.3.5.2 (b): FT-IR spectra of glass-ceramic sample with x = 8 mole% soaked in SBF. 
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The v3 band splits into two peaks centered at 1399 and 1560 cm
-1

, respectively, 

with the distribution of the carbonate v3 sites depending on the maturation and formation 

of apatite crystals. Occupancy of the v2 sites is considered to occur competitively between 

the OH
-1

 and carbonate groups at the interface of growing crystal, whereas occupancy of 

the v3 sites depends on competition between the phosphate and carbonate ions [190]. 

Presence of v2 and v3 vibrational modes of carbonate is the signature of the development 

of HCA layer on the surface of the sample. 

 

3.3.5.3. SEM-EDS studies of the glass-ceramics samples soaked in SBF  

Fig. 3.3.5.3(a) shows the SEM micrographs of the bioglass-ceramics sample x = 8 mole% 

after the immersion in SBF for 1, 3, 7, 10, 20 and 30 days. The micrographs (magnified 

1000×) show the formation of surface layer on the surface of the bioglass-ceramics which 

is assumed to be due to formation of apatite. After 30 days, the whole surface of the 

specimen was covered with spherical Ca-P particles apatite layer. Results from EDS 

analysis revealed the gradual development of HCA on the surfaces of glass-ceramics 

samples after immersion for various times in SBF. The spherical particles were 

constituted of Ca and P and the Ca/P molar ratio (calculated by EDS peak) was ~ 1.67, 

corresponding to the value of hydroxyapatite. Microanalysis of the precipitates revealed 

the presence of small quantities of Na and Cl [cf. Fig. 3.3.5.3(b)]. This finding is in 

agreement with reports that the growth of hydroxyapatite in SBF solutions results in the 

incorporation of sodium, magnesium and chlorine [192]. It may thus be concluded that 

the solid precipitated on hydroxyapatite seed crystals in SBF solutions consists of 

carbonate and sodium, magnesium, chlorine substituted hydroxyapatite [193]. 
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Fig. 3.3.5.3 : (a) SEM images of the surfaces of  x = 8 mole % soaked in SBF for various 

days,  and (b) EDS spectra of  x = 8 mole % soaked in SBF for 30 days. 

 

3.4. Summary 

The salient features of the studies on 41CaO.(52-x)SiO2.4P2O5.xFe2O3.3Na2O glasses are 

1. Good quality glasses could be obtained in 41CaO.(52-x)SiO2.4P2O5.xFe2O3.3Na2O 

system with x up to 10 mole %.  
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2. Hydroxyapatite, wollastanite and magnetite crystallized in all glass compositions 

when heated to 1050 °C.  

3. Composition dependence of Tg showed a decrease in the depolarization of the glass 

skeleton with increasing iron oxide content. 

4. Addition of iron oxide increased the density and VHN of the glasses. 

5. In compositions with low x, the iron sites are populated randomly in the glass, 

whereas in glasses x > 6 mole%, the site population deviates from randomness and 

results in the formation of clusters. These result in superexchange type magnetic 

interactions between the iron ions in these glasses which are predominantly anti-

ferromagnetically coupled.  

6. While x1 (mole % Fe2
3+

O3) and x2 (mole % Fe2
2+

O3) values showed an increasing 

trend up to 6 mole % Fe2O3, x1 decreases in glasses with x > 6 mole % Fe2O3. All 

glasses were paramagnetic at room temperature. 

7. Bioactivity of this series of glasses increased as the iron oxide content is increased.  

8. GI-XRD and FT-IR studies on SBF surfaces revealed the evolution of the HCA layer 

on the surface of the glass treated with SBF. EDS analysis showed that the Ca/P ratio 

of samples immersed in SBF for 30 days reach the value of 1.67 (value in HA).  

 

The salient features of the studies on glass-ceramics derived from the parent glass 

compositons 41CaO.(52-x)SiO2.4P2O5.xFe2O3.3Na2O are 
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1. Hydroxyapatite and wollastonite are the major biocompatible crystalline phases 

developed in all the glass-ceramic samples. The percentage of hydroxyapatite 

increased in samples with higher iron oxide concentration. Nanocrystalline 

magnetite was present as the third crystalline phase in all the glass-ceramic samples 

containing iron oxide. 

2. VHN increased with increase in iron oxide content.  

3. An increase in ferrimagnetically coupled superexchange type interactions with 

increase in iron oxide content has been inferred from EPR studies on the glass-

ceramic samples. Samples with x = 2 and 4 mole % Fe2O3 exhibit a combination of 

paramagnetic and ferrimagnetic behaviour. 

4. Samples exhibited narrow hysteresis loop and low coercivity. The area under the 

hysteresis loop increased with increasing iron oxide content. This showed that these 

bio-glass ceramics could be useful in the localized hyperthermia treatment of cancer. 

5. Bioactivity of the glass-ceramics samples increased with increase in iron oxide 

content. Thus, compositions with higher iron oxide content contain higher amounts 

of bone mineral phases as well as the magnetic phase in this series of glass-ceramics.  

6. GI-XRD and FT-IR studies on SBF treated surfaces reveal the evolution of the HCA 

layer on the surface of the glass-ceramic samples treated with SBF.  EDS analysis 

showed that the Ca/P ratio of samples immersed in SBF for 30 days reach the value 

of 1.67 (value in HA).  

7. These studies showed that these ferrimagnetic bioglass-ceramics can be used in 

hyperthermia applications.  
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A systematic study of MgO-CaO-SiO2-P2O5-CaF2 glasses with varying iron oxide 

content and the glass-ceramics derived from them is presented in this chapter. EPR 

absorption spectroscopy, microhardness, density, differential scanning calorimetry, 

magnetic susceptibility and in vitro bioactivity studies have been performed on the parent 

glass compositions. Glass-ceramics have been derived from these glasses by appropriate 

heat treatment. The evolution of structural and magnetic properties in the glass-ceramics 

along with EPR absorption, microhardness and in vitro bioactivity studies carried out on 

the glass-ceramic samples are also presented in this chapter. 

 

4.1. Preparation of bioactive glasses and glass-ceramics 

Various glass samples of 4.5MgO(45-x)CaO34SiO216P2O50.5CaF2xFe2O3  (5 ≤ x ≤ 20 

wt. %) were prepared by melt quenching technique. The MgO based glasses (without 

Fe2O3) have high mechanical strength [30, 49]. Since the glass-ceramics are expected to 
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have better mechanical strength than the base glasses, this system could yield high 

strength magnetic bioglass-ceramics suitable for applications involving implants with 

better load bearing capability. Appropriately weighed quantities of high purity SiO2 (99.9 

% purity), MgO (99.9 % purity), CaF2 (99.9 % purity), Fe2O3 (99.9 % purity), CaCO3 

(99.9 % purity) and NH4(H2PO4) (99.9 % purity) were thoroughly mixed in a pestle and 

mortar. The well-mixed oxide mixture was then transferred to a platinum crucible and 

melt at about 1550 °C in an electric furnace. The melts were then poured on to a cupper 

plate and pressed into a plate of 2-3 mm thickness at room temperature to form glass 

samples. The as-quenched glasses were annealed at 400 °C (well below their glass 

transition temperature) for 10 hours in air to remove residual stresses. These heat-treated 

samples were used for all measurements. Identical preparation conditions such as furnace 

temperature and quenching procedure were followed while preparing the entire series of 

glasses. The glass plates obtained by the method described above were placed on alumina 

plates and heat-treated at 1050°C for 3h and slowly cooled to room temperature to obtain 

glass-ceramic samples.  

 

4.2. Characterization of bioactive glasses  

Systematic characterization of the glass samples were first carried out, the details of 

which are given below: 

 

4.2.1. XRD studies  

All the glass samples prepared were checked for amorphous nature by obtaining X-ray 

powder diffraction (XRD) patterns. A typical XRD pattern for a MgO-CaO-SiO2-P2O5-

TH-800_05612106



Chapter 4: Investigations on MgO-CaO-SiO2-P2O5-CaF2-Fe2O3 glass and glass-ceramics 

121 

 

CaF2-Fe2O3 glass is shown in Fig. 4.2.1. The XRD pattern of the as quenched glass 

samples showed no sharp peaks declaring the amorphous nature of the samples. As 

explained in the previous chapter, the glassy nature of the samples was confirmed from 

the observation of the glass transition temperature (Tg).  
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Fig. 4.2.1: X-ray diffraction pattern of a typical MgO-CaO-SiO2-P2O5-CaF2-Fe2O3 glass. 

 

4.2.2. DSC studies  

The experimental observation of the glass transition temperature (Tg) is necessary 

to classify the sample as a glass. So, DSC curves were recorded for 4.5MgO(45-x)CaO 

34SiO216P2O50.5CaF2xFe2O3  glasses, following the procedure explained in the chapter 

2. A high temperature DSC (NETZSCH STA 409 PC/PG) was used for these samples 

since the Tg of the samples were beyond the range of PerkinElmer DSC 7. The DSC 

curves showed an endothermic base line shift corresponding to the glass transition 

temperature. It confirmed that the prepared samples are glasses. Fig. 4.2.2 is the typical 

DSC curve obtained for 4.5MgO(45-x)CaO34SiO216P2O50.5CaF2xFe2O3 glasses with x = 

10 wt. %  iron oxide under a constant heating rate of 20 °C/min. Single glass transition 

TH-800_05612106



Chapter 4: Investigations on MgO-CaO-SiO2-P2O5-CaF2-Fe2O3 glass and glass-ceramics 

122 

 

temperature (Tg) and two crystallization temperatures (Tc) were observed. The glass 

transition temperature was marked by a distinct endothermic baseline shift within the 

temperature at 670 °C and crystallization temperature range was between 780 °C and 

1035 °C when heated under a constant rate of 20 °C/min. It can be seen from the DSC 

curve that hydroxyapatite crystals precipitated at 780 °C, and wollastonite crystals at 

1035 °C.  
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Fig. 4.2.2: Typical DSC curve obtained for 4.5MgO(45-x)CaO34SiO216P2O50.5CaF2 

xFe2O3 glasses (x = 10 wt. %)  with constant heating rate of 20 °C/min. 

 

4.2.3. Density and molar volume  

Density (ρ) measurements on MgO-CaO-SiO2-P2O5-CaF2-Fe2O3 glasses were performed 

as per the procedure outlined in chapter 2. From the density data, the molar volume of the 

glasses was calculated (Table 4.2.3) using equations (2.4) and (2.5).  
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Table 4.2.3:  Density, molar volume and microhardness of 4.5MgO(45-x) CaO34SiO2 

16P2O50.5CaF2xFe2O3 glasses. 

 

 Fig. 4.2.3 shows the composition dependence of density and molar volume of 

4.5MgO(45-x)CaO34SiO216P2O50.5CaF2xFe2O3 glasses. The density of the glass 

increases and molar volume decreases as iron oxide wt. % content is increased. When 

iron oxide wt. % is increased, Fe2O3 progressively replaces CaO. Since the molecular 

weight of Fe2O3 (159.697) is higher than the molecular weight of CaO (56.079), one 

would expect the overall density of the glass to increase. As the molar volume decreases 

with increasing Fe2O3 wt. % content, the glassy network shrinks in size. On the other 

hand, density of the glasses increases from 2.76 to 2.85 g/cm
3
 (Table 4.2.3) with 

increasing iron oxide content as a result of a strengthening of cross-linking within glass 

network as the volumetric portion of the four-coordinated Fe ion increases at the cost of 

the six-coordinated Fe [150]. Composition dependence of the molar volume of the 

glasses is also shown in Fig. 4.2.3. A decrease in the molar volume can be observed with 

an increase in iron oxide concentration. The decrease in the molar volume of the samples 

can be attributed to the increase in the probability of formation of FeO4 group in glass, as 

x  wt. % 

 

Density (gm/cm
3
) Mol.vol. (cm

3
/mol) VHN (kg mm

-2
) 

5 2.76 25.68 655 

10 2.79 25.41 709 

15 2.82 25.19 772 

20 2.85 25.05 843 
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result of the decrease in the number of non-bridging oxygens [150]. This may cause a 

decrease in the volume of the glass network structure. The decrease in molar volume in 

glasses may be attributed to the formation of a closed packed structure due to the change 

of the coordination of iron ions to four-fold coordination. 
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Fig. 4.2.3: Composition dependence of density and molar volume of MgO glasses. 

 

4.2.4. Microhardness  

Microhardness of glasses has been measured following the procedure already explained 

in the second chapter. All glass samples were uniformly subjected a load of 100 gm for 

the duration of 15 seconds. The measured microhardness values are tabulated in Table 

4.2.3. Fig. 4.2.4 shows the variation of VHN with iron oxide wt. % in 4.5MgO(45-x) CaO 

34SiO216P2O50.5CaF2xFe2O3 glasses. It shows that the VHN increases as the iron oxide 

content is increased. As the number of non-bridging oxygen in glass decreases, the bulk 

(B) and shear (G) elastic moduli of the glass increase. When the number of non-bridging 

oxygen in a glass decreases, the elastic moduli of the glass increases [145]. From 
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equation (2.9) it is obvious that an increase in the elastic moduli increases the 

microhardness, which explains the behaviour exhibited by the 4.5MgO(45-x)CaO34SiO2 

16P2O50.5CaF2xFe2O3 glasses depicted in Fig. 4.2.4. 
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Fig. 4.2.4: Variation of VHN of 4.5MgO(45-x)CaO34SiO216P2O50.5CaF2xFe2O3 glasses. 

 

4.2.5. EPR studies  

EPR absorption spectra of 4.5MgO(45-x)CaO 34SiO2 16P2O5 0.5CaF2 xFe2O3 (5 ≤ x ≤ 20 

wt. %) glass samples recorded at room temperature are shown in Fig. 4.2.5.1. The 

resonance absorptions observed at g ≈ 2.1 and g ≈ 4.3 are due to Fe
3+

 ions (3d
56

S5/2) and 

there is a strong dependence of the structure of the absorption spectra on the Fe2O3 content 

in the sample. The EPR parameters of the first derivative resonance curve that were 

determined are the linewidth (∆H) and the intensity of absorption line J. While J was 

estimated from peak to peak height (I) and the linewidth was calculated using the relation 

J = I(∆H)
2
. Analysis of the g ≈ 2.1 resonance line was performed by integrating the 
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relevant part of the first derivative EPR curve. The relative intensity and linewidths of the 

two absorptions lines vary with glass composition.  
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Fig. 4.2.5.1: EPR absorption spectra of 4.5MgO(45-x)CaO 34SiO2 16P2O5 0.5CaF2 

xFe2O3 glasses. 
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Fig. 4.2.5.2: The composition dependence of the line intensity and linewidth of g ≈ 2.1 

resonance absorption line of 4.5MgO(45-x)CaO 34SiO2 16P2O5 0.5CaF2 xFe2O3glasses. 
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 The variations of the EPR parameters for the resonance lines centred at g ≈ 2.1and 

g ≈ 4.3 are plotted in Fig. 4.2.5.2 and Fig. 4.2.5.3, respectively. It can be seen from Fig. 

4.2.5.1 that the peak to peak height (I) decreases with an increase in iron oxide 

concentration and the line width (∆H) increases with increase in iron oxide concentration. 

The overall intensity of the absorption line Jg ≈ 4.3 increases in glasses with x = 5 to 10 wt. 

% iron oxide and then decreases as depicted in Fig. 4.2.5.3. The overall intensity of the 

absorption line Jg ≈ 2.1 shows an increasing trend as the iron oxide content is increased as 

depicted in Fig. 4.2.5.2. 

  The nonlinear behaviour depicted in Fig. 4.2.5.2 can be attributed to the process by 

which iron enters in the vitreous matrix i.e., either as Fe
3+

 or Fe
2+

. Fe
2+

 ions are not 

involved in the EPR absorption, but their interaction with Fe
3+

 ions influences the 

characteristics of the absorption lines. The absorption line centred at g ≈ 2.1 is due to the 

isolated Fe
3+

 in a slightly distorted structural unit in samples with a low Fe2O3 content and 

to the clustered formations of the iron ions for higher concentrations. Fe
2+

 ions are not 

involved in the EPR absorption but their interactions with Fe
3+

 influence the 

characteristics of the absorption lines. Thus, Fe
2+

 ionic species were also present in the 

glasses along with Fe
3+

 ions. The line width of the g ≈ 2.1 resonance absorption depends 

also on Fe2O3 concentration. The superexchange interaction between the nearest 

neighbours (which increases with iron oxide content due to their increased proximity), 

acts as narrowing mechanism of the absorption line. This narrowing process is countered 

by other broadening processes such as increase in network disordering and interaction 

between multivalent iron ions (i.e., Fe
2+

 and Fe
3+

). The final line width depends on the 

relative strengths of the two mechanisms influencing the line width. The increase in the 
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line width of the g ≈ 2.1 line with Fe2O3 concentrations shows the dominance of the 

broadening mechanisms which in turns indicates a larger increase in Fe
2+

 ion 

concentration as Fe2O3 concentration is increased in the glass. 

