
 
 

 
 

CHAPTER 2  

THEORY AND LITERATURE REVIEW 

 

Ceramics, glasses, and glass-ceramics include a broad range of 

inorganic/nonmetallic compositions. In the medical industry, these materials have been 

essential for eyeglasses, diagnostic instruments, chemical ware, thermometers, tissue 

culture flasks, and fiber optics for endoscopy. Insoluble porous glasses have been used as 

carriers for enzymes, antibodies, and antigens, offering the advantages of resistance to 

microbial attack, pH changes, solvent conditions, temperature, and packing under high 

pressure required for rapid flow [1]. 

Ceramics are also widely used in dentistry as restorative materials such as in gold-

porcelain crowns, glass-filled ionomer cements, and dentures.  

This chapter focuses on ceramics, glasses, and glass-ceramics used as implants.  

This chapter describes the chemical and microstructural basis for their differences in 

physical properties, and relates properties and tissue response to particular clinical 

applications.  

 

 

 



7 

 

2.1 Glass  

  Glasses are classified in a familiar group of ceramics. Typical applications of  

glasses are containers, windows, lenses, and fiber-glass. Glasses are noncrystalline  

materials or are said to be amorphous or glassy [2] as is shown in Fig. 2.1, comparing the 

random amorphous structure of silica glasses and long range structure of silicon dioxide 

crystals. The compositions of several common glass materials are shown in Table 2.1 [3]. 

However, a typical glass is called soda-lime glass consisting of approximately 70 wt% 

SiO2, the balance being mainly Na2O (soda) and CaO (lime). One of the most important 

properties of these materials is transparency, resulting from complete lack of grain 

boundaries or inclusions which would cause the reflection of light. 

 

(a) (b) 

Fig. 2.1 Comparison of glass structure: (a) random amorphous structure and 

(b) ordered crystalline structure. [4] 



 
 

 
 

Table 2.1 Composition and characteristics of some common commercial glasses. [3] 
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2.1.1 Theory of glass  

The most widely used definition of a glass, proposed by the ASTM, is ―a glass is 

an inorganic product of fusion that has cooled to a rigid condition without crystallizing‖ 

[5]. Organic substances, for examples glucose and glycerol, would not be included in this 

definition, although they can be supercooled to a rigid condition without crystallizing. 

Moreover, such a definition would exclude amorphous substances which are not prepared 

by melt cooling methods, but by other techniques, such as vacuum evaporation [6]. A 

precise definition of glass is that ―a glass or a substance in the glassy or vitreous state, is 

a material, formed by cooling from the normal liquid state, which has shown no 

discontinuous changes (such as crystallization or separation into more than one phase at 

any temperature) but has become more or less rigid through a progressive increase in its 

viscosity‖ [6]. This definition regards viscosity as defining a natural boundary to the 

glassy state. It is useful because any materials cooled below its liquid state, but whose 

viscosity has not yet reached this limiting value, is called a super-cooled liquid. There is 

no exact limiting value for viscosity but it can be assumed that the viscosity of the melt at 

the transformation temperature should be greater than about 10
13

 poises.  

Glasses are characterized by many properties which reflect their liquid-like 

structures. One of the most important properties of glass is transparency, resulting from 

complete lack of grain boundaries or inclusions, which would cause the reflection of 

light. The property is usually found in the liquid state rather than in the solid crystalline 

state. 
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The relationship between liquid and solid can give a clearer understanding of the 

origin of the structure of a glass. The arrangement of atoms in a liquid has short-range 

order while that of a crystalline solid has both short-range and long-range order showing 

that the regularity in the solid is almost complete. Thus, a glass, which has a liquid-like 

structure, exhibits a lack of long-range periodic order. Moreover, the X-ray diffraction 

patterns of glass contain a few broad features reflecting the short-range radial distribution 

of atoms while that of a crystalline substance has sharp lines indicating the long-range 3D 

order. Glasses have broad melting behavior unlike the sharp melting points of crystalline 

solids.  

These phenomena, which occur during the cooling of melts, are very important 

for understanding the relationship between the glassy state, normal liquid and solid state. 

Fig. 2.2 shows the relationship between these states by means of a volume- temperature 

diagram. This diagram can also be presented in terms of an enthalpy temperature because 

volume and enthalpy behave in a similar manner.  

The liquid has a structure characteristic of the temperature at which the melt is 

held and, during cooling, the atomic structure of the melt will slowly change but still  

keep the characteristic short-range order of the primary liquid. In general, when melt is 

cooled below the melting temperature (Tm), crystallization occurs and it becomes solid. 

As a rapid decrease of enthalpy appropriate value is occurred the crystal. On continued 

cooling, the enthalpy will decrease slowly controlled by the heat capacity of the crystal. 