 The origin of the resonance line at g ≈ 4.3 can be attributed to isolated Fe
3+

 ions 

situated in distorted octahedral symmetry (rhombic or tetragonal) sites and subjected to 

strong crystal field effects. The decrease in line intensity of the g ≈ 4.3 absorption line 

with increasing Fe2O3 content signifies the destruction of the neighborhood configuration 

of the iron ions, which results in their magnetic isolation. From Fig. 4.2.5.1, we can 

observe that as Fe2O3 content is increased beyond 10 wt. %, the signal at g ≈ 4.3 begins to 

disappear and a broad signal centered at g ≈ 2.1 starts developing. The decrease in 

intensity of the signal centred at g ≈ 4.3 for glasses with x > 10 wt. % may be due to the 

formation of clusters of paramagnetic ions. The increase in intensity of the g ≈ 2.1 

resonance line as a function of Fe2O3 concentration lends support to this conclusion.   
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Fig. 4.2.5.3: Composition dependence of the line intensity and linewidth of g ≈ 4.3 

resonance absorption line of 4.5MgO(45-x)CaO34SiO216P2O50.5CaF2xFe2O3 glasses. 
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Fig. 4.2.5.4: Variation of relative intensities rg ≈ 4.3 and rg ≈ 2.1 as a function of Fe2O3 

content in various glass compositions 

 

 Variation of relative intensities rg≈4.3 and rg≈2.1 as a function of Fe2O3 

concentration in MgO glasses are plotted in Fig. 4.2.5.4. Variations in the relative 

intensities of the two lines, viz., rg ≈ 4.3 = Ig ≈ 4.3/(Ig ≈ 4.3 + Ig ≈ 2.1)] and rg ≈ 2.1 [= Ig ≈ 2.1/(Ig ≈ 4.3 

+ Ig ≈ 2.1)] as a function of Fe2O3 content for the glasses are plotted in Fig. 4.2.5.4, where 

Ig ≈ 4.3 and Ig ≈ 2.1 denote intensities at g ≈ 4.3 and g ≈ 2.1, respectively. The relative 

intensity rg ≈ 2.1 increases with increase in Fe2O3 content, while the relative intensity rg ≈ 4.3 

decreases rapidly with increase in Fe2O3 content. It can also be seen from Fig. 4.2.5.3 that 

the linewidth of g ≈ 4.3 resonance line increases with Fe
3+

 ions concentration. Hence, it 

can be concluded that at lower concentrations, iron sites are populated randomly in the 

glass, while at higher iron concentrations (i.e., in glasses with x > 10 wt %) the site 

population deviates from randomness and results in the formation of clusters. When the 
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site population deviates from randomness at higher iron (i.e., for x > 10 wt %) 

concentrations, superexchange type interactions begin to dominate.    

 

4.2.6. Magnetic susceptibility  

Inverse of susceptibility (χ
-1

) versus temperature plots for various 4.5MgO(45-x)CaO 

34SiO216P2O50.5CaF2xFe2O3 glass compositions are shown in Fig. 4.2.6.1. Temperature 

dependence of χ
-1 

of paramagnetic materials shows a Curie-Weiss type behavior 

expressed by equation (2.10). The straight lines in Fig. 4.2.6.1 represent the least squares 

fit to equation (2.10). The negative paramagnetic Curie temperature calculated for the 

glasses (cf. Fig. 4.2.6.2 and Table 4.2.6) indicates superexchange magnetic interactions 

between the iron ions in the glass which are predominantly anti-ferromagnetically 

coupled. In these glasses, iron is expected to be present in the form of Fe
2+

 and of Fe
3+

 

ions. 
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Fig. 4.2.6.1: Temperature dependence of the inverse magnetic susceptibility of MgO-

CaO-SiO2-P2O5-CaF2-Fe2O3 glasses. 
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The superexchange interaction of the iron ions in oxide glasses has been mostly 

attributed to an antiferromagnetic coupling within Fe
3+

-Fe
2+

, Fe
3+

-Fe
3+ 

and Fe
2+

-Fe
2+ 

pairs 

[163, 199].  Earlier reports on the temperature dependence of the magnetic susceptibility 

of borate [157, 174], phosphate [164-166], silicate [171, 175, 199], tellurite [164] and 

bismuthate [161-162] oxide glasses have indicated an antiferromagnetic interaction. Due 

to the disordered structure, the magnetic order is confined to short range scales, which 

results in micromagnetic type behavior in the glasses [176]. Analysis of the present data 

shows that the iron ions in the MgO-CaO-SiO2-P2O5-CaF2 glass matrix behave 

magnetically similar to iron ions in Bi2O3-PbO [161], TeO2-B2O3-PbO [163], B3O4-CaO 

[177] CaO-P2O5 [178] and CaO-P2O5-SiO2-Na2O [199] glasses. The absolute magnitude 

of θp values increases with increase in Fe2O3 content in the glasses (Fig. 4.2.6.2).  The 

value of the exchange integral increases as the iron ions concentrations is increased in the 

glass, and as a result of this, the magnitude of θp increases. 
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Fig. 4.2.6.2: Variation of paramagnetic Curie temperature and the Curie constant of 

4.5MgO(45-x)CaO34SiO216P2O50.5CaF2xFe2O3 glasses with composition. 
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Table 4.2.6: Curie constant (CM), paramagnetic Curie temperature (θp). experimental 

magnetic moment µexp, weight fractions of Fe
3+ 

(x1) and Fe
2+ 

(x2) ions, and relative 

concentration of Fe
2+

 ion in 4.5MgO(45-x)CaO34SiO216P2O50.5CaF2xFe2O3 glasses. 

 

 

Composition dependence of the Curie constant (CM) is presented in the right hand 

side axis of Fig. 4.2.6.2. CM values increase with iron oxide concentration. The 

composition dependence of the Curie constant (CM) and effective magnetic moment (µexp) 

is listed in Table 4.2.6. It is evident from Table 4.2.6 that iron is present as both Fe
3+

 and 

Fe
2+

 ions in the glasses. The presence of iron in the form of Fe
2+

 and Fe
3+

 ions has been 

reported in many oxide glasses [165, 171, 179, 199] as discussed in chapter 3. Atomic 

magnetic moment values of free ions, viz., µFe
2+

 = 4.90µB and µFe
3+

 = 5.92µB, have been 

used [180] to estimate the weight fraction of Fe
2+

 and Fe
3+

ions in the glasses using the 

relations, 

                                x.µ
2

exp = x1.µ
2

Fe
3+

 + x2.µ
2
Fe

2+
         (4.1) 

and 

   x = x1 + x2       (4.2) 

x 

(wt. %) 

CM ± 1×10
-4

 

(emuKOe
-1

g
-1

) 

        µexp   

 ±1×10
-2

 (µB) 

x1 ± 1× 10
-2

 

(wt. %Fe2
3+

O) 

x2 ± 1× 10
-2

 

(wt. %Fe2
2+

O3) 

x2/(x1+x2) 

± 1× 10
-2

 

5 0.4253 5.83 4.52 0.48 0.09 

10 0.7971 5.64 7.06 2.94 0.29 

15 1.0831 5.37 6.56 8.44 0.56 

20 1.2811 5.06 2.89 17.11 0.86 
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where µ exp = 2.827(CM/2x)
 1/2

 is the experimental magnetic moment, and  x1 and x2 are 

weight fractions of iron ions in Fe
3+

 and Fe
2+

 valence states, respectively. µexp obtained 

from relations (4.1) and (4.2) using experimentally determined values of CM, were found 

to be lower than µFe
3+

 (cf. Table 4.2.6). Comparison of x1 (wt. % Fe2
3+

O3) and x2 (wt. % 

Fe2
2+

O3) for various glass compositions listed in Table 4.2.6 shows that iron ions exist in 

both Fe
3+

and Fe
2+

 valence states in all the glass compositions.  The weight fraction of Fe
2+

 

ions x2 increases with Fe2O3 concentration, and its values are higher than those of Fe
3+

 

ions in glasses with x ≥ 10 wt. %. This result is supported by the EPR spectra of the 

glasses, in which an increase in the intensity of the g ≈ 2.1 absorption line can be observed 

with increasing x (Fig. 4.2.5.2). The estimated weight fraction of Fe
3+

 ions x1 increases in 

glass compositions with x ≤ 10 wt. % and then decreases in glasses with higher x. 

Compositional dependence of the estimate x1 has a strong similarity to the compositional 

dependence exhibited by the intensity of the EPR line centred at g ≈ 4.3 (Fig. 4.2.5.3). 

Moreover, µexp decreases from 5.83 (which is close to µFe
3+

 value) for the glass with 

composition x = 5 wt. % to 5.06 (which is close to µFe
2+

 value) for the glass with x = 20 

wt. %.  The ratio of the number of ions in Fe
2+

 state (x2) to the total number of ions (x1+x2) 

in various glass compositions is listed in Table 4.2.6. It is evident that the relative 

domination of Fe
3+

 ions in glasses with lower concentrations of Fe2O3 decreases as x is 

increased, leading to the domination of Fe
2+

 ions at higher x values. The glass composition 

near x ≈ 12 wt. % Fe2O3 is expected to contain an equal distribution of these two species 

of Fe ions.  The magnetic data of the glasses can be understood on the basis of the relative 

concentration of the iron ions if one presumes the existence of Fe
2+

-Fe
2+

, Fe
3+

-Fe
3+

 and 

Fe
2+

-Fe
3+

 magnetic exchange pairs.  Based on these two results, one can conclude that as x 
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is increased in this series of glasses, the dominating magnetic exchange pairs change from 

Fe
3+

-Fe
3+

 to Fe
2+

-Fe
3+

 and then ultimately to Fe
2+

-Fe
2+

. 

 

4.2.7. In vitro bioactivity test of glass samples  

In vitro bioactivity test was carried out by soaking the glass pieces in SBF, as detailed in 

chapter 2. Glass pieces immersed in SBF were taken out after 1, 3, 7, 10, 20 and 30 days, 

and lightly washed with acetone. Surface structural changes of the glass samples treated 

in SBF were analyzed by GI-XRD), FT-IR spectroscopy and SEM. The surface chemical 

analysis was carried out by energy dispersive X-ray spectroscopy (EDS) analysis.  The 

details of these studies are presented below. 

    

4.2.7.1. GI-XRD studies of the glass samples soaked in SBF 

Fig. 4.2.7.1(a) shows the typical GI-XRD patterns obtained from the surfaces of glasses 

before and after soaking in SBF for various time periods (i.e. 0, 1, 3, 7, 10, 20 and 30 

days). The GI-XRD patterns obtained for the glass sample with x = 15 wt. % Fe2O3 is 

shown in the figure as a typical example. GI-XRD pattern of all untreated sample 

(designated as 0d in Fig. 4.2.7.1(a)) is devoid of crystalline peaks, indicating the 

amorphous nature of the glassy samples. Crystalline peaks appear in the GI-XRD patterns 

of glass samples immersed in SBF for a day or more, indicating the formation of a 

crystalline layer on the surface of the glass. Initially, two well defined peaks at 2θ values 

of ~26° and ~32° develop after 3 days of soaking in SBF. The two peaks could be 

assigned to (002) and (211) reflections of hydroxyapatite (HA) crystallites (JCPDS file 

no: 74-0565). Apatite formation on the surface of the glasses in the SBF is governed by 
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chemical reaction of the surface of the matrix with the fluid. The wide diffraction peak at 

2θ ranging from 30˚ to 34˚ corresponds to the overlap of (112), (300) and (202) reflection 

of the well-crystallized hydroxyapatite. 
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Fig. 4.2.7.1 (a): GI-XRD patterns of glass sample x = 15 wt. % soaked in SBF. 

 

  The GI-XRD patterns depicted in Fig. 4.2.7.1(a) show the preferential growth 

mechanism of the surface apatite layer. Formation of the hydroxyapatite layer over the 

glass surface shows that the glass samples are bioactive. Formation of this apatite-like 

layer on the surface of materials immersed in SBF is now accepted as a confirmation of 

the bioactivity of the material [44-45, 58, 60, 66, 181-182]. The gradual growth in the 

intensity of the individual reflection, appearance of other low intensity apatite reflections 

and the narrowing of the peak width clearly show the evolution of the crystalline HA 

surface layer as a function of immersion time in SBF. The intensity of two major 
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reflections, viz., (002) and (211), increase [cf. Fig.4.2.7.1 (b)] with an increase in the 

concentration of Ca
2+

 and PO4
3-

 ions on the surface of the glass immersed in SBF for 

various days. It is obvious that the intensity of the reflections attain saturated values 

within 10 days of immersion in SBF. The average crystallite size (d) in a direction 

perpendicular to the crystallographic plane can be estimated using the Scherrer`s formula 

equation (2.1) [139]. 
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Fig. 4.2.7.1 (b): GI-XRD intensity of glass sample x = 15 wt. % corresponds to the (002) 

and (211) reflection peak for soaked in SBF for 1, 3, 7, 10, 20 and 30 days. 

 

 The average size of HA crystallized was calculated from the (002) reflection 

using equation (2.1). Fig. 4.2.7.1 (c) reveals an increase in the average particle size of the 

crystalline surface layer on the glass immersed in SBF for various days, which is 

consistent with earlier reports [184, 200]. The crystallite size increases from about 12.8 

(± 0.42) nm to 22.4 (± 0.59) nm in samples immersed for 3 days to 30 days. The size of 

HA crystalline depends on the rate of crystalline growth on the surface of the glass in the 
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SBF in various days.  The variation of the crystallite size with immersion time shows a 

sharp increase in crystallite size in samples treated in SBF for 10 days, followed by a 

slower increase in crystallite size in samples treated in SBF for longer periods. 
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Fig. 4.2.7.1 (c): The averages size of HA crystalline (nm) corresponds to the (0 0 2) 

reflection peak for sample x = 15 wt. % soaked in SBF for 3, 7, 10, 20, 30 days 

 

 Fig. 4.2.7.1 (d) shows the GI-XRD patterns obtained from the surfaces of 

glasses with x = 5, 10, 15 and 20 wt. % Fe2O3 after treatment in SBF for 30 days. The 

hydroxyapatite (HA) peaks appearing between 2θ values of 30° to 34° sharpen in samples 

with higher x.  Since the broad peaks signify the presence of small sized crystallites, one 

can infer that on immersion in SBF, the HA formation gradually improves from small 

sized crystalline aggregates to a well-crystallized HA phase as the amount of iron oxide is 

increased in the system. Formation of the HA layer over the glass surface shows that the 

glass samples are bioactive. The relative intensity and peak width of the characteristic 

apatite reflections show considerable composition dependence. It is interesting to observe 
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the growth in the intensity and reduction in the width of the apatite reflections as a 

function of increasing iron oxide content in this series of glasses. We observe better 

apatite formation in this series of glasses too when the iron oxide content is increased. 

This might be due to the fact that in this series of glasses, Fe2O3 replaces CaO, leaving 

the amount of SiO2 and P2O5 undisturbed. Such compositional variation seems to aid the 

apatite forming ability on the surface of these glasses. 
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  Fig. 4.2.7.1 (d): GI-XRD patterns of various samples x = 5, 10, 15 and 20 wt. %   

soaked in SBF for 30 days. 

 

4.2.7.2. FT-IR spectroscopy of the glass samples soaked in SBF 

Fig. 4.2.7.2(a) shows the infrared reflection spectra of the glass sample with x = 15 wt. % 

Fe2O3 before and after the immersion in the simulated body fluid for 0, 1, 3, 7, 10, 20 and 

30 days.  The spectrum before the immersion reveals bands at 1248, 1020, 937, 773, 640 
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and 420 cm
-1

. The peaks at 1248, 1020, 773, 640 and 420 cm
-1 

correspond [188-190] to v3 

P-O stretching, Si-O stretching [with one non bridging oxygen (NBO)], Si-O-Si 

stretching, O-H stretching, and ν4 Si-O-Si bending frequencies, respectively. After 1 day 

of immersion in SBF, new peaks appear at 470, 840, 901, 1080, 1160, 1339 and 1569 cm
-

1
. The peaks at 470 cm

-1
, 901 cm

-1
 and 1160 cm

-1
 correspond to v2 P-O bending, v1 P-O-P 

stretching and v3 P=O stretching  frequency, respectively. The peaks at 1040 cm
-1

 

correspond to v3 Si-O stretching frequency. The band located at 840 cm
-1

 and the large 

bands at 1339 and 1569 cm
-1

 can be assigned to C-O vibration mode of CO3
2-

. These 

bands signify the incorporation of carbonate anions from the SBF in the apatite crystal 

lattice.  After 3 days of immersion in SBF, disappears of the band at 1080 cm
-1

, this is 

related to ν3 Si-O stretching surface layer. 
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Fig. 4.2.7.2 (a): FT-IR reflection spectra of surfaces of glass-ceramics   x = 15 wt. % 

soaked in SBF for various days. 
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After 3 days of immersion in SBF, the appearance of the band at 970 cm
-1

, which 

is related to calcium phosphate (hydroxyapatite) surface layer is observed. The peak at 

970 cm
-1

 corresponds to v1 P-O symmetric stretching frequency. It indicates the obviation 

of phosphate ions from the ideal tetrahedral structure. This is a Raman active only mode 

when v1 P-O symmetric stretching is in the free ion state. This Raman active mode can be 

seen in the infrared spectra because of lowering of the symmetry in the crystalline state 

[191]. These bands (1160 and 901cm
-1

) sharpen and their relative intensities increase 

with increase in longer immersion times. These peaks are characteristic of apatite 

crystals. With further increase in immersion time, the intensity of the bands related to the 

CO3
2- 

group increases. Carbonate ions occupy two different sites in carbonated apatite as 

indicated by peaks in the region of 1650 to 1300 cm
-1

 which are due to v3 vibration mode, 

whereas the peak at 860 cm
-1

 is due to the v2 vibration mode of carbonate ion [190]. The 

v3 band splits into two peaks centered at 1339 and 1569 cm
-1

, respectively, with the 

distribution of the carbonate v3 sites depending on the maturation and formation of apatite 

crystals. Occupancy of the v2 sites is considered to occur competitively between the OH
-1

 

and carbonate groups at the interface of growing crystal, whereas, occupancy of the v3 

sites depends on competition between the phosphate and carbonate ions [190]. Presence 

of v2 and v3 vibration modes of carbonate is the signature of the development of HCA 

layer on the surface of the sample.  

Fig. 4.2.7.2 (b) shows the infrared reflection spectra of all glass samples with x = 

5, 10, 15 and 20 wt. % iron oxide after the immersion in SBF for 30 days. Spectral bands 

of HA assigned to PO4
3–

 groups (ν3–1160 cm
-1

, ν1–970 cm
-1

, ν1–901 cm
-1

 and ν2–470 cm
-

1
) and CO3

2–
 functional groups  (v2–840 cm

-1
, ν3–1339 cm

-1
and ν3–1559 cm

-1
) appear in 
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the spectra. The band at 1038 cm
-1

 (ν3 Si-O stretching mode) disappears in the samples 

with x = 15 and 20 wt. %. The peak at 901 cm
-1

 reflects the v1 P-O-P stretching mode. 

These bands (1160, 840 and 901 cm
-1

) sharpen and their relative intensities increase with 

increase in iron oxide content signifying the formation of a well crystallized HCA layer 

in these samples. The FTIR studies thus clearly show an increased bioactivity in these 

glasses as the iron oxide content is increased in the composition range studied. 
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Fig. 4.2.7.2(b): FT-IR reflection spectra of surfaces of various glass-ceramics (x = 5, 10, 

15 and 20 wt. %) soaked in SBF for 30 days. 

 

4.2.7.3. SEM-EDS studies of the glass samples soaked in SBF 

Fig. 4.2.7.3(a) shows the SEM micrographs (at 1000× magnification) of the sample x = 

15, after immersion in SBF for 1, 3, 7, 10, 20 and 30 days. 
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Fig. 4.2.7.3: (a) SEM micrographs of glass with x = 15 wt. % (magnified 1000×) soaked 

in SBF for various days, and (b) EDS spectra of sample soaked in SBF for 30 days.  

 

 The micrographs show the formation of surface layer on the surface of the 

bioglass which can be now presumed to be due to formation of apatite-like layer. After 30 

days, the whole surface of the specimen was covered with spherical Ca-P particles apatite 

layer. Results from EDS analysis revealed the gradual development of HCA on the 

surfaces of glass samples after immersion for various times in SBF. The spherical 
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particles were constituted of calcium and phosphorus and the Ca/P molar ratio (calculated 

by EDS peak) was of ~ 1.67, corresponding to the value of hydroxyapatite.  The 

microanalysis of the precipitates revealed the presence of small quantities of Na and Cl as 

may be seen in the spectra presented in Fig. 4.2.7.3(b). This finding is in agreement with 

reports that the growth of hydroxyapatite in SBF solutions results in the incorporation of 

sodium, magnesium and chlorine [192]. It may thus be concluded that the solid 

precipitated on hydroxyapatite seed crystals in SBF solutions consists of carbonate and 

sodium, magnesium, chlorine substituted hydroxyapatite [193]. 

 

4.3. Characterization of glass-ceramics samples 

Powder X-ray diffraction analysis was used to identify the crystalline phases in the glass-

ceramics derived from the parent glasses. The magnetic hysteresis loop was obtained 

using at room temperature at two different external magnetic fields of ± 20 kOe (kA/m) 

and ± 500 Oe. Magnetic susceptibility measurements of glasses containing iron oxide 

reveal the nature of interactions between the iron ions apart from providing information 

on the valence states of iron ions. EPR absorption spectra were analysed to understand 

the local environments and valence state of Fe ions in glass-ceramics at room 

temperature. Room temperature microhardness was used as a probe of the mechanical 

strength of the glass-ceramics samples. In vitro bioactivity test was performed on the 

samples by immersion of samples in SBF and the changes in the surface structure of the 

glass-ceramics were examined by GI XRD, reflectance FT-IR spectroscopy and SEM. 

The surface chemical analysis was carried out by EDS analysis. 
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4.3.1. XRD studies of glass-ceramics samples 

Pieces of as-quenched glass were heat-treated at 1050 °C for 3 hours in air to form the 

glass-ceramics. XRD patterns of the glass-ceramic samples with different iron oxide 

content are shown in Fig. 4.3.1.1. Three major crystalline phases, viz., hydroxyapatite 

[Ca10(PO4)6(OH)2, JCPDS file no. 74-0566], magnetite [Fe3O4, JCPDS file no. 88-0315] 

and wollastonite [CaSiO3, JCPDS file no. 84-0655] were identified in all samples. An 

additional phase which was identified as akermanite [Ca2MgSi2O7, JCPDS file no. 35-

0592] developed in glass-ceramics with higher Fe2O3 content. Hydroxyapatite and 

wollastonite are bone minerals and their presence indicates the biocompatible nature of 

the glass-ceramics. 
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Fig. 4.3.1.1: XRD patterns of freshly prepared glass-ceramic samples. Crystalline phases 

present are magnetite (○), hydroxyapatite (●), wollastonite (*) and akermanite (+). 
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Fig. 4.3.1.2: Variation of average magnetite crystallite size as a function of iron oxide 

concentration. 

 

 Since the magnetite phase is expected to contribute to the magnetic properties of 

the glass-ceramics its average crystallite size was calculated from the broadening of the 

primary [(311)] peak in their XRD patterns using Scherrer’s formula (equation 2.1). The 

average crystallite size (d) of the magnetite phase increased in the samples as the iron 

oxide concentration was increased from 5 to 20 wt. % as depicted in Fig. 4.3.1.2. The 

values of d show an increase from 20 to 31(± 0.40) nm as the iron oxide content is 

increased from 5 to 20 wt. % (Table 4.3.4). 

 

4.3.2. Microhardness studies of glass-ceramics samples 

Microhardness of glass-ceramics was measured following the procedure outlined in 

second chapter. All glass samples were uniformly subjected a load of 100 gm for duration 

of 15 seconds. The measured microhardness values are tabulated in Table 4.3.4. Figure 
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Fig. 4.3.2 shows the variation of hardness value with the iron oxide wt. % content in the 

4.5MgO(45-x)CaO34SiO216P2O50.5CaF2xFe2O3 glass-ceramics. The glass-ceramics 

samples show a higher VHN as compared to the corresponding parent glasses. VHN of 

the glass-ceramics samples increases as a function of iron oxide content as shown in Fig. 

4.3.2 and Table 4.3.4.  The presence of crystalline phases increases the VHN of the glass-

ceramics. An increase in the VHN can then be interpreted as due to the increase in the 

percentage of the crystalline phases in the glass-ceramics as a function of iron oxide 

content. Thus, addition of iron oxide increases the hardness of this series of samples. 

MgO based glass-ceramic samples exhibited higher microhardness when compared to the 

CaO based glass-ceramics samples. This feature can be attributed to the presence of 

akermanite (Ca2MgSi2O7) in these glass-ceramics, which increases the strength of these 

glass ceramics. This MgO system could offer high strength magnetic bioglass and glass-

ceramics suitable for load-bearing applications. 
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Fig. 4.3.2: Variation of VHN of MgO glass (o) and glass-ceramics (•).  
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4.3.3. EPR studies of glass-ceramics samples 

EPR absorption spectra of 4.5MgO(45-x)CaO34SiO216P2O50.5CaF2xFe2O3 (5 ≤ x ≤ 20 

wt. %) glass-ceramics samples are shown in Fig. 4.3.3.1. The relative intensity and 

linewidth of these absorption lines show a strong dependence on Fe2O3 concentration. 

The EPR parameters, viz., the line width (∆H) and the intensity of absorption line J, 

corresponding to various glass-ceramics compositions were determined from the curves 

depicted in Fig. 4.3.3.1. The variations of the parameters are plotted in Fig. 4.3.3.2 for the 

resonance lines centred at g ≈ 2.1. It is apparent from Fig. 4.3.3.2 that the intensity [J(g ≈ 

2.1)] and line width [∆H(g ≈ 2.1)] of the g ≈ 2.1 absorption line increase as a function of iron 

oxide concentration.  
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Fig. 4.3.3.1: Room temperature EPR absorption spectra of 4.5MgO(45-x)CaO34SiO2 

16P2O50.5CaF2xFe2O3 glass-ceramic samples. 
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Fig. 4.3.3.2: Composition dependence of intensity and linewidth for g ≈ 4.3 absorption 

line of 4.5MgO(45-x)CaO34SiO216P2O50.5CaF2xFe2O3 glass-ceramic samples. 

 

  The absorption line centred at g ≈ 2.1 is due to the isolated Fe
3+

 ions in a slightly 

distorted structural unit in samples with low iron oxide concentration and to the clustered 

formation of the iron ions for higher concentrations. The nonlinear increase of J(g=2.1) and 

∆H(g=2.1) with iron oxide concentration depicted in Fig. 4.3.3.2 shows that iron irons are 

present as  Fe
3+

 as well as Fe
2+ 

 in the samples. From Fig. 4.3.3.1, one can observe that as 

iron oxide content is increased, the signal at g ≈ 4.3 begins to disappear and the broad 

signal centered at g ≈ 2.1 starts to develop. The line width of the g ≈ 2.1 resonance 

absorption depends also on the iron oxide concentration. As mentioned earlier, the 

absorption at g ≈ 2.1 can be attributed to the formation of iron clusters which give rise to 

superexchange type interaction between iron ions. In this context, it is worthy to point out 

that the saturation magnetization increases in the samples as a function of x (cf. Fig. 
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4.3.4.4.). The increase in J(g=2.1) as a function of iron oxide content indicates an increase in 

the ferrimagnetically coupled superexchange type interactions in the glass-ceramic 

samples. Superexchange mechanisms tend to narrow the absorption line. On the other 

hand, interactions between Fe
3+

 and Fe
2+ 

ions tend to broaden the line width. The final line 

width depends on the relative strengths of these two mechanisms influencing the line 

width. The increase in the line width of the absorption at g ≈ 2.1 with iron oxide 

concentrations shows the dominance of the broadening mechanisms, which in turn 

indicates a larger increase in Fe
2+

 ion concentration as iron oxide content is increased in 

the glass-ceramics.  
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Fig. 4.3.3.3: Composition dependence of intensity and linewidth for g ≈ 4.3 absorption 

line of 4.5MgO(45-x)CaO34SiO216P2O50.5CaF2xFe2O3 glass-ceramic samples. 

 

 Fig. 4.3.3.1 also shows that the EPR absorption line at g ≈ 4.3 appears only in 

samples with x = 5 and 10 wt. % iron oxide. The concentration dependence of the EPR 

parameters of the absorption line centered at g ≈ 4.3 is plotted as a function of 
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composition in Fig. 4.3.3.3. The intensity [J(g=4.3)] and line width [∆H(g=4.3)] of the g ≈ 4.3  

absorption line decreases as x is increased. The decrease in intensity of the signal centred 

at g ≈ 4.3 may be due to the formation of iron clusters which give rise to superexchange 

type interaction between iron ions. The increase in intensity of the absorption at g ≈ 2.1 as 

a function of iron oxide concentration lends support to this conclusion.  Since the g ≈ 4.3 

absorption arises from Fe
3+

 ions in low symmetry sites, the disappearance of the g ≈ 4.3 

line signifies a decrease of low symmetry sites at Fe
3+

 ions and a corresponding increase 

in Fe
3+

 sites of higher symmetry in the crystallization process. In other words, the EPR 

spectra indicate that low symmetry sites whose crystal fields are equal and very near to the 

special crystal fields with D = 0, E ≠ 0 and λ = E/D = 1/3 have been removed during the 

crystallization process of the parent glass. As already pointed out, XRD studies have 

confirmed (Fig. 4.3.1.1) that magnetite (Fd 3 m) crystallizes when the glasses are heat-

treated at 1050 °C.  

 

4.3.4. Magnetic properties of glass-ceramics samples 

Fig. 4.3.4.1 depicts the room temperature magnetic hysteresis (M-H) loops of 

different glass-ceramic samples derived from respective glasses with composition 

4.5MgO(45-x)CaO34SiO216P2O50.5CaF2xFe2O3. The linear variation of HC versus 1/d 

plot shows as an inset in Fig. 4.3.4.1(a). The coercive field (HC) and the remanent 

magnetization (Mr) are individuated in the inset Fig. 4.3.4.1(b). The magnetic field 

necessary to saturate the samples increases with increasing iron oxide content. The 

coercive field varies from 575 to 149 Oe, while the saturation magnetization varies from 

0.21 to 8.89 emu/g over the composition range explored. The saturation magnetization 
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(Ms) increases with the amount of magnetic phase in the sample. The highest amount of 

magnetite phase is obtained in the sample with x = 20 wt. %, which also has the highest 

Ms. Amount of magnetic phase presented in the glass-ceramic samples was determined 

from the saturation magnetization ratio between the sample and pure magnetite (Ms = 92 

emu/g [148]).  The saturation magnetization increases with the amount of magnetic 

phases crystallised in the sample (cf. Table 4.3.4). The highest amount of magnetite phase 

is obtained for the sample x = 20 wt. % which contains the highest value of saturation 

magnetization (Ms). The results are summarised in Table 4.3.4.  
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Fig. 4.3.4.1: Room temperature M-H curves of the glass-ceramic samples. Insets show 

(a) HC versus 1/d plot, and (b) enlarged view of M-H loops near the origin. 
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Table 4.3.4: Magnetic and structural parameters of glass-ceramics derived from glasses 

with composition 4.5MgO(45-x)CaO34SiO216P2O50.5CaF2xFe2O3. 

 

 

Fig. 4.3.4.2 displays the relevant magnetic parameters obtained from M-H loops 

for samples with different iron oxide content. The saturation magnetization (MS) (Fig. 

4.3.4.2 a) increased with increasing iron oxide concentration from x = 5 to 15 wt. % and 

shows a tendency to saturate for x = 20 with the maximum value of about 8.89 emu/g. 

The increase of saturation magnetization with an increase in iron oxide concentration 

could be attributed to the development of magnetite phase in the samples, which can be 

inferred from Fig. 4.3.1.1 and Table 4.3.4. On the other hand, HC of the samples (Fig. 

 

Magnetic and structural parameters 

Sample (x) (wt. % of iron oxide) 

x = 5 x = 10 x = 15 x = 20 

Average (magnetite) crystallite size d (nm) 20 22 26 31 

Amount of magnetic phase (wt. %) 0.23 1.12 4.07 9.66 

Saturation magnetization Ms (emu/g) 0.21 1.03 3.75 8.89 

Coercive force, HC (Oe) 575 527 357 149 

Remanent magnetization Mr (emu/g) 0.03 0.08 0.77 0.81 

Interpolated hysteresis area ± 20 kOe (erg/g) 348 1308 5171 6618 

Interpolated hysteresis area ± 500 Oe (erg/g) 9 42 286 784 

Vickers hardness number (kg mm
-2

) 742 868 962 1025 
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4.3.4.2 b) decreases with increasing iron oxide concentration. HC is influenced in a 

significant way by the crystallite dimensions. The linear variation of HC versus 1/d plot 

shown as an inset in Fig. 4.3.4.1 confirms the influence of crystallite size on the coercive 

field. Remanence signifies the nature of the magnetic material to be spontaneously 

magnetized, even in the absence of external magnetic field. Thus, the increase in Mr, Ms 

and hysteresis area, and the decrease in HC with an increase in iron oxide content can be 

attributed to the increase in the amount and size of magnetite crystallites in the glass-

ceramic samples. The area under the hysteresis loop increases with an increase in iron 

oxide content (Fig. 4.3.4.2 d). Area under the loop is proportional to the energy loss and 

hence the heat generated by a sample subjected to an alternating field.  
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Fig. 4.3.4.2: Variation of room temperature (a) saturation magnetization, (b) coercive 

field, (c) remanent magnetization, and (d) area under the M-H loop of glass-ceramics as a 

function of iron oxide content of the glass-ceramic samples. 
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The results obtained indicate that samples with higher iron oxide concentration 

are capable of generating more heat for the same magnetic field sweep. The large 

variation in the area under the loop for samples with x = 5 and x = 20 wt. % shows that 

controlled heat generation can be achieved at a constant field strength by appropriate 

choice of glass-ceramic composition. High magnetic fields of the order of ± 20 kOe are 

difficult to realize in a clinical laboratory due to technical reasons. Therefore, room 

temperature hysteresis cycles were performed at much lower field amplitudes (i.e., ± 500 

Oe) in order to evaluate the materials for hyperthermia applications. The corresponding 

M-H loops are shown in Fig. 4.3.4.3. It can be seen that the loop area drastically reduces 

when the magnetic field is reduced. However, all loop parameters scale down 

proportionally to the applied field amplitude. This shows that the properties of these 

glass-ceramics are preserved even at clinically amenable low magnetic fields. 
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Fig. 4.3.4.3: Room temperature magnetic hysteresis loops of glass-ceramics with 

different iron oxide concentration under ± 500 Oe field sweep.  
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 Fig. 4.3.4.4 shows the room temperature initial magnetization curves of all the 

samples. The magnetization curves of the samples with x = 5 and 10 did not saturate up to 

an applied magnetic field of 1592 kA/m (20 kOe) as revealed by the in-set in the figure. 
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Fig. 4.3.4.4: Room temperature initial magnetization curves of the glass-ceramic 

samples. In-set shows M-H plots for the samples with x = 5 and 10 wt. % iron oxide. 

 

 It can be inferred from the nature of the curves that the samples with x = 5 and 10 

wt. % iron oxide exhibit a combination of paramagnetic and ferrimagnetic behaviour. 

Such behaviour has also been reported in annealed CaO-P2O5-Fe2O3 glasses [171, 201]. 

The EPR absorption line at g ≈ 4.3 and g ≈ 2.1 are observed only in samples with x = 5 

and 10 wt. % iron oxide content. These samples exhibit a combination of paramagnetic 

and ferrimagnetic behaviour. A comparison with the EPR spectra of these samples would 

clarify that both these techniques yield results that support and complement each other. 