However, if the liquid can be cooled below the melting point by avoiding crystallization, 

there will be an undercooling of the melt to give a supercooled liquid. No discontinuous 
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rearrangement happens in this case as the temperature decreases, the overall enthalpy 

gradual changes. Further cooling produces deviation from the equilibrium line since the 

viscosity of the melt greatly increases, inhibiting atom movement, leading to difficulty in 

the rearrangement of atoms in the equilibrium     liquid structure. Then as the temperature 

decreases, the viscosity increases rapidly, resulting in frozen-in, liquid-like structure. The 

slope after this is determined by the heat capacity of the frozen liquid. The glass 

transformation region, as it appears in the graph, may be defined by the temperature 

region joining the equilibrium liquid state and the frozen liquid state. Hence, the frozen 

liquid is a glass [7, 8]. 

 

Fig. 2.2 Effect of temperature on the enthalpy of a glass forming melts.  

[After Varshneya, A.K [8]] 
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As shown in Fig. 2.2, the intersection point between the glass and supercooled  

liquid lines is the fictive temperature (TF), which may be defined as ―the temperature at 

which the glass would find itself in equilibrium if suddenly brought to it from its given 

state‖ [7]. The structure of an equilibrium liquid at this temperature is similar to the 

structure of glass. Moreover, TF can be changed by thermal history such as cooling rate. 

A high cooling rate freezes the liquid into a glassy state at lower density and higher 

specific volume than a lower cooling rate. The glass formed by slow cooling has a 

tendency to be more stable than that of fast cooling. This is because the atomic 

arrangement of the slow cooled glass is closer to that characteristic of the equilibrium 

liquid than the more rapidly cooled glass [7, 9-10]. 

2.1.2 Raw materials for glass melting  

In general, glasses are either produced from high-quality, chemically pure 

components or from a mixture of far less pure minerals. Research specimens, optical 

glasses and many glasses used for low-volume, high-technology applications are 

produced using those chemicals we might routinely encounter in any chemical laboratory. 

Bulk commercial products, on the other hand, are produced from minerals, which 

typically have names and compositions which are not familiar to the novice.  

Regardless of the source of the components used to produce a specific glass, the 

batch materials can be divided into five categories on the basis on their role in the 

process: glass former, flux, property modifier, colorant and fining agent. The same 

compound may be classified into different categories when used for different purposes. 

Alumina, for example, serves as a glass former in aluminate glasses, but is considered as 
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a property modifier in most silicate glasses. Arsenic oxide may be either a glass former or 

a fining agent, depending upon the purpose for which it has been added to the batch.  

The most essential component of any glass batch is always the glass former. 

Every glass contains one or more components which serve as the primary source of the 

structure. While these components are commonly designated as glass formers, they are 

also called ―network formers or glass forming oxides‖ [7] in many oxide glasses. The 

identity of these components usually serves as the basis for the generic name used for the 

glass. If most of the glass former present in a specific sample is silica, for example, that 

glass is called a silicate. If a significant amount of boric oxide is also present in addition 

to silica, the sample is termed a borosilicate glass. 

The primary glass formers in commercial oxide glasses are silica (SiO2O3) and 

phosphoric oxide (P2O5) which all readily form single component glasses. A large 

number of other compounds may act as glass formers under certain circumstances, 

including GeO2, Bi2O3, As2O3, Sb2O3, TeO2, Al2O3, Ga2O3 and V2O5. With the exception 

of GeO, these oxides do not readily form glasses by themselves unless very rapidly 

quenched or vapor deposited, but can serve as glass formers when mixed with other 

oxides. The elements S, Se and Te act as glass formers in chalcogenide glasses. Although 

halide glasses can be made in many systems, with many different compounds acting as 

glass formers, the two most common halide glass formers are BeF2 and ZrF4.  

Although the number of possible glass compositions is effectively unlimited, the 

vast bulk of commercial glasses are based on silica as the glass former. While silica itself 

forms an excellent glass, with a wide range of applications, the use of pure silica glass for 
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bottles, windows and other bulk commercial application would be prohibitively 

expensive due to the high melting temperature (> 2000°C) required to produce vitreous 

silica. Production of silicate glasses requires the addition of a flux to reduce the 

processing temperature to within practical limits, e.g. < 1600°C. The most common 

fluxes are the alkali oxides, especially Na2O and PbO. Most commercial glasses contain 

soda, including those used for containers and window glasses. Potassium oxide is also 

used extensively in commercial glasses, while lithium oxide is used in a number of 

commercial glass-ceramics. Rubidium and cesium oxides are frequently used in the 

laboratory, for studies of trends in behavior due to changes in the identity of the alkali 

oxide present in glasses, but are rarely used in commercial products due to their high 

cost. PbO, which is an excellent flux, is becoming much more limited in use due to 

concerns regarding the toxicity of heavy metals. PbO is especially useful in dissolving 

any refractory or other impurity particles which might otherwise result in flaws in the 

final glass.  