The magnetization curves of samples with x = 15 and 20 saturate at a magnetic field of 20 

kOe. These compositions exhibit only ferrimagnetic behavior. EPR spectra of these 
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compositions show only one absorption line at g ≈ 2.1, which is an indication of enhanced 

magnetic superexchange interaction between the iron ions.  

 Fig. 4.3.4.5 shows that plots of magnetization as a function of temperature (M-T 

curves) recorded under a constant magnetic field of 79.6 kA/m (1 kOe). A steady decrease 

in magnetization is observed as the temperature is increased. The ferrimagnetic behaviour 

of the investigated samples is obvious from the nature of the M-T curves. Magnetic 

susceptibility (χ) measurements reveal the type of interactions between iron ions and the 

nature of magnetism in the sample.   
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Fig. 4.3.4.5: Variation of magnetization as a function of temperature of 4.5MgO(45-x) 

CaO34SiO216P2O50.5CaF2xFe2O3  glass-ceramics samples. 

 

 The variation of inverse magnetic susceptibility (χ
-1

) with temperature over the 

range of 750 to 1030 K is shown in Fig. 4.3.4.6. The χ
-1

 - T plots which are nearly linear 

above 950 K show a downward drop at low temperatures indicating the symmetry 
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breaking transition. The deviation from linearity and the systematic downward drop of χ
-1 

- T curves indicate the onset of short-range order just above the ferrimagnetic Neel 

temperature (TN). Comparison with the literature [198] reveals that the main contribution 

to magnetization in these glass-ceramics is from iron ions in magnetite (Fe3O4). TN of the 

glass-ceramic samples increases from 818 to 826 K as x is varied from 5 to 20 wt. %. TN 

increase with increase in iron oxide concentration may be correlated with the 

corresponding increase in the intensity of the g ≈ 2.1 resonance line [Fig. 4.3.3.2]. 
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Fig. 4.3.4.6: Plots of temperature dependent inverse magnetic susceptibility of 4.5MgO 

(45-x)CaO34SiO216P2O50.5CaF2xFe2O3  (x = 5, 10, 15 and 20 wt. % iron oxide) glass-

ceramic samples. 

 

 TN obtained from the present analyses is lower than the TN value of bulk magnetite 

(856 K [198]), which is the typical feature of nanomagnetic materials. A closer look at 

Fig. 4.3.4.6 would show a deviation in the manner in which χ
-1

 decreases as the 
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temperature is lowered in the case of the x = 5 and x = 10 samples vis-a-vis the x ≥ 15 

samples. χ
-1

 is expected to approach zero at T = TN  if the sample is entirely ferrimagnetic. 

Any departure from this behaviour as observed in the case of samples with x = 5 and 10 

shows the coexistence of a paramagnetic phase along with the ferrimagnetic phase in these 

samples. 

 

4.3.5. In vitro bioactivity test of glass-ceramics samples   

Glass-ceramics samples 4.5MgO(45-x)CaO34SiO216P2O5 0.5CaF2xFe2O3 immersed in 

SBF were taken out after 1, 3, 7, 10, 20 and 30 days, lightly washed with acetone. 

Surface structural changes of the glass-ceramics samples treated in SBF were analyzed by 

GI-XRD, FT-IR spectroscopy and SEM. The surface chemical analysis was carried out 

by EDS analysis. The outcomes of these studies are described below.         

  

4.3.5.1. GI-XRD studies of the glass-ceramics samples soaked in SBF 

Fig. 4.3.5.1(a) shows the GI-XRD patterns from the surfaces of the glass-ceramics 

sample with x = 15 wt. % iron oxide before and after soaking in SBF for various time 

periods (i.e. 0, 1, 3, 7, 10, 20 and 30 days). It is obvious from Fig. 4.3.5.1(a) that broad 

crystalline peaks develop in glass-ceramics samples treated with SBF for 3 days and 

more. Initially, two peaks at 2θ values of ~26° and ~32° develop after 1 days of soaking 

in SBF. The two peaks could be assigned to (002) and (211) reflections of HA crystallites 

(JCPDS file no. 74-0565). The intensity of the (002) and (211) reflections of the HA 

phase increases with an increase in the accumulation of Ca
2+

 and PO4
3-

 ions on the 

surface of the glass-ceramics soaked in SBF. 
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Fig. 4.3.5.1(a): XRD patterns of the sample with x = 15 wt. % soaked in SBF for 

different days.   

 

  The wide diffraction peak spread over 2θ range of 30° to 34° could be assigned to 

three closely placed reflections from (112), (300) and (202) planes for the well-

crystallized HA phase. The increase in the intensities and decrease in the width of the 

apatite peaks of the samples immersed for longer periods in SBF clearly shows the 

evolution of the apatite layer on the surface of the glass-ceramic samples in physiological 

conditions. The gradual growth in the intensity of the individual reflection, appearance of 

other low intensity apatite reflections and the narrowing of the peak width clearly show 

the evolution of the crystalline HA surface layer as a function of immersion time in SBF. 

The intensity of two major reflections, viz., (002) and (211), increase [cf. Fig. 4.3.5.1(b)] 
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with an increase in the concentration of Ca
2+

 and PO4
3-

 ions on the surface of the glass 

immersed in SBF for various days. It is obvious that the intensity of the reflections attain 

saturated values within 20 days of immersion in SBF. 
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Fig. 4.3.5.1(b): GI-XRD intensity of glass sample x = 15 wt. % corresponds to the (002) 

and (211) reflection peak for soaked in SBF for 1, 3, 7, 10, 20 and 30 days. 

 

The average crystallite size (d) in a direction perpendicular to the crystallographic 

plane was estimated using the Scherrer`s formula (equation 2.1). The average size of HA 

crystallized was calculated from the (002) reflection using equation (2.1). Fig. 4.3.5.1(c) 

reveals an increase in the average particle size of the crystalline surface layer on the glass 

immersed in SBF for various days, which is consistent with results of reported earlier 

[184, 200]. The crystallite size increases from about 12.8 (± 0.38) nm to 26.7 (± 0.69) nm 

in samples immersed for 3 days to 30 days. The size of HA crystalline depends on the 

rate of crystalline growth on the surface of the glass in the SBF in various days.  The 

variation of the crystallite size with immersion time shows a sharp increase in crystallite 
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size in samples treated in SBF for 10 days, followed by a slower increase in crystallite 

size in samples treated in SBF for longer periods.  
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Fig. 4.3.5.1(c): The averages size of HA crystalline (nm) corresponds to the (002) 

reflection peak for sample x = 15 wt. % soaked in SBF for 1, 3, 7, 10, 20 and 30 days. 

 

 Fig. 4.3.5.1(d) shows the GI-XRD patterns obtained from the surfaces of the 

glass-ceramics after soaking in SBF for 30 days. The hydroxyapatite (HA) peaks 

appearing between 2θ values of 30° to 34° sharpen in samples with higher x.  Since the 

broad peaks signify the presence of small sized crystallites, one can infer that on 

immersion in SBF, the HA formation gradually improves from small sized crystalline 

aggregates to a well-crystallized HA phase as the amount of iron oxide is increased in the 

system. Formation of the HA layer over the glass-ceramics surface shows that the glass-

ceramics samples are bioactive. The relative intensity and peak width of the characteristic 

apatite reflections show considerable composition dependence. It is interesting to observe 

the growth in the intensity and reduction in the width of the apatite reflections as a 
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function of increasing iron oxide content in this series of glass-ceramics. It is interesting 

to observe the growth in the intensity and reduction in the width of the apatite reflections 

as a function of increasing iron oxide content in this series of glasses and glass-ceramics. 

As discussed earlier, this might be due to Fe2O3 replacing CaO in this series, without 

disturbing the amounts of SiO2 and P2O5. Such compositional variation seems to aid the 

apatite forming ability on the surface of these glass-ceramics. 
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Fig. 4.3.5.1(d): XRD patterns of the glass-ceramic samples soaked in SBF for 30 days. 

 

4.3.5.2. FT-IR studies of the glass-ceramics samples soaked in SBF 

Fig. 4.3.5.2(a) shows the FT-IR spectra of the glass-ceramics sample with x = 15 wt. % 

before and after the immersion in SBF for 0, 1, 3, 7, 10, 20 and 30 days.  The spectrum 

before immersion reveals bands at 1160, 1075, 1025, 890, 815, 636, 570 and 432 cm
-1

. 

The peaks at 1160, 1075, 1025, 890, 815,  636, 570 and 432 cm
-1 

correspond [188-190] to 

v3 P-O stretching, v3 Si-O stretching, v3 P-O stretching, Si-O-Si stretching of non-bridging 
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oxygen atoms, Si-O-Si symmetric stretching of bridging oxygen atoms between 

tetrahedral, O-H stretching, ν4 P-O bending and ν4 Si-O-Si bending frequency, 

respectively. The peak at 1067 cm
-1

, which is assigned to Si-O stretching vibration in 

SiO4 units with bridging oxygens shifts to a lower wavenumber with longer immersion 

times and disappears after 3 days of immersion in SBF. As the peak at 1067 cm
-1

shifts 

and disappears a new vibrational mode is observed at 1030 cm
-1

, which can be assigned 

to Si-O bond vibration between two SiO4 tetrahedra.  After 1 day of immersion, new 

bands start developing at 457, 860, 902, 970, 1145, 1227, 1327 and 1556 cm
-1

. The peaks 

at 457 cm
-1

 and 902 cm
-1

 correspond to v2 P-O bending and v1 P-O-P stretching 

frequency, respectively. 
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Fig. 4.3.5.2(a): FT-IR spectra of glass-ceramics samples with x = 15 wt. % soaked in 

SBF.   
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 The band located at 860 cm
-1

 and the broad bands at 1327 and 1556 cm
-1

 can 

be assigned to C-O vibration mode in CO3
2-

. These bands signify the incorporation of 

carbonate anions from the SBF in the apatite crystal lattice. After 1 day of immersion, the 

appearance of bands at 970 and 1140 cm
-1

 can be seen, which are related to the calcium 

phosphate (hydroxyl apatite) surface layer. The peak at 1140 cm
-1

 is associated with the 

v3 P-O stretching mode. With further increase in immersion time, the intensity of the 

bands due to v3 P-O
 
stretching mode increases. The peak at 970 cm

-1
 reflects the v1 P-O 

symmetric stretching mode. This band indicates the obviation of phosphate ions from the 

ideal tetrahedral structure. This is a Raman active only mode when v1 P-O symmetric 

stretch is in the free ion state. This Raman active mode can be seen in the infrared spectra 

because of the lowering of the symmetry in the crystalline state [191]. With further 

increase in immersion time, the intensity of the bands due to CO3
2- 

increases. Carbonate 

ions occupy two different sites in carbonated apatite: peaks in the region of 1650 to 1300 

cm
-1

 are due to v3 vibrational mode, whereas the peak at 860 cm
-1

 is due to the v2 

vibrational mode [190] of carbonate ion. The v3 band splits into two peaks centered at 

1327 and 1556 cm
-1

, respectively, with the distribution of the carbonate v3 sites 

depending on the maturation and formation of apatite crystals. Occupancy of the v2 sites 

is considered to occur competitively between the OH
-1

 and carbonate groups at the 

interface of growing crystal, whereas occupancy of the v3 sites depends on competition 

between the phosphates and carbonate ions [190]. Presence of v2 and v3 vibrational modes 

of carbonate is the imprint of the development of an HCA layer on the surface of the 

sample. 
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Fig. 4.3.5.2(b): FT-IR spectra of the surfaces of various glass-ceramics soaked in SBF 

for 30 days. 

 

Fig. 4.3.5.2(b) shows the FT-IR reflection spectra of each glass-ceramic 

composition after the immersion in SBF for 30 days. Spectral bands of HA assigned to 

PO4
3–

 groups (ν3–1145 cm
-1

, ν1–970 cm
-1

 ν1–902 cm
-1

 and ν2–457 cm
-1

) and CO3
2–

 

functional groups  (v2–860 cm
-1

, ν3–1327 cm
-1

and ν3–1556 cm
-1

) appear in the spectra. 

The band at 1040 cm
-1

 ν3 Si-O stretch disappears in the samples with x = 15 and 20 wt. 

%. The peak at 905 cm
-1

 reflects the v1 P-O-P stretching mode.  These bands (1145, 902, 

860) sharpen and their relative intensities increase with an increase in iron oxide content 

signifying the formation of a well crystallized HCA layer in these samples. The FT-IR 

studies thus clearly show an increased bioactivity in these glass-ceramics as the iron 

oxide content is increased in the composition range studied. 
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4.3.5.3. SEM-EDS studies of the glass-ceramics samples soaked in SBF 

Fig. 4.3.5.3(a) shows the SEM micrographs of the glass-ceramic sample with x = 15 wt. 

% after immersion in SBF for 1, 3, 7, 10, 20 and 30 days, respectively. The micrographs 

have been obtained under 1000× magnification.  
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 Fig.4.3.5.3: (a) SEM micrographs of glass-ceramic sample with x = 15 soaked in SBF 

(Magnification: 1000×) and (b) EDS spectra of the specimen soaked in SBF for 30 days. 
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The micrographs provide visual evidence of the formation of a surface layer on 

the bioglass-ceramics, which can now be presumed to be an apatite layer. After 30 days 

of immersion, the whole surface of the specimen is covered with spherical Ca-P 

particulate apatite layer. Results from EDS analysis reveal the gradual development of 

hydroxycarbonate apatite on the surface of glass-ceramics samples after immersion for 

various time periods in SBF. The spherical particles in the sample treated in SBF for 30 

days are made up of calcium and phosphorus and the Ca/P molar ratio (calculated from 

EDS analysis) was of ~1.67, corresponding to the value in HA.  Microanalysis of the 

precipitates reveals the presence of small quantities of Na and Cl as shown in the EDS 

spectra in Fig. 4.3.5.3 (b). This finding is in agreement with reports which claim that the 

growth of HA in SBF is accompanied by the incorporation of sodium, magnesium and 

chlorine ions [192] as well. It may thus be concluded that the surface layer contains 

carbonate, sodium, magnesium and chlorine substituted hydroxyapatite [193]. 

 

4.4. Summary 

The salient features of the studies on 4.5MgO(45-x)CaO34SiO216P2O5 0.5CaF2xFe2O3 

glasses are as follows: 

1. Good quality glasses could be obtained in 4.5MgO(45-x)CaO34SiO216P2O5 0.5CaF2 

xFe2O3 system with x up to 20 wt. %.  

2. Hydroxyapatite, wollastanite, akermanite and magnetite crystallized in all glass 

compositions when heated to 1050 °C.  Akermanite was developed in glass-ceramics 

with higher Fe2O3 content. 

3. Addition of iron oxide increased the density and VHN of the glasses. 
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4. In compositions with low x, the iron sites are populated randomly in the glass, 

whereas in glasses x > 10 wt. %, the site population deviates from randomness and 

results in the formation of clusters. These result in superexchange type magnetic 

interactions between the iron ions in these glasses which are predominantly anti-

ferromagnetically coupled.  

5. While x1 (wt. % Fe2
3+

O3) and x2 (wt. % Fe2
2+

O3) values showed an increasing trend 

up to 10 wt. % Fe2O3, x1 decreases in glasses with x > 10 wt. % Fe2O3. All glasses 

were paramagnetic at room temperature. 

6. Bioactivity of this series of glasses increased as the iron oxide content is increased.  

7. GI-XRD and FT-IR studies on SBF surfaces revealed the evolution of the HCA layer 

on the surface of the glass treated with SBF. EDS analysis showed that the Ca/P ratio 

of samples immersed in SBF for 30 days reach the value of 1.67 (value in HA).  

 

The salient features of the studies on glass-ceramics derived from the parent glass 

compositons 4.5MgO(45-x)CaO34SiO216P2O5 0.5CaF2xFe2O3 are listed below. 

1. Hydroxyapatite and wollastonite are the major biocompatible crystalline phases 

developed in all the glass-ceramic samples. An additional phase which was 

identified as akermanite developed in glass-ceramics with higher Fe2O3 content. 

Nanocrystalline magnetite phase was present in all the glass-ceramic samples 

containing iron oxide. 

2. VHN increased with increase in iron oxide content. MgO based glass-ceramic 

samples exhibited higher microhardness when compared to the CaO based glass-
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ceramics samples. This feature can be attributed to the presence of akermanite 

(Ca2MgSi2O7) in these glass-ceramics, which increases the strength of these glass 

ceramics. This MgO system could offer high strength magnetic bioglass and glass-

ceramics suitable for load-bearing applications. 

3. An increase in ferrimagnetically coupled superexchange type interactions with 

increase in iron oxide content has been inferred from EPR studies on the glass-

ceramic samples. Samples with x = 5 and 10 wt. % Fe2O3 exhibit a combination of 

paramagnetic and ferrimagnetic behaviour. 

4. The evolution of magnetic properties in the glass-ceramic samples as a function of 

iron oxide concentration is correlated with the amount of magnetite phase present in 

them. The area under the hysteresis loop increased with increasing iron oxide 

content. This showed that these bio-glass ceramics could be useful in the localized 

hyperthermia treatment of cancer. 

5. Bioactivity of the glass-ceramics samples increases with increase in iron oxide 

content. Thus, compositions with higher iron oxide content contain higher amounts 

of bone mineral phases as well as the magnetic phase in this series of glass-ceramics.  

6. HCA layer evolves on the surface of the glass-ceramic samples treated with SBF.  

Ca/P ratio of samples immersed in SBF for 30 days reached the value in HA.  

7. These studies showed that these ferrimagnetic bioglass-ceramics can be used in 

hyperthermia applications.  

 

TH-800_05612106



Chapter 5: Investigations on ZnO-Fe2O3-SiO2-CaO-P2O5-Na2O glass and glass-ceramics 

170 

 

 

 

Chapter 5  

 

Investigations on ZnO-Fe
2
O

3
-SiO

2
-CaO-P

2
O

5
-

Na
2
O

 
glass and glass-ceramics 

 

A systematic study of ZnO-Fe2O3-SiO2-CaO-P2O5-Na2O glasses by varying the zinc-iron 

oxide content and the glass-ceramics derived from them is presented in this chapter. 

Physical properties and in vitro bioactivity test have been performed on these glasses and 

glass-ceramic samples. 

 

5.1. Preparation of glasses and glass-ceramics 

x(ZnO, Fe2O3)(65-x)SiO220(CaO, P2O5)15Na2O (x = 6, 9, 12, 15, 18 and 21 mole %) 

glasses were prepared by melt quenching technique. The Ca/P and Fe/Zn molar ratios 

were maintained at 1.67 and 6.5, respectively, in all the glass compositions. The reason 

for the choice of Ca/P molar ratio is obvious since it is the ratio in the mineral phase of 

human bone. When crystallized, solid solutions of ZnxFe1-x(Fe1-xFe1+x)O4 (which is 

basically ZnxFe3-xO4) and Zn0.4Fe2.6O4 (x = 0.4) are expected to form. These two magnetic 

phases show higher saturation magnetization than Fe3O4 [137-138]. Therefore, glass-
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ceramics containing Zn0.4Fe2.6O4 (obtained by maintaining Fe/Zn molar ratio of 6.5) is 

expected to give higher heat generation for the same applied magnetic field as compared 

to the other two systems. We expect this to be an improvement over the other two glass-

ceramics systems studied in this thesis. For preparing the base glasses, appropriately 

weighed quantities of high purity ZnO (99.9 % pure), SiO2 (99.9 % pure), Na2CO3H2O 

(99.9 % pure), Fe2O3 (99.9 % pure), CaCO3 (99.9 % pure) and NH4(H2PO4) (99.9 % 

pure) were thoroughly mixed in an agate pestle and mortar. The charge taken in a 

platinum crucible was calcined at 800 °C for 24 hours and then held at 1350 °C for 2 

hours to completely melt the charge. The melts were poured between thick copper blocks 

held at room temperature and pressed into a plate of 2-3 mm thickness to form glass 

samples. The as-quenched glasses were annealed at 350 °C (well below their glass 

transition temperature) for 10 hours in air atmosphere to remove residual stresses. These 

heat-treated samples were used for all measurements. The glass plates obtained by the 

method described above were placed on alumina plates and heat-treated at 800°C for 1h 

and slowly cooled to room temperature to form glass-ceramic samples.  

 

5.2. Characterization of the glasses  

Systematic characterization of the glass samples carried out are discussed below: 

 

5.2.1. XRD studies  

A typical XRD pattern of a ZnO-Fe2O3-SiO2-CaO-P2O5-Na2O glass composition is 

shown in Fig. 5.2.1. The XRD patterns of all the glass samples were devoid of any sharp 

peak, signifying the amorphous character of the samples.  
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Fig. 5.2.1: XRD pattern of a typical ZnO-Fe2O3-SiO2-CaO-P2O5-Na2O glass. 

 

5.2.2. DSC studies 

DSC studies on x(ZnO, Fe2O3)(65-x)SiO220(CaO, P2O5)15Na2O  glasses with x = 6, 9, 

12, 15, 18, 21 mole % have been performed. Fig. 5.2.2 shows the DSC curves obtained 

for x(ZnO, Fe2O3)(65-x) SiO2 20(CaO, P2O5)15Na2O glasses with x = 6 mole %  zinc-iron 

oxide  under a constant heating rate of 20 °C/min. The DSC curves exhibited a glass 

transition temperature marked by a distinct endothermic baseline shift within the 

temperature range 560 to 500 °C and crystallization temperature range 625 to 580°C 

under a constant heating rate of 20 °C/min with varied composition. It can be seen from 

the DSC curve that in the glass power compact calcium sodium phosphate crystals are 

precipitated at 625 to 580 °C  as a function of increasing x (zinc-iron oxide content).  Tg 

and Tc’s decrease as a function of increasing x (zinc-iron oxide content). The Tg of these 

glasses decreased as the zinc-iron oxide content was increased (Table 5.2.2). The Tg 
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values shown in Table 5.2.2 correspond to a constant heating rate of 20 
o
C/min. The glass 

transition temperature (Tg) of these glasses decreases with an increase in zinc-iron oxide 

content. Tg continuously shifts to lower temperature as the zinc-iron content is increased. 

Tg value is closely related to the change in the coordination number of the network 

former oxides and the number of non-bridging oxygen present in the glasses. A decrease 

in the number of non-bridging oxygen in these glasses with the addition of ZnO-Fe2O3 

results in the depolarization of the glass skeleton. It is well known that an increase in the 

degree of bridging increases Tg [149]. Hence the decrease in Tg as a function of ZnO-

Fe2O3 concentration in the glasses is a result of the decrease in the depolymerization of 

the glass skeleton. 
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Temperature  (°C)
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Fig. 5.3.2.1: Typical DSC curve obtained for x(ZnO, Fe2O3)(65-x)SiO220(CaO, P2O5) 

15Na2O  glasses (x = 6 mole %)  with constant heating rate 20 °C/min. 
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Table 5.2.2:  DSC data of x(ZnO, Fe2O3)(65-x)SiO220(CaO, P2O5)15Na2O glasses. 

 

 

 

 

 

 

 

 

 

 

 

5.2.3. Density  

Composition dependence of density and molar volume of x(ZnO, Fe2O3)(65-x)SiO2 

20(CaO, P2O5) 15Na2O glasses are depicted in Fig. 5.2.3.  
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Fig. 5.2.3: Composition dependence of density and molar volume of ZnO glasses. 

x  mole % Tg (°°°°C ) Tc (°°°°C )  

6 556 622  

9 543  611  

12 528  597  

15 520  594  

18 514  588  

21 505  582  
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 Density of the glass increases and molar volume decreases as zinc-iron oxide 

mole % content is increased. As the zinc-iron oxide content is increased, ZnO and Fe2O3 

progressively replace SiO2. Since the molecular weight of ZnO-Fe2O3 (81.38 + 159.697) 

is higher than the molecular weight of SiO2 (60.088), one would expect the overall 

density of the glass to increase. The increase in the density of the glasses from 1.884 to 

2.619 g/cm
3
 (Table 5.2.3) with increasing zinc-iron oxide content is due to the 

strengthening of cross-linking within glass network as the volumetric portion of the four-

coordinated Fe ion increases at the cost of the six-coordinated Fe [150].  

 

Table 5.2.3:  Density, molar volume and microhardness of  x(ZnO, Fe2O3)(65-x)SiO2 

20(CaO, P2O5) 15Na2O glasses.  

 

 Molar volume decreases with increasing ZnO-Fe2O3 content, which shows that 

the glassy network shrinks in size. A decrease in the molar volume can be observed with 

x  mole % 

 

Density (gm/cm
3
) Mol.vol. (cm

3
/mol) VHN (kg mm

-2
) 

6 1.884 36.294 447 

9 2.012 35.211 466 

12 2.156 33.987 511 

15 2.379 31.826 545 

18 2.512 31.103 584 

21 2.619 30.765 630 
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an increase in zinc-iron oxide concentration. The decrease in the molar volume of the 

samples can be attributed to the increase in the probability of formation of FeO4 group in 

glass, resulting from a decrease in the number of non-bridging oxygens [150]. The 

decrease in molar volume in glasses may thus be attributed to the formation of a closed 

packed structure due to the change of the coordination of iron ions to the four-fold 

coordination. 

 

5.2.4. Microhardness  

Microhardness of x(ZnO, Fe2O3)(65-x)SiO220(CaO, P2O5)15Na2O glasses has been 

measured following the procedure outlined in second chapter. All samples were 

uniformly subjected a load of 100 gm for a duration of 15 s. The measured microhardness 

values are tabulated in Table 5.2.3.  
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Fig. 5.2.4: Composition dependence of VHN of x(ZnO, Fe2O3) (65-x)SiO2 20(CaO, P2O5) 

15Na2O glasses. 
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 Fig. 5.2.4 shows the variation of VHN with zinc-iron oxide content in the glasses. 

It shows that the VHN increases as the zinc-iron oxide content is increased. As discussed 

in the case of other glasses, one can try to understand the composition dependence of 

VHN based on the number of non-bridging oxygen (NBO) in the glass.  With an increase 

in more zinc-iron oxide content, the number of NBO decreases. As the number of NBO 

decreases, the bulk (B) and shear (G) elastic moduli of the glass increase [145]. From 

equation (2.9) it is obvious that an increase in the elastic moduli increases the 

microhardness, which the behaviour exhibited by the x(ZnO, Fe2O3) (65-x)SiO2 20(CaO, 

P2O5) 15Na2O depicted in Fig. 5.2.4. 

 

5.2.5. EPR studies  

EPR absorption spectra were obtained to understand the local environments and valence 

state of Fe ions in glasses at room temperature. EPR spectra of Fe
3+

 ions in oxide glasses 

have already been discussed in chapter 3. EPR absorption spectra of x(ZnO, Fe2O3) (65-

x)SiO2 20(CaO, P2O5) 15Na2O  (6 ≤ x ≤ 21 mole %) samples recorded at room temperature 

are shown in Fig. 5.2.5.1. The resonance absorptions observed at g ≈ 2.1 and g ≈ 4.3 are 

due to Fe
3+

 ions (3d
56

S5/2). Since the Fe / Zn molar ratio is maintained at 6.5 in all 

samples, Fe2O3 (as well as ZnO content) increases as x is increased. Since the EPR spectra 

a due to Fe
3+

 ions, one need to focus on the Fe2O3 concentration and afford to ignore the 

ZnO concentration in this analysis. The variations of EPR intensity and linewidths are 

plotted in Fig. 5.2.5.2 and Fig. 5.2.5.3 for the resonance lines centred at g ≈ 2.1 and g ≈ 

4.3, respectively. It can be seen from Fig. 5.2.5.1 that the peak to peak height (I) decreases 

with an increase in zinc-iron oxide concentration and the linewidth of the g ≈ 4.3 
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resonance line increases within in a short concentration range 6 < x < 9 mole % zinc-iron 

oxide, decreases sharply for samples with x > 9 mole % zinc-iron oxide content. The 

overall intensity of the absorption line Jg ≈ 4.3 increases in glasses with 6 < x < 9 mole% 

zinc-iron oxide and then decreases as depicted in Fig. 5.2.5.3 
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Fig. 5.2.5.1: EPR absorption spectra of x(ZnO, Fe2O3) (65-x)SiO2 20(CaO, P2O5) 15Na2O  

glasses.  
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Fig. 5.2.5.2: Composition dependence of the line intensity and linewidth of g ≈ 2.1 

resonance absorption line of x(ZnO, Fe2O3) (65-x)SiO2 20(CaO, P2O5) 15Na2O   glasses.  
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Fig. 5.2.5.3: Composition dependence of the line intensity and linewidth of g ≈ 4.3 

resonance absorption line of x(ZnO, Fe2O3) (65-x)SiO2 20(CaO, P2O5) 15Na2O  glasses. 

 

  The overall intensity of the absorption line Jg ≈ 2.1 shows an increasing trend as 

the zinc-iron oxide content is increased as depicted in Fig. 5.2.5.2. The absorption line 

centered at g ≈ 2.1 is due to the isolated Fe
3+

 ions in a slightly distorted structural unit in 

samples with low zinc-iron oxide content and a consequence of clustered formations of 

the iron ions at higher zinc-iron oxide concentrations. The linewidth of the g ≈ 2.1 

resonance absorption depends also on zinc-iron oxide concentration. The g ≈ 2.1 

resonance arises due to the formation of iron clusters which give rise to superexchange 

type interaction between iron ions. The superexchange interaction between the nearest 

neighbours (which increases with zinc-iron oxide content due to their increased 

proximity), acts as narrowing mechanism of the absorption line. This narrowing process is 

countered by other broadening processes such as increase in network disordering and 

interaction between multivalent iron ions (i.e., Fe
2+

 and Fe
3+

). The final linewidth depends 
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on the relative strengths of the two mechanisms influencing the linewidth. The increase in 

the linewidth of the g ≈ 2.1 line with zinc-iron oxide concentrations shows the dominance 

of the broadening mechanisms which in turns indicates a larger increase in Fe
2+

 ion 

concentration as zinc-iron oxide concentration is increased in the glass. 

 The g ≈ 4.3 absorption lines can be produced by low symmetry (rhombic) sites 

of either tetrahedral or octahedral coordination. The behaviour depicted in Fig. 5.2.5.3 

shows that the concentration of Fe
3+

 ions in octahedral (tetrahedral) environments 

increases in the composition range of 6 < x < 9.  The slow increase in the g ≈ 4.3 line 

intensities at low zinc-iron oxide concentrations indicates that fewer Fe
3+

 ions reside in 

low symmetry sites at these compositions. The decrease in g ≈ 4.3 line intensity beyond x 

= 9 mole % content is due to the destruction of the configuration from the iron ions 

neighbourhood, which assures their magnetic isolation. The structural units of defined 

symmetry involving Fe
3+

 ions although randomly distorted, have at the origin the structure 

of glass matrix former Ca
2+

 and Si
4+

. One can observe that the decrease in the intensity of 

the signal at g ≈ 4.3 is accompanied by the appearance of a broad signal centered at g ≈ 

2.1. The latter could be attributed to the formation of clusters of paramagnetic ions 

containing two or more ions coupled together. 

  It can also be seen from Fig. 5.2.5.3 that the linewidth of the g ≈ 4.3 resonance line 

increases within in a short concentration range 6 < x < 9 mole % zinc-iron oxide 

concentrations, decreases suddenly for samples with x > 9 mole % zinc-iron oxide 

content. The decreasing of line width is due to the progressive decrease of the 

concentration of Fe
3+

 ions in structural vicinities giving rise to the g ≈ 4.3 absorption. The 

failure of absorption at g ≈ 4.3 reflects changes of the matrix structure when the 
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concentration of zinc-iron ions rises. We can observe from Fig. 5.2.5.1that as zinc-iron 

oxide content is increased beyond 9 mole %, the signal at g ≈ 4.3 begins to disappear and 

a broad signal centered at g ≈ 2.1 starts developing. The decrease in intensity of the signal 

centred at g ≈ 4.3 for glasses with x > 9 mole % may be due to the formation of clusters of 

paramagnetic ions. The increase in intensity of the g ≈ 2.1 resonance line as a function of 

zinc-iron oxide concentration lends support to this conclusion.   
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Fig. 5.2.5.4: Variation of relative intensities rg ≈ 4.3 and rg ≈ 2.1 as a function of x 

concentration in various glass compositions. 

 

 Variations in the relative intensities of the two lines, rg ≈ 4.3 = Ig ≈ 4.3 /(Ig ≈ 4.3 + Ig ≈ 2.1) 

and rg ≈ 2.1 = Ig ≈ 2.1 /(Ig ≈ 4.3 + Ig ≈ 2.1) as a function of zinc-iron oxide content for the glasses 

are plotted in Fig. 5.2.5.4, where Ig ≈ 4.3 and Ig ≈ 2.1 denote intensities at g ≈ 4.3 and g ≈ 2.1, 

respectively. The relative intensity rg ≈ 2.1 increases with increase in zinc-iron oxide 

content, while the relative intensity rg ≈ 4.3 decreases rapidly with increase in zinc-iron 

oxide content. It can also be seen from Fig. 5.2.5.2 that the intensity of g ≈ 2.1 resonance 
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line increases with Fe
3+

 ions concentration. Hence, it can be concluded that at lower 

concentrations, iron sites are populated randomly in the glass, while at higher zinc-iron 

concentrations (i.e., in glasses with x > 9 mole %) the site population deviates from 

randomness and results in the formation of clusters. When the site population deviates 

from randomness at higher iron (i.e., for x > 9 mole %) concentrations, superexchange 

type interactions begin to dominate.    

 

5.2.6. Magnetic susceptibility  

Inverse of magnetic susceptibility (χ
-1

) versus temperature plots for various glass 

compositions are shown in Fig. 5.2.6.1. Temperature dependence of the reciprocal of 

magnetic susceptibility of paramagnetic materials shows a Curie-Weiss type behavior 

expressed by equation (2.10). The straight lines in Fig. 5.2.6.1 represent the least squares 

fit to equation (2.10). The negative paramagnetic Curie temperature calculated for the 

glasses (cf. Fig. 5.2.6.2 and Table 5.2.6) indicates superexchange magnetic interactions 

between the iron ions in the glass which are predominantly anti-ferromagnetically 

coupled. In these glasses, the presence of both Fe
2+

 and of Fe
3+

 ions was evidenced. The 

superexchange interaction of the iron ions in oxide glasses has been mostly attributed to 

an antiferromagnetic coupling within Fe
3+

-Fe
2+

, Fe
3+

-Fe
3+ 

and Fe
2+

-Fe
2+ 

pairs [163, 199].  

An antiferromagnetic coupling between iron ions was reported in Phosphate [164-166], 

silicate [171, 175, 199], tellurite [164] and bismuthate [161-162] oxide glasses.  
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Fig. 5.2.6.1: Temperature dependence of the inverse magnetic susceptibility of x(ZnO, 

Fe2O3)(65-x)SiO2 20(CaO, P2O5) 15Na2O   glasses. 
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Fig. 5.2.6.2: The composition dependence of the paramagnetic Curie temperature and the 

Curie constant of x(ZnO, Fe2O3) (65-x)SiO2 20(CaO, P2O5) 15Na2O  glasses.  
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The magnetic behavior of the glasses can be described by the micromagnetic type 

behavior [176] as done with the Cao and MgO based glasses. The absolute magnitude of 

θp values increases with increase in zinc-iron oxide content in the glasses (Fig. 5.2.6.2).  