While the addition of fluxes to silica leads to a decreased cost of glass formation, 

the addition of large amounts of alkali oxides results in serious degradation of in many 

properties. In particular, the chemical durability of silicate glasses containing large 

concentrations of alkali oxides is degraded to the point where they can no longer be used 

for containers, windows or insulation fibers. The property degradation is usually 

countered by the addition of property modifiers, which include the alkaline earth and 

transition metal oxides, and, most importantly, aluminum oxide (alumina). While these 

oxides partially counter the reduction in processing temperature obtained by the addition 
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of fluxes, they also improve many of the properties of the resulting glasses. The 

properties can thus be modified, or adjusted, by careful control of the amount and 

concentration of these oxides to obtain precisely the desired results. Since many of these 

oxides are actually very weak fluxes for silica, and the property modifiers are usually 

added in lesser quantities than the fluxes, their use does not lead to excessively high 

processing temperatures. Colorants are used to control the color of the final glass. In most 

cases, colorants are oxides of either the 3d transition metals or the 4f rare earths. Uranium  

oxides were once used as colorants, but their radioactivity obviously reduces their 

desirability for most applications. Gold and silver are also used to produce colors by 

formation of colloids in glasses. Colorants are only used if control of the color of the 

glass is desired, and are usually present in small quantities. Iron oxides, which are 

common impurities in the sand used to produce commercial silicate glasses, act as 

unintentional colorants in many products. When colorants are used to counteract the 

effect of other colorants to produce a slightly gray glass, they are referred to as 

decolorants.  

Finally, fining agents are added to glass forming batches to promote the removal 

of bubbles from the melt. Fining agents include the arsenic and antimony oxides, 

potassium and sodium nitrates, sodium chloride (NaCl), fluorides such as CaF2, NaF and 

Na3AlF6 and a number of sulfates. These materials are usually present in very small 

quantities (< 1 wt %) and are usually treated as if they have only minor effects on the 

properties of the final glasses. Their presence, however, is essential in many commercial 
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glasses, which would be prohibitively expensive to produce without the aid of fining 

agents in reducing the content of unwanted bubbles in the final product [7, 117]. 

2.2 Glass-ceramics  

2.2.1 History  

  Glass-ceramics may be defined as polycrystalline solids prepared by controlled 

crystallization of glasses. Crystallization can be achieved by putting appropriate glasses 

through a regulated heat treatment schedule that causes nucleation and growth of crystal 

phases inside the glass. However, a small amount of residual glass often occurs and 

strongly affects a number of important properties of glass-ceramics [6].  

It has been known for centuries that most glasses can be crystallized if they are 

subjected to heating for a sufficient length of time at a suitable temperature. There was no 

systematic development until the discovery of the first true glass-ceramics in 1957 by Dr. 

Stanley Donald Stookey [12, 13] at Corning Glass Works. He found that it is possible to 

form glass objects by conventional methods and transform them to fine-grained ceramics 

by heat treatment. After that, he successfully invented photochromic glasses, machinable 

glasses and polychromatic glasses. These products have far more mechanical strength 

than in their original forms. The effective nucleating catalyst used in most of Stookey‘s 

system was TiO and in 1970 McMillan et al [14] reported that the use of metallic 

phosphates (P2O5) could also promote controlled crystallization in glasses. In addition to 

these, other oxides, such as ZrO2, SnO2, CrO3 and V2O5 [15] were later discovered to be 

effective nucleating agents.   
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  Important aspects of glass-ceramics are nucleation and crystallization. Glass 

forming liquids are generally very viscous; therefore, processes of diffusion and atomic 

rearrangement are slow, which enables control of nucleation and crystal growth. The 

rapid quenching process can be applied to the viscous liquids in order to avoid the 

crystallization process during cooling and the resulting glass product can be used for 

further investigation of glass-ceramics. Another important phenomenon is amorphous 

phase separation, which can be important in both glass-ceramics formation and the 

stability of glasses. Because a glass melt is a good solvent for most oxides, a wide range 

of composition can be obtained, leading to the potential formation of glass-ceramics 

containing many crystal types, such as metastable phases and solid solutions within a 

variety of chemical environments. The ultra fine grains, typically less than one 

micrometer of glass-ceramics provide valuable materials properties, such as good 

mechanical strength and good fracture toughness. These ultra fine grains make glass-

ceramics stronger than ordinary glasses and conventional ceramics. Due to this, it is 

possible to control the degree of crystallinity in glass-ceramics, leading to the studies of 

mechanical failure and the investigation of the properties, involving diffusion, for 

example: ionic conductivity. Normally, glass-ceramics are not transparent to visible light. 