The value of the exchange integral increases as iron ions concentration is increased in the 

glass and as a result the magnitude of θp increases. Composition dependence of the of the 

Curie constant (CM) are presented in the right hand side axis of Fig. 5.2.6.2. CM values 

increase with zinc-iron oxide concentration. The composition dependence of the CM and 

effective magnetic moment (µexp) is present in Table 5.2.6. 

 

Table 5.2.6: Curie constant (CM), paramagnetic Curie temperature (θp). experimental 

magnetic moment µexp, weight fractions of Fe
3+ 

(x1) and Fe
2+ 

(x2) ions, and relative 

concentration of Fe
2+

 ion in x(ZnO, Fe2O3) (65-x)SiO2 20(CaO, P2O5)15Na2O glasses. 

 

x 

(mol %) 

CM ± 1×10
-4

 

(emuKOe
-1

mol
-1

) 

µexp 

±1×10
-2

(µB) 

x1 ± 1× 10
-2

 

(mol % Fe2
3+

O) 

x2 ± 1× 10
-2

 

(mol %Fe2
2+

O3) 

x2/(x1+x2) 

± 1× 10
-2

 

6 0.5084 5.82 5.36 0.64 0.11 

9 0.7428 5.74 7.29 1.71 0.19 

12 0.9141 5.52 7.02 4.98 0.42 

15 1.0866 5.38 6.71 8.29 0.55 

18 1.2612 5.29 6.48 11.52 0.64 

21 1.3797 5.12 4.19 16.81 0.80 
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 It is evident from Table 5.2.6 that iron is present as both Fe
3+

 and Fe
2+

 ions in the 

glasses. The mole fraction of Fe
2+

 and Fe
3+

ions in the glasses were estimated using 

relations (3.2 and 3.3), following the procedure mentioned there, and the corresponding 

data are presented in Table 5.2.6. Comparison of x1 (mole % Fe
3+

) and x2 (mole % Fe
2+

) 

for various glass compositions shows that iron ions exist in both Fe
3+

and Fe
2+

 valence 

states in all the glass compositions. While the x1 and x2 values show an increasing trend up 

to 9 mole % zinc-iron oxide, x1 decreases in glasses with x > 9 mole % of zinc-iron oxide. 

The ratio of the number of ions in Fe
2+

 state (x2) to the total number of ions (x1+x2) in 

various glass compositions is listed in Table 5.2.6. This shows that the relative domination 

of Fe
3+

 ions in glasses with lower concentrations of zinc-iron oxide is reduced as x is 

increased giving way to more and more Fe
2+

 ions at higher x values. The molar fraction of 

Fe
2+

 ions obtained from the intensity of the g ≈ 2.1 absorption line increases with an 

increase in x (Fig. 5.2.5.2). The molar fraction of Fe
3+

 ions as indicated by the intensity of 

the g ≈ 4.3 line (Fig. 5.2.5.3) shows a maximum for the glass composition with x = 9 mole 

%. µexp decreases from 5.82 (which is close to µFe
3+

 value) for the glass with composition 

x = 6 mole % to 5.12 (which is close to µFe
2+

 value) for the glass with x = 21 mole %. The 

magnetic data of the glasses can be understood on the basis of the relative concentration of 

the iron ions if one presumes the existence of Fe
2+

-Fe
2+

, Fe
3+

-Fe
3+

 and Fe
2+

-Fe
3+

 magnetic 

exchange pairs.  Based on these two results, one can conclude that as x is increased in this 

series of glasses, the dominating magnetic exchange pairs change from Fe
3+

-Fe
3+

 to Fe
2+

-

Fe
3+

 and ultimately to Fe
2+

-Fe
2+

. 
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5.2.7. In vitro bioactivity test of glass samples 

In vitro bioactivity test was carried out by soaking the glass pieces in SBF, The procedure 

followed is explained in detail in chapter 2. Glass pieces with nominal compositions of 

x(ZnO, Fe2O3) (65-x)SiO2 20(CaO, P2O5) 15Na2O immersed in SBF were taken out after 

1, 3, 7, 10, 20 and 30 days, and lightly washed with acetone. Surface structural changes 

of the glass samples treated in SBF were analyzed by GI-XRD, FT-IR spectroscopy and 

SEM techniques. The surface chemical analysis was carried out by EDS analysis.   

 

5.2.7.1. GI-XRD studies of the glass samples soaked in SBF 

Fig. 5.2.7.1(a) shows the typical GI-XRD patterns obtained from the surfaces of glasses 

before and after soaking in SBF for various time periods (i.e. 0, 1, 3, 7, 10, 20 and 30 

days).  
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Fig. 5.2.7.1(a): GI-XRD patterns of glass sample x = 21 mole % soaked in SBF. 
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GI-XRD patterns of all untreated sample (designated as 0 d in Fig. 5.2.7.1(a)) is 

devoid of crystalline peaks, indicating the fresh amorphous surface of the samples. On 

immersion in SBF for a day or more, crystalline peaks appear in the GI-XRD patterns, 

indicating the formation of a crystalline layer on the surface of the glass. Just as in the 

case of CaO and MgO glasses, two well defined HA peaks at 2θ values of ~26° (002) and 

~32° (211) develop in these glasses too after 3 days of soaking in SBF. The wide 

diffraction peak at 2θ ranging from 30˚ to 34˚ corresponds to the overlap of (112), (300) 

and (202) reflection of the well-crystallized HA. The GI-XRD patterns depicted in Fig. 

5.2.7.1(a) show the preferential growth mechanism of the surface apatite layer. Formation 

of the hydroxyapatite layer over the glass surface shows that the glass samples are 

bioactive. The gradual growth in the intensity of the individual reflection, appearance of 

other low intensity apatite reflections and the narrowing of the peak width clearly show 

the evolution of the crystalline HA surface layer as a function of immersion time in SBF.  
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Fig. 5.2.7.1(b): GI-XRD intensity of (0 0 2) and (2 1 1) reflections from x = 21 mole % 

glass sample soaked in SBF for 3, 7, 10, 20 and 30 days. 
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Fig. 5.2.7.1(c): Variation of averages size of HA crystalline (nm) with SBF soaking time. 

Data corresponds to the x = 21 mole % glass sample. 

 

The intensity of two major reflections, viz., (002) and (211), increase {cf. Fig. 

5.2.7.1(b)} with an increase in the concentration of Ca
2+

 and PO4
3-

 ions on the surface of 

the glass immersed in SBF for various days. It is obvious that the intensity of the 

reflections attain saturated values within 20 days of immersion in SBF. The average 

crystallite size (d) in a direction perpendicular to the crystallographic plane can be 

estimated using the Scherrer`s formula equation (2.1) [139]. The average size of HA 

crystallised was calculated from the (002) reflection using equation (2.1). Fig. 5.2.7.1(c) 

reveals an increase in the average particle size of the crystalline surface layer on the glass 

immersed in SBF for various days, which is consistent with results of reported earlier. 

The crystallite size increases from about 12.2 ± 0.38 nm to 23.23 ± 0.65 nm in samples 

immersed for 3 days to 30 days. The size of HA crystalline depends on the rate of 

crystalline growth on the surface of the glass in the SBF in various days.  The variation of 
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the crystallite size with immersion time shows a sharp increase in crystallite size in 

samples treated in SBF for 10 days, followed by a slower increase in crystallite size in 

samples treated in SBF for longer periods.  
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Fig. 5.2.7.1(d): GI-XRD patterns of various samples x = 6, 9, 12, 15, 18 and 21 mole %   

soaked in SBF for 30 days. 

 

 Fig. 5.2.7.1(d) shows the GI-XRD patterns obtained from the surfaces of 

glasses with x = 6, 9, 12, 15, 18 and 21 mole % zinc-iron oxide after treatment in SBF for 

30 days. The HA peaks appearing between 2θ values of 30° to 34° sharpen in samples 

with higher x.  Since the broad peaks signify the presence of small sized crystallites, one 

can infer that on immersion in SBF, the HA formation gradually improves from small 

sized crystalline aggregates to a well-crystallized HA phase as the amount of zinc-iron 

oxide is increased in the system. Formation of the HA layer over the glass surface shows 
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that the glass samples are bioactive. The relative intensity and peak width of the 

characteristic apatite reflections show considerable composition dependence. 

Balamurugan et al. [77] studied the bioactivity SiO2–CaO–P2O5-ZnO system in vitro and 

in vivo and reported that incorporation of Zn into a bioglass does not diminish the 

bioactivity of such materials. Better apatite formation is observed in this series of glasses 

when the zinc-iron oxide content is increased, just as observed in the other two systems. 

This shows that replacing SiO2 with ZnO + Fe2O3 over this selected composition range 

aids apatite growth on these glass surfaces. 

 

5.2.7.2. FT-IR spectroscopy of the glass samples soaked in SBF 

Fig. 5.2.7.2 (a) shows the infrared reflection spectra of the glass sample with x = 21 mole 

% zinc-iron oxide before and after the immersion in the simulated body fluid for 0, 1, 3, 

7, 10, 20 and 30 days. The spectrum before the immersion reveals bands at 1038, 935, 

773, 590 and 450 cm
-1

. The peaks at 1038, 935, 773, 590 and 450 cm
-1 

correspond [188-

190] to ν3 Si-O stretching [with one non bridging oxygen (NBO)], Si-O stretching [with 2 

NBO], Si-O-Si stretching, ν4 P-O bending and ν4 Si-O-Si bending frequencies, 

respectively. After 1 day of immersion in SBF, new peaks appear at 860, 905, 1329 and 

1556 cm
-1

. The peak at 905 cm
-1

 corresponds to v1 P-O-P stretching frequency, 

respectively. The band located at 860 cm
-1

 and the large bands at 1329 and 1556 cm
-1

 can 

be assigned to C-O vibration mode of CO3
2-

. These bands signify the incorporation of 

carbonate anions from the SBF in the apatite crystal lattice. After 3 days of immersion in 

SBF, the appearance of the band at 955 cm
-1

, which is related to calcium phosphate 

(hydroxyapatite) surface layer is observed. The peak at 955 cm
-1

 corresponds to the v1 P-
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O symmetric stretching frequency. It indicates the obviation of phosphate ions from the 

ideal tetrahedral structure. After 3 days of immersion in SBF, the disappearance of the 

band at 1038 cm
-1

 is related to ν3 Si-O stretching surface layer formation.  
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Fig. 5.2.7.2(a):  FT-IR reflection spectra of surfaces of glass x = 21 mole % soaked in 

SBF for various   days. 

 

After 7 days of immersion in SBF, the appearance of the peak at 1155 cm
-1

 

reflects the v3 P-O stretching vibration of PO4 unit. These bands (1155 and 905 cm
-1

) 

sharpen and their relative intensities increase with increase in longer immersion times. 

These peaks are characteristic of apatite crystals. With further increase in immersion 

time, the intensity of the bands related to the CO3
2- 

group increases. Carbonate ions 

occupy two different sites in carbonated apatite as indicated by peaks in the region of 

1650 to 1300 cm
-1

 which are due to v3 vibration mode, whereas the peak at 860 cm
-1

 is 

due to the v2 vibration mode of carbonate ion [190]. The v3 band splits into two peaks 
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centered at 1329 and 1556 cm
-1

, respectively, with the distribution of the carbonate v3 

sites depending on the maturation and formation of apatite crystals. Occupancy of the v2 

sites is considered to occur competitively between the OH
-1

 and carbonate groups at the 

interface of growing crystal, whereas, occupancy of the v3 sites depends on competition 

between the phosphate and carbonate ions [190]. Presence of v2 and v3 vibration modes of 

carbonate is the signature of the development of HCA layer on the surface of the sample. 
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Fig. 5.2.7.2(b): FT-IR spectra from the surfaces of glasses soaked in SBF for 30 days. 

 

Fig. 5.2.7.2(b) shows the infrared reflection spectra of glass-ceramics samples 

with x = 6, 9, 12, 15, 18 and 21 mole % zinc-iron oxide after the immersion in SBF for 30 

days. Spectral bands of HA assigned to PO4
3–

 groups (ν3–1155 cm
-1

, ν1–955 cm
-1

, ν1–905 

cm
-1

 and ν2–590 cm
-1

) and CO3
2–

 functional groups  (v2–860 cm
-1

, ν3–1329 cm
-1

and ν3–

1556 cm
-1

) appear in the spectra. The band at 1038 cm
-1

 ν3 Si-O stretch disappears in the 
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samples with x = 15, 18 and 21 mole %. The peak at 905 cm
-1

 reflects the v1 P-O-P 

stretching mode. These bands (1155, 860 and 905 cm
-1

) sharpen and their relative 

intensities increase with increase in zinc-iron oxide content signifying the formation of a 

well crystallized HCA layer in these samples.  

 

5.2.7.3. SEM-EDS studies of the glass samples soaked in SBF 

Fig. 5.2.7.3(a) shows the SEM micrographs of the glass sample with x = 21 mole % zinc-

iron oxide after immersion in SBF for 1, 3, 7, 10, 20 and 30 days, respectively. 

Microanalysis of the precipitates reveals the presence of small quantities of Na and Cl as 

shown in the EDS spectra in Fig. 5.2.7.3(b). This finding is in agreement with reports 

which claim that the growth of hydroxyapatite in SBF results in the incorporation of 

sodium, magnesium and chlorine [192-193] as well. 
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Fig. 5.2.7.3:(a) SEM micrographs (Magnification: 1000×) of x = 21 mole % glass soaked 

in SBF for various days, and (b) EDS spectra of the sample soaked in SBF for 30 days.  

  

5.3. Characterization of glass-ceramics samples 

5.3.1. XRD studies of glass-ceramics samples 

Pieces of as-quenched glass were heat-treated at 800 °C for 1 hour in air to form the 

glass-ceramics. XRD patterns of the glass-ceramic samples are presented in Fig. 5.3.1.1. 

Indexing the XRD patterns revealed that 6 ≤ x ≤ 21 mole % glasses revealed that calcium 

sodium phosphate (NaCaPO4) [PDF # 76-1456] and zinc ferrite ZnFe2O4 [PDF # 82-

1042] crystallized in all the heat-treated glass samples.  Calcium sodium phosphate is a 

bone mineral and its presence indicates the biocompatible nature of the glass-ceramics.  

The percentage of Calcium sodium phosphate was found to decrease in samples with 

increasing zinc-iron oxide concentration. The average crystallite size was calculated from 

the broadening of the primary zinc-ferrite peak [(311)] using Scherrer’s equation (2.1). 

The average crystallite size d of ZnFe2O4, estimated ranged between 8 and 23 nm (± 

0.56) (cf. table 5.3.4). The average crystallite size of the zinc ferrite phase increased in 
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the samples as the zinc-iron oxide concentration was increased from 6 to 21 mole % as 

depicted in Fig. 5.3.1.2.  
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Fig. 5.3.1.1: XRD patterns of glass-ceramic samples. NaCaPO4 (stars) and ZnFe2O4 

(filled circles) crystallites were identified in all samples. 
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Fig. 5.3.1.2: Variation of average zinc ferrite crystallite size as a function of zinc-iron 

oxide concentration. 
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5.3.2. Microhardness studies of glass-ceramics samples 

Microhardness of glass-ceramics was measured by applying a uniform load of 100 gm for 

a duration of 15 s. The measured microhardness values are tabulated in Table 5.3.4. Fig. 

5.3.2 shows the variation of hardness value with the zinc-iron oxide mole % content in 

the x(ZnO, Fe2O3) (65-x)SiO2 20(CaO, P2O5) 15Na2O (6 ≤ x ≤ 21  mole %)  glass-

ceramics. The glass-ceramics samples show a higher VHN as compared to the 

corresponding parent glasses. VHN of the glass-ceramics samples increases linearly with 

zinc-iron oxide content as shown in Fig. 5.3.2 and Table 5.3.4. The presence of 

crystalline phases increases the VHN of the glass-ceramics. An increase in the VHN can 

then be interpreted as due to the increase in the percentage of the crystalline phases in the 

glass-ceramics as a function of zinc-iron oxide content. Thus addition of zinc-iron oxide 

increases the hardness of this series of samples. 
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Fig. 5.3.2: Composition dependence of VHN of x(ZnO, Fe2O3) (65-x)SiO2 20(CaO, P2O5) 

15Na2O glass-ceramics. 
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5.3.3. EPR studies of glass-ceramics samples 

EPR absorption spectra of x(ZnO, Fe2O3) (65-x)SiO2 20(CaO, P2O5) 15Na2O ( 6 ≤  x  ≤ 

21 mole %) glass ceramics samples recorded at room temperature are shown in Fig. 

5.3.3.1. It can be seen from Fig. 5.3.3.1 that there is a strong dependence of the structure 

of the absorption spectra of Fe
3+

 (3d
5
,
 6

S5/2) ions as a function of zinc-iron oxide content 

in the sample.  
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Fig. 5.3.3.1: EPR absorption spectra of x(ZnO, Fe2O3) (65-x)SiO2 20(CaO, P2O5) 15Na2O  

glass-ceramic samples. 

 

The EPR parameters, viz., the line width (∆H) and the intensity of absorption line 

J, corresponding to various glass-ceramics compositions were determined from the 

curves depicted in Fig. 5.3.3.2. It is apparent from Fig. 5.3.3.2 that the intensity [J(g ≈ 2.1)] 

and line width [∆H(g ≈ 2.1)] of the g ≈ 2.1 absorption line increase as a function of x. The 

absorption line centred at g ≈ 2.1 is due to the isolated Fe
3+

 in a slightly distorted 

structural unit in samples with low zinc-iron oxide content and to the clustered formations 
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of zinc-iron oxide for higher concentrations. The nonlinear increase of J(g=2.1) and ∆H(g=2.1) 

with zinc-iron oxide  concentration depicted in Fig. 5.3.3.2 shows that iron irons are 

present as  Fe
3+

 as well as Fe
2+ 

 in the samples. The line width of the g ≈ 2.1 resonance 

absorption depends also on the zinc-iron oxide concentration. 
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Fig. 5.3.3.2: Composition dependence of intensity and linewidth for g ≈ 2.1 absorption 

line of x(ZnO, Fe2O3) (65-x)SiO2 20(CaO, P2O5)15Na2O glass-ceramic samples. 

 

 The g ≈ 2.1 resonance arises due to the formation of iron clusters which give rise 

to superexchange type interaction between iron ions. The increase in J(g=2.1) as a function 

of zinc-iron oxide content indicates an increase in the ferrimagnetically coupled 

superexchange type interactions in the glass-ceramic samples. Superexchange 

mechanisms tend to narrow the absorption line. On the other hand, interactions between 

Fe
3+

 and Fe
2+ 

ions tend to broaden the linewidth. The final linewidth depends on the 

relative strengths of the two mechanisms influencing the linewidth. The increase in the 

linewidth of the g ≈ 2.1 resonance with zinc-iron oxide concentrations shows the 
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dominance of the broadening mechanisms which in turns indicates a larger increase in 

Fe
2+

 ion concentration as zinc-iron oxide concentration is increased in the glass-ceramics. 

It is worthy to point out that the saturation magnetization increases in the samples as a 

function of x (cf. Fig. 5.3.4.5). 
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Fig. 5.3.3.3: Composition dependence of intensity and linewidth for g ≈ 4.3 absorption 

line of x(ZnO, Fe2O3) (65-x)SiO2 20(CaO, P2O5) 15Na2O glass-ceramic samples. 

 

 Fig. 5.3.3.1 shows that the EPR absorption line at g ≈ 4.3 is observed only in 

samples with x = 6 and 9 mole % zinc-iron oxide. The concentration dependence of the 

EPR parameters of the absorption line centered at g ≈ 4.3 is plotted as a function of 

composition in Fig. 5.3.3.3. The intensity (J(g=4.3)) and linewidth (∆H(g=4.3)) of the g ≈ 4.3  

absorption line decreases as x is increased. Since the g ≈ 4.3 line arises from Fe
3+

 ions in 

low symmetry sites, the disappearance of the g ≈ 4.3 line signifies a decrease of low 

symmetry sites at Fe
3+

 ions and a corresponding increase in Fe
3+

 sites of higher symmetry 
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in the crystallization process. As already pointed out, XRD studies have confirmed that 

zinc-iron oxide (Fd 3 m) crystallizes when the glasses are heat-treated at elevated 

temperatures. 

 

5.3.4. Magnetic properties of glass-ceramics samples 

Fig. 5.3.4.1 depicts the room temperature magnetic hysteresis (M-H) loops of glass-

ceramics samples with different zinc-iron oxide concentration. Magnetic saturation is 

reached with an applied magnetic field of ± 20 kOe, Coercivity (HC) and remanence (Mr) 

magnetization are individuated in the inset in the bottom corner of Fig. 5.3.4.1, where an 

enlarged view of the central part of the hysteresis cycles is shown. 
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Fig. 5.3.4.1: Room temperature magnetic hysteresis loops of glass-ceramics with 

different zinc-iron oxide concentration under ± 20 kOe field sweep. Inset shows an 

expanded view of hysteresis loops close to the origin. 
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Table 5.3.4: Magnetic and structural parameters of the glass-ceramics samples. 

 

The magnetic field necessary to saturate the samples increases with increasing 

mole % of zinc-iron oxide.  The coercive field varies from 44 to 204 Oe while saturation 

magnetization varies from 19.603 to 0.406 emu/g, the reported results are summarized in 

Table 5.3.4.  The saturation magnetization (Ms) increases with the amount of magnetic 

phase in the sample. The highest amount of magnetite phase is obtained in the sample 

with x = 20, which also has the highest Ms. The Ms increases with the amount of ZnFe2O4 

phases crystallized in the sample. Fig. 5.3.4.2 displays the saturation magnetization, 

coercivity, remanence magnetization and area under the hysteresis loop) obtained from 

M-H loops for samples with different mole % of zinc-iron oxide. The MS (Fig. 5.3.4.2a) 

Magnetic and structural parameters Sample (x) (mole % zinc-iron oxide) 

x = 6 x = 9 x = 12 x =15 x = 18 x = 21 

Average crystallite size d (nm) 8.18 13.91 15.81 20.99 22.89 23.34 

Saturation magnetization Ms (emu/g) 0.41 1.10 3.33 8.89 13.33 19.60 

Coercive force, HC (Oe) 204 149 120 75 52 44 

Remanence magnetization Mr (10
-2

 emu/g) 1.37 1.94 18.16 33.82 58.92 61.81 

Hysteresis area ± 20 kOe (erg/g) 446 1063 2195 5414 7347 9631 

Hysteresis area ± 500 Oe (erg/g) 6.4 13.6 127 287 501 656 

 Vickers hardness number (kg mm
-2

) 563 589 642 693 726 764 
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increased with increasing zinc-iron oxide concentration from x = 6 to 21 mole % and 

showed a trend to saturate for x = 21 with the maximum value of about 19.603 emu / g.  

The increase of saturation magnetization with an increase in zinc-iron oxide concentration 

could be attributed to the development of ZnFe2O4 phase in the samples, as observed in 

Fig. 5.3.1.1. The coercivity of the samples (Fig. 5.3.4.2b) decreases with increasing zinc-

iron oxide content from 6 to 21 mole %. As shown in Table 5.3.4, the coercive field 

slowly decreases with an increase in average crystallite size of ZnFe2O4. Remanence 

signifies the nature of the magnetic material to be spontaneously magnetized, even in the 

absence of external magnetic field. 

40

80

120

160

200[b]

 

 

6 9 12 15 18 21

0.0

0.2

0.4

0.6 [c]

 

 

0

6

12

18

x (mole
 
%)

[a]

 

 

x (mole %)

M
s 

(e
m

u
/g

)

C
o

e
rc

iv
ity

 (
O

e
)

M
r (

e
m

u
/g

)

A
re

a
 (

e
rg

/g
)

6 9 12 15 18 21
0

5000

10000

[d]

 

 

Fig. 5.3.4.2: Variation of (a) saturation magnetization, (b) coercivity, (c) remanent 

magnetization, and (d) area under the hystersis loop under ± 20 kOe of glass-ceramics as 

a function of zinc-iron oxide content.  
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With zinc-iron oxide increasing saturation magnetization and hysteresis area 

increases and coercivity decrease, this behaviour is probably depend on the size of 

ZnFe2O4 crystallite in glass-ceramics samples. Area of hysteresis cycle, calculated for 

each glass-ceramics sample, is presented in Table 5.3.4. The highest area is obtained for x 

= 21 mole % sample, which exhibits the highest saturation magnetization and lowest 

coercivity among all the samples in this series. The area under the hysteresis loop 

increased with increasing zinc-iron oxide content. Since the area under the loop is 

proportional to the energy loss and hence the heat generated by a sample under an 

alternating field, samples with higher zinc-iron oxide concentration are capable of 

generating more heat. The large variation in the area under the loops for samples with x = 

6 to 21 mole % provides a means for controlled heat generation by appropriate choice of 

sample. 
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Fig. 5.3.4.3: Room temperature magnetic hysteresis loops of glass-ceramics with 

different zinc-iron oxide concentration under ± 500 Oe field sweep.  
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Such high magnetic field (± 20 kOe) is rather difficult to realise in a clinical 

laboratory due to technical reasons. Therefore, room temperature hysteresis cycles were 

measured at much lower field amplitude. Hysteresis curves were measured using a 

magnetic field 40 times smaller (± 500 Oe).  The corresponding M-H loops are shown in 

Fig. 5.3.4.3. The calculated values of the hysteresis loops area for an applied field of ± 20 

kOe and ± 500 Oe are listed in Table 5.3.4. It can be seen that the loop area is drastically 

reduced when the magnetic field is reduced. Again, the highest hysteresis loop area for ± 

500 Oe field sweep is obtained for sample with 21 mole % zinc-iron oxide. The 

calculated values of hysteresis loop area for an applied field of ± 20 kOe and ± 500 Oe 

reported in Table 5.3.4 are plotted in Fig. 5.3.4.4. For an applied magnetic field of ± 500 

Oe, magnetic saturation is not reached; the magnetic loss / cycle for sample with 21 mole 

% zinc-iron oxide is the highest. This shows that the properties of these glass-ceramics 

are preserved even at clinically amenable low magnetic fields. 
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Fig. 5.3.4.4: Variation of hysteresis loop area as a function of zinc-iron oxide content, for 

applied fields of ± 20 kOe and ± 500 Oe. 
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Fig. 5.3.4.5: Room temperature initial magnetization curves of the glass-ceramic 

samples.  In-set highlights the data of x = 6 and 9 mole % samples.  

 

Fig. 5.3.4.5 shows the initial magnetization curves for all samples measured at 

room temperature. The magnetization curves of the samples with x = 6 and 9 did not 

saturate at an applied magnetic field of 1592 kA/m (20 kOe) as revealed by the in-set in 

Fig. 5.3.4.5. It can be inferred from the nature of the curves that the samples with x = 6 

and 9 mole % zinc-iron oxide exhibit a combination of paramagnetic and ferrimagnetic 

behaviour. The EPR absorptions at g ≈ 4.3 and g ≈ 2.1 are observed only in samples with 

x = 6 and 9 mole % zinc-iron oxide. These samples exhibit a combination of 

paramagnetic and ferrimagnetic behaviour. In this case too, a comparison with the EPR 

spectra of these samples would clarify that both these techniques yield results that 

support and complement each other. The magnetization curves of samples with x = 12, 

15, 18 and 21 mole % saturate at a magnetic field of 20 kOe. These compositions exhibit 
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only ferrimagnetic behavior. EPR spectra of these compositions show only one 

absorption line at g ≈ 2.1, which is an indication of enhanced magnetic superexchange 

interaction between the iron ions.   
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Fig. 5.3.4.6: Variation of magnetization as a function of temperature of x(ZnO, Fe2O3) 

(65-x)SiO2 20(CaO, P2O5)15Na2O glass-ceramics samples.  

 

 Fig. 5.3.4.6 shows that plot M-T curve under a constant magnetic field of 1 kOe 

for the glass-ceramics samples (x = 12, 15 and 21 mole %). During heating, a steady 

decrease in magnetization is observed. The ferrimagnetic behavior of the investigated 

samples is obvious from the nature of the M-T curves. Magnetic susceptibility (χ) 

measurements reveal the type of interactions between iron ions and the nature of 

magnetism in the sample.  Variation of inverse magnetic susceptibility (χ
-1

) with 

temperature over the range of 350 ºC to 620 ºC is shown in Fig. 5.3.4.7. The χ
-1

 - T plots 

which are nearly linear above 500 ºC show a downward drop at low temperatures. The 

deviation from linearity and the systematic downward drop of χ
-1 

- T curves indicate the 

TH-800_05612106



Chapter 5: Investigations on ZnO-Fe2O3-SiO2-CaO-P2O5-Na2O glass and glass-ceramics 

207 

 

onset of short-range order just above the ferrimagnetic Neel temperature (TN). The Neel 

temperature (TN) of the glass-ceramic samples increases from 420 to 440 ºC as x is varied 

from 12 to 21 mole %. The Neel temperature increase with increase in zinc-iron oxide 

concentration may be correlated with the corresponding increase in the intensity of the g ≈ 

2.1 resonance line [Fig. 5.3.3.2]. χ
-1

 tends to zero at T = TN, which shows that the samples 

are entirely ferrimagnetic. 
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Fig. 5.3.4.7: Plots of χ
-1

 versus T for x(ZnO, Fe2O3) (65-x)SiO2 20(CaO, P2O5)15Na2O 

glass-ceramic samples. 

 

5.3.5. In vitro bioactivity test of glass-ceramics samples  

Glass-ceramics samples x(ZnO, Fe2O3) (65-x)SiO2 20(CaO, P2O5)15Na2O immersed in 

SBF were taken out after 1, 3, 7, 10, 20 and 30 days and lightly washed with acetone. 

Surface structural changes of the glass-ceramics samples treated in SBF were analyzed by 

GI-XRD, FT-IR spectroscopy and SEM techniques. The surface chemical analysis was 

carried out by SEM-EDS analysis.          
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5.3.5.1. GI-XRD studies of the glass-ceramics samples soaked in SBF 

Fig. 5.3.5.1(a) shows the typical GI-XRD patterns obtained from the surfaces of glass-

ceramics before and after soaking in SBF for various time periods. XRD analysis results 

of the untreated (fresh) sample [designated as 0 d in Fig. 5.3.5.1(a)] is shown in Fig. 

5.3.1.1. On immersion in SBF for a day or more, new crystalline peaks appear in the GI-

XRD patterns, indicating the formation of apatite crystalline layer on the surface of the 

glass-ceramics. Broad crystalline peaks develop in samples treated with SBF for 3 days 

and more. Two HA peaks develop at 2θ values of ~26° (002) and ~32° (211) after 3 days 

of soaking in SBF.  
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Fig. 5.3.5.1(a): GI-XRD patterns of the sample with x = 21 mole % soaked in SBF for 

different days.  
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The wide diffraction peak at 2θ ranging from 30˚ to 34˚ corresponds to the 

overlap of (112), (300) and (202) reflection of the well-crystallized HA.  The GI-XRD 

patterns depicted in Fig. 5.3.5.1(a) show the preferential growth mechanism of the 

surface apatite layer. Apatite formation on the surface of the glass-ceramics in the SBF is 

governed by chemical reaction of the surface of the matrix with the fluid. Formation of 

the apatite layer over the glass-ceramics surface shows that the glass-ceramics samples 

are bioactive. The gradual growth in the intensity of the individual reflection, appearance 

of other low intensity apatite reflections and the narrowing of the peak width clearly 

show the evolution of the crystalline HA surface layer as a function of immersion time in 

SBF. The intensity of two major reflections, viz., (002) and (211), increases [cf. Fig. 

5.3.5.1(b)] with an increase in the concentration of Ca
2+

 and PO4
3-

 ions on the surface of 

the glass-ceramics immersed in SBF for various days. The average size (d) of HA 

crystallized was calculated from the (002) reflection peak using Scherrer`s equation (2.1).  
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Fig. 5.3.5.1(b): GI-XRD intensity of glass sample x = 21 mole % corresponds to the 

(002) and (211) reflection peak for soaked in SBF for 1, 3, 7, 10, 20 and 30 days. 
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Fig. 5.3.5.1(c): The averages size of HA crystalline (nm) corresponds to the (002) 

reflection peak for sample x = 21 mole % soaked in SBF for 3, 7, 10, 20 and 30 days. 

 

Fig. 5.3.5.1(c) reveals an increase in the average particle size with raise Ca
2+ 

and 

PO4
3-

, on the surface layer on the glass-ceramics immersed in SBF for various days, 

which is consistent with results obtained on the other two glass-ceramic systems and 

those reported earlier [184, 200]. The crystallite size increases from about 12 ± 0.45 nm 

to 28.2 ± 0.68 nm in samples immersed for 3 days to 30 days. The size of HA crystalline 

depends on the rate of crystalline growth on the surface of the glass-ceramics in the SBF 

in various days.  The variation of the crystallite size with immersion time shows a sharp 

increase in crystallite size in samples treated in SBF for 10 days, followed by a slower 

increase in crystallite size in samples treated in SBF for longer periods.  

Fig. 5.3.5.1(d) shows the GI-XRD patterns obtained from the surfaces of glass-

ceramics with x = 6, 9, 12, 15, 18 and 21 mole % zinc-iron oxide after treatment in SBF 

for 30 days. HA peaks appearing between 2θ values of 30° to 34° sharpen in samples 
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with higher x. The relative intensity and peak width of the characteristic apatite 

reflections show considerable composition dependence. It is interesting to observe the 

growth in the intensity and reduction in the width of the apatite reflections as a function 

of increasing zinc-iron oxide content in this series of glass-ceramics too.  
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Fig. 5.3.5.1(d): GI-XRD patterns of glass-ceramics with different compositions soaked in 

SBF for 30 days. 

 

Since the broad peaks signify the presence of small sized crystallites, one can 

infer that on immersion in SBF, the HA formation gradually improves from small sized 

crystalline aggregates to a well-crystallized HA phase as the amount of zinc-iron oxide is 

increased in the system. As mentioned earlier in this chapter, Balamurugan et al. [77] 

studied the bioactivity SiO2–CaO–P2O5-ZnO system in vitro and in vivo and reported that 

incorporation of Zn into a bioglass does not diminish the bioactivity of such materials. 
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Better apatite formation in this series of glasses when the zinc-iron oxide content is 

increased. This might be due to the fact that in this series of glass-ceramics, ZnO-Fe2O3 

replaces SiO2, leaving the amount of CaO and P2O5 undisturbed molar ratio of Ca/P = 

1.67. Such compositional variation seems to aid the apatite forming ability on the surface 

of these glass-ceramics. Formation of the HA layer over the glass-ceramics surface shows 

that the glass-ceramics samples are bioactive.  

 

5.3.5.2. FT-IR studies of the glass-ceramics samples soaked in SBF 

Fig. 5.3.5.2(a) shows the infrared reflection spectra of the glass-ceramics sample with x = 

21 mole % zinc-iron oxide  before and after the immersion in the simulated body fluid for 

0, 1, 3, 7, 10, 20 and 30 days.  
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Fig. 5.3.5.2(a): FT-IR spectra of samples with x = 21 mole % soaked in SBF for different 

days. 

TH-800_05612106



Chapter 5: Investigations on ZnO-Fe2O3-SiO2-CaO-P2O5-Na2O glass and glass-ceramics 

213 

 

The spectrum before the immersion reveals bands at 1040, 925, 773, 600 and 480 cm
-1

. 

The peaks at 1040, 925, 773, 600 and 480 cm
-1 

correspond [188-190] to ν3 Si-O stretching 

[with one non bridging oxygen (NBO)], Si-O stretching [with 2 NBO], Si-O-Si 

stretching, ν4 P-O bending and ν4 Si-O-Si bending frequencies, respectively. After 1 day 

of immersion in SBF, new peaks appear at 860, 905, 1350 and 1566 cm
-1

. The peak at 

905 cm
-1

 corresponds to v1 P-O-P stretching frequency, respectively. The band located at 

860 cm
-1

 and the large bands at 1350 and 1566 cm
-1

 can be assigned to C-O vibration 

mode of CO3
2-

. These bands signify the incorporation of carbonate anions from the SBF 

in the apatite crystal lattice. After 3 days of immersion in SBF, the appearance of the 

band at 960 cm
-1

, which is related to calcium phosphate (hydroxyapatite) surface layer is 

observed. The peak at 960 cm
-1

 corresponds to the v1 P-O symmetric stretching 

frequency. It indicates the obviation of phosphate ions from the ideal tetrahedral 

structure. After 7 days of immersion in SBF, the disappearance of the band at 1040 cm
-1

 

is related to ν3 Si-O stretching surface layer.  After7 days of immersion in SBF, the 

appearance of the peak at 1158 cm
-1

 reflects the v3 P-O stretching vibration of PO4 unit. 

These bands (1158 and 905cm
-1

) sharpen and their relative intensities increase with 

increase in longer immersion times. These peaks are characteristic of apatite crystals. 

With further increase in immersion time, the intensity of the bands related to the CO3
2- 

group increases. Carbonate ions occupy two different sites in carbonated apatite as 

indicated by peaks in the region of 1650 to 1300 cm
-1

 which are due to v3 vibration mode, 

whereas the peak at 860 cm
-1

 is due to the v2 vibration mode of carbonate ion [190]. The 

v3 band splits into two peaks centered at 1350 and 1566 cm
-1

, respectively, with the 

distribution of the carbonate v3 sites depending on the maturation and formation of apatite 
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crystals. Occupancy of the v2 sites is considered to occur competitively between the OH
-1

 

and carbonate groups at the interface of growing crystal, whereas, occupancy of the v3 

sites depends on competition between the phosphate and carbonate ions [190]. Presence 

of v2 and v3 vibration modes of carbonate is the signature of the development of HCA 

layer on the surface of the sample.  
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Fig. 5.3.5.2(b): FT-IR reflection spectra of surfaces of various glass-ceramics (x = 6, 9, 

12, 15, 18 and 21 mole %) soaked in SBF for 30 days. 

 

Fig. 5.3.5.2(b) shows the infrared reflection spectra of glass-ceramics samples 

with x = 6, 9, 12, 15, 18 and 21 mole % zinc-iron oxide after the immersion in SBF for 30 

days. Spectral bands of HA assigned to PO4
3–

 groups (ν3–1158 cm
-1

, ν1–960 cm
-1

, ν1–905 

cm
-1

 and ν2–600 cm
-1

) and CO3
2–

 functional groups  (v2–860 cm
-1

, ν3–1350 cm
-1

and ν3–
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1566 cm
-1

) appear in the spectra. The band at 1040 cm
-1

 ν3 Si-O stretch disappears in the 

samples with x = 15, 18 and 21 mole %. The peak at 905 cm
-1

 reflects the v1 P-O-P 

stretching mode. These bands (1158, 860 and 905 cm
-1

) sharpen and their relative 

intensities increase with increase in zinc-iron oxide content signifying the formation of a 

well crystallized HCA layer in these samples. The FT-IR studies thus clearly show an 

increased bioactivity in these glass-ceramics as the zinc-iron oxide content is increased in 

the composition range studied. 

 

5.3.5.3. SEM-EDS studies of the glass-ceramics samples soaked in SBF 

Fig. 5.3.5.3(a) shows the SEM micrographs of the glass-ceramic sample with x = 21 mole 

% after immersion in SBF for 1, 3, 7, 10, 20 and 30 days, respectively. The micrographs 

provide visual evidence of the formation of a surface layer on the bioglass-ceramics, 

which can now be presumed to be an apatite layer.  
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Fig. 5.3.5.3: (a) SEM micrographs of glass-ceramics with x = 21 mole % soaked in SBF 

(Magnification: 1000×) and (b) EDS spectra of sample soaked in SBF for 30 days.  

 

After 30 days of immersion, the whole surface of the specimen is covered with 

spherical Ca-P particulate apatite layer. Results from EDS analysis reveal the gradual 

development of apatite on the surface of glass-ceramics samples after immersion for 

various time periods in SBF. The spherical particles in the sample treated in SBF for 30 

days are made up of calcium and phosphorus and the Ca/P molar ratio (calculated from 

EDS analysis) was of ~1.67, corresponding to the value in HA.  Microanalysis of the 

precipitates reveals the presence of small quantities of Na and Cl as shown in the EDS 

spectra in Fig. 5.3.5.3(b). This finding is in agreement with reports which claim that the 

growth of HA in SBF is accompanied by the incorporation of sodium and chlorine ions 

[192] as well. It may thus be concluded that the surface layer contains carbonate, sodium 

and chlorine substituted hydroxyapatite [193].  
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5.4. Summary 

The salient features of the studies on x(ZnO, Fe2O3) (65-x)SiO220(CaO, P2O5) 15Na2O 

glasses are 

1. Good quality glasses could be obtained in x(ZnO, Fe2O3) (65-x)SiO220(CaO, P2O5) 

15Na2O system with x up to 21 mole %.  

2. Calcium sodium phosphate and zinc ferrite crystallized in all glass compositions 

when heated to 800 °C.  

3. Composition dependence of Tg shows a decrease in the depolarization of the glass 

skeleton with increasing zinc-iron oxide content. 

4. Addition of zinc-iron oxide increased the density and VHN of the glasses. 

5. In compositions with low x, the iron sites are populated randomly in the glass, 

whereas in glasses x > 9 mole%, the site population deviates from randomness and 

results in the formation of clusters. These result in superexchange type magnetic 

interactions between the iron ions in these glasses which are predominantly anti-

ferromagnetically coupled.  

6. While x1 (mole % Fe
3+

) and x2 (mole % Fe
2+

) values show an increasing trend up to 

9 mole % zinc-iron oxide, x1 decreases in glasses with x > 9 mole % zinc-iron oxide. 

All glasses were paramagnetic at room temperature. 

7. Bioactivity of this series of glasses increases as the zinc-iron oxide content is 

increased.  
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8. GI-XRD and FT-IRS studies on SBF surfaces reveal the evolution of the HCA layer 

on the surface of the glass treated with SBF.  EDS analysis showed that the Ca / P 

ratio of samples immersed in SBF for 30 days reach the value of 1.67 (value in HA).  

The salient features of the studies on glass-ceramics derived from the parent glass 

compositons x(ZnO, Fe2O3) (65-x)SiO220(CaO, P2O5) 15Na2O are highlighted below. 

1. Calcium sodium phosphate is the major biocompatible crystalline phases developed 

in all the glass-ceramics samples. Nanocrystalline zinc ferrite was present as the 

second crystalline phase in all the glass-ceramic samples containing zinc-iron oxide.  

2. VHN increased with increase in zinc-iron oxide content.  

3. An increase in ferrimagnetically coupled superexchange type interactions with 

increase in zinc-iron oxide content has been inferred from EPR studies on the glass-

ceramic samples. Samples with x = 6 and 9 mole % zinc-iron oxide exhibit a 

combination of paramagnetic and ferrimagnetic behaviour. 

4. Samples exhibited narrow hysteresis loop and low coercivity. The area under the 

hysteresis loop increased with increasing zinc-iron oxide content. This showed that 

these bio-glass ceramics could be useful in the localized hyperthermia treatment of 

cancer. 

5. Bioactivity of the glass-ceramics samples increases with increase in zinc-iron oxide 

content. Thus, compositions with higher zinc-iron oxide content contain higher 

amounts of bone mineral phases as well as the magnetic phase in this series of glass-

ceramics.  
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6. GI-XRD and FT-IRS studies on SBF treated surfaces reveal the evolution of the 

HCA layer on the surface of the glass-ceramic samples treated with SBF.  EDS 

analysis showed that the Ca/P ratio of samples immersed in SBF for 30 days reach 

the value of 1.67 (value in HA).  

7. These studies show that these ferrimagnetic bioglass-ceramics can be used in 

hyperthermia applications.  
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Chapter 6  

 

 

Conclusion and scope for future work 

 

6.1. Conclusion 

In this chapter, the work done in this thesis work would be summarized and an attempt 

would be made to highlight the common and uncommon features observed in the studies 

on the three series of glasses and glass-ceramics. This work showed that the preparation 

and characterization of 41CaO(52-x)SiO24P2O5xFe2O33Na2O, (x = 0, 2, 4, 6, 8 and 10 

mole %), 4.5MgO(45-x) CaO 34SiO2 16P2O50.5CaF2xFe2O3 (x = 0, 5, 10, 15 and 20 

wt.%) and x(ZnO,Fe2O3)(65-x)SiO2 20(CaO,P2O5) 15Na2O  (x = 6, 9, 12, 15, 18 and 21 

mole % ) with Ca/P = 1.67 and Fe/Zn = 6.5 bioactive glasses and magnetic bioactive 

glass-ceramics derived from them. In vitro bioactivity test was performed on all the 

samples to evaluate their biocompatibility. Magnetic properties relevant to thermoseed 

applications were also carried out. The salient features observed from these studies are 

compiled below. 
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The three series of bioactive materials studied have the following common 

ingredients, viz., SiO2, CaO, P2O5 and Na2O (or CaF2). The choice of these basic 

ingredients is essential for biocompatibility of the end product. Fe2O3 was added as the 

additional element to these three materials and its concentration was also varied. This 

variation resulted in changes in the structure of the glass and the concentration of 

crystalline phases in the glass-ceramics obtained from them. The basic intention was to 

incorporate large amounts of iron oxide within the glass forming region of these systems. 

Homogenous glasses with a well-connected glassy network were obtained in the entire 

range of compositions prepared by melt quenching technique.  

The studies on the first system [41CaO(52-x)SiO24P2O5xFe2O33Na2O] was to 

understand the influence of Fe2O3 addition at the cost of SiO2. As mentioned earlier in the 

thesis, this attempt was made amidst reports in the literature mentioning reduction in 

bioactivity on the addition of Fe2O3 in systems with similar constituents. Since, the Ca/P 

ratio was not disturbed in this procedure, addition of Fe2O3 actually ended up improving 

the bioactivity of this series of samples, which is a positive result towards the application 

of these materials as thermoseeds.  In the second series [4.5MgO(45-x)CaO 34SiO2 

16P2O50.5CaF2xFe2O3], CaO was replaced with Fe2O3 in wt.% without changing the 

percentage of other constituents. In this system too, better bioactivity resulted with the 

addition of Fe2O3. In the third system [x(ZnO,Fe2O3)(65-x)SiO2 20(CaO,P2O5)15Na2O], 

ZnO+Fe2O3 replaced SiO2.  By maintaining Ca/P ratio at the bone mineral value and 

Fe/Zn ratio at 6.5, up to 21 mole % of (ZnO+Fe2O3) could be added to the system, which 

enhanced the magnetic properties and bioactivity of these materials. The choice of the 

compositions and the manner in Fe2O3 was added to the system resulted in the 
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enhancement of bioactivity and magnetic properties obtained in these systems with 

higher Fe2O3 content. Unlike reports which stressed on the importance of maintaining the 

ratio of Fe
2+

 and Fe
3+

 ions in some glasses, the present studies show that iron in both the 

ionic forms contributed towards better bioactivity.  

The physical properties of the three glass and glass-ceramics systems showed 

behaviour typical of their constituents. Hydroxyapatite, wollastonite and magnetite are 

the major crystalline phases which developed in all the heat treated CaO and MgO based 

glasses. The percentage of hydroxyapatite increased in the CaO and MgO samples with 

an increase in iron oxide concentration. Akermanite developed in the MgO glass-

ceramics with higher Fe2O3 content. Calcium sodium phosphate and zinc ferrite are the 

major crystalline phases present in all heat treated ZnO based samples. The magnetic 

properties of these glass-ceramics systems were due to nanocrystalline magnetic 

(magnetite or zinc ferrite) present in them.  

A brief comparison of some physical properties of the three glasses is made 

below. The glass transition and crystallisation temperatures of the ZnO glasses were 

lower than that of CaO and MgO glasses. Tg and Tc decreased as a function of increasing 

x (zinc-iron oxide content) in all three series of glasses. The density of the ZnO glasses 

was lower than the CaO and MgO glasses. The density values of the three glass systems 

followed the same trend. The same trend was shown by microhardness (VHN) indicating 

that the number of non-bridging oxygens in a glass decreases, the elastic moduli of the 

glass increase. The VHN of the MgO glasses was higher than the CaO and ZnO glasses. 

This suggests that the MgO system could yield high strength of glasses and glass 

ceramics suitable for applications involving implants with better load bearing capability. 
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All the glasses are paramagnetic at room temperature. Superexchange type magnetic 

interactions exist between the iron ions in the glasses which are predominantly anti-

ferromagnetic in nature. The Fe
2+ 

/ Fetotal ion ratio increased with an increase in iron 

oxide content in all the glasses. In vitro bioactivity studies showed that the apatite 

forming ability in glasses increased as a function of iron and zinc-iron oxide content. As 

discussed above, the specific manner in which the composition is varied while adding 

more iron (or zinc-iron) oxide in these systems seems to aid the apatite forming ability on 

the surface of these glasses.  

A comparative study of the three glass-ceramic systems shows that the 

crystallized phases determine their individual physical properties. All glass-ceramic 

samples exhibited higher microhardness when compared to the respective parent glass 

samples. MgO based glass-ceramic samples exhibited higher microhardness when 

compared to the CaO and ZnO based glass-ceramics samples. This feature can be 

attributed to the presence of akermanite (Ca2MgSi2O7) in these glass-ceramics, which 

increases the strength of these glass ceramics. This MgO system could offer high strength 

magnetic bioglass and glass-ceramics suitable for load-bearing applications. 

Magnetization, coercivity, area of hysteresis loop and magnetite crystallite size varied as 

a function of iron oxide (or zinc-iron oxide) concentration in all the CaO, MgO and ZnO 

glass-ceramic samples.  The magnetic parameters of the three glass systems followed the 

same trend, because, in all the three glass-ceramics systems, the amount and size of the 

nanocrsytalline phase increased with increasing iron (zinc-iron) oxide content. ZnO based 

glass-ceramics samples exhibited higher magnetic hysteresis loop area as compared to the 

CaO and MgO glass-ceramics samples. Since the area under the loop is proportional to 
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the energy loss and hence the heat generated by a sample under an alternating magnetic 

field, samples with higher zinc-iron oxide concentration are capable of generating more 

heat for the same magnitude of applied field. All the glass-ceramic samples were 

ferrimagnetic with some with low iron concentration exhibiting a small amount of 

paramagnetic character as well. In vitro bioactivity studies showed an increased apatite 

forming ability in glass-ceramics when the (zinc-) iron oxide content is increased.  

These investigations provide a means to assess the applicability of these 

ferrimagnetic bioactive glass-ceramics as thermo seeds for hyperthermia treatment of 

cancer apart from providing an insight to the structure and properties of these new 

materials.  

 

6.2 Scope for future work 

The intention of this thesis was to try and obtain bioactive glasses and glass-ceramics 

suitable for medical applications. These studies have given a lot of insight on the base 

glasses and the glass-ceramics vis-à-vis their constituents, structure, etc. Let us look at the 

materials aspect first. The studies on ZnO based bioglass-ceramics show that maintaining 

Ca/P ratio at 1.67 yields glasses and glass-ceramics with better bioactivity. It is worth 

exploring other oxide systems with Ca/P ratio of 1.67. The crystallization of the mineral 

and magnetic phases was performed at a fixed temperature and time after initial 

optimization based on DTA studies. Careful variation of both the temperature and time 

could yield better heat treatment conditions to obtain glass-ceramics with enhanced 

properties. Since, the magnetic phase is responsible for the magnetic properties, means of 

increased loading of iron oxide in the glass-ceramics would be rewarding. Development 
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of bioactive glass-ceramic coatings on substrates with good mechanical properties would 

pave way to the development of implant materials with desired shape and properties.   

Anther area worth concentrating is the bioactivity test. Surface chemistry 

techniques could be of great help in understanding the interactions between bioactive 

glasses and glass-ceramics, and proteins contained in body fluids. For example, the sites 

specific for protein interaction could be studied by allowing selected probe molecules on 

the surface of bioactive glasses and glass-ceramics before and after the interaction with 

proteins. Study of the presence of proteins on the morphology of layers deposited on 

bioactive glass and glass-ceramics surface could be a fascinating area of research. This 

could be done with SEM and TEM, but other spectroscopic techniques such as nuclear 

magnetic resonance, Raman and X-ray photo-electron spectroscopy could help 

understanding some differences in the ‘environment’ of Fe-containing structures formed 

upon reaction of bioactive glasses and glass-ceramics in solutions containing different 

types of proteins. The study concerning proteins could be a first step towards the analysis 

of bioactive glass and glass-ceramics reactivity in cell-containing solutions, since it is 

well-known that some of the interactions between cells and foreign materials are often 

mediated by proteins. Although, this goes out of the arena a physicist or materials 

scientist, in vivo studies on these bioactive glasses and glass-ceramics would bring out the 

true capability of these materials for medical applications. 
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