However, transparent glass-ceramics can be derived if the crystals present are smaller 

than the wavelength of visible light or by minimizing the difference between the 

refractive indices of the parent glasses and crystals [16]. 
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2.3 Types of bioglass, bioceramics and bioglass ceramics-Tissue interface 

It is essential to recognize that no one material is suitable for all biomaterial 

applications. As a class of biomaterials, ceramics, glasses, and glass-ceramics are 

generally used to repair or replace skeletal hard connective tissues. Their success depends 

upon achieving a stable attachment to connective tissue. 

 The mechanism of tissue attachment is directly related to the type of tissue 

response at the implant—tissue interface. No material implanted in living tissue is inert 

because all materials elicit a response from living tissues. There are four types of tissue 

response (Table 2.1) and four different elicit a response from living tissues. There are 

four types of tissue response (Table 2.1) and four different means of attaching prostheses 

to the skeletal system (Table 2.2). 

Type 1 Nonabsorbable or Relatively Bioinert Bioceramics 

Relatively bioinert ceramics maintain their physical and mechanical properties 

while in the host. They resist corrosion and wear and have all the properties listed for 

bioceramics in Table 2.1. Examples of relatively bioinert ceramics are dense and porous 

aluminum oxides, zirconia ceramics, and single-phase calcium aluminates. Relatively 

bioinert ceramics are typically used as structural-support implants. Some of these are 

bone plates, bone screws, and femoral heads.  

Type 2 bioceramics, on porous metal are developed to prevent loosening of 

implants. The growth of bone into surface porosity provides a large interfacial area 

between the implant and its host. This method of attachment is often called 

BIOLOGICAL FIXATION. It is capable of withstanding of more stress than type 1 
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implant which achieve only morphological fixation. A limitation of type 2 porous implant 

is the necessary for the pores to be at least 100 micrometer in diameter. Large pore size is 

required so that capillaries can provide a blood supply to the ingrown connective tissue. 

If pores < 100 micrometer then even if the micro movements occur, Capillary can be cut 

off leading to tissue death. When the porous implant is metal, interfacial area can provide 

a focus for corrosion of implant and loss of metal ion into the tissue, which may cause a 

variety of medical problem. Coating of these porous metals with HA, diminishes some of 

these limitations. The Ha coating also improve the rate of bone growth into pores. But 

coating dissolves with time which limits its effectiveness.  

Type 3 Bioactive implant is another approach to achieve interfacial attachments. 

This is intermediate concept between resorbable (type 4) and bioinert behavior. A 

bioactive material undergoes chemical reaction in the body, but only at surface leading to 

bonding of tissue at the interface. Thus a bioactive material is defined as ―a material that 

elicits a specific biological response at the interface of material which results in the 

formation of a bond between the tissue and the material‖. The bioactive concept has been 

expanded to include many bioactive materials with a wide range of bonding rate and 

thickness of interfacial bonding layer. These include bioactive glass, bioactive glass-

ceramics, dense synthetic hydroxyapatite, bioactive composites, bioactive coating. The 

time dependence of the bonding, strength of bond, the mechanism of bonding, the 

thickness of bonding zone, and the mechanical strength differ for various materials. 
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Type 4 is Resorbable implants which are designed to degrade gradually with 

time and be replaced with natural tissue. A very thin or non existent interfacial thickness 

is the final result. This is the optimal solution to problem of interfacial stability. It leads 

to the generation of tissue instead of their replacement. The difficulty is meeting 

requirement of strength and short term mechanical performance of implant while 

regeneration of tissue is occurring. The resorbtion rate is must be matched to repair rate 

of body tissue but some material dissolve too slowly and others too fast. Since large 

quantities of materials being handled by cells so the constituents of resorbable implants 

should be metabolically acceptable. 

Table 2.2 Desired Properties of Implantable Bioceramics 

If the material is toxic, the surrounding tissue dies. 

If the material is nontoxic and biologically inactive (nearly inert), a fibrous tissue 

of variable thickness forms. 

If the material is nontoxic and biologically active (bioactive), an interfacial bond 

forms. 

If the material is nontoxic and dissolves, the surrounding tissue replaces it. 
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Table 2.3 Types of Bioceramic—Tissue Attachment and their Classification 

 

Ceramics are ideal candidates as they have the key advantages of 

biocompatibility, biofuctionality and they are widely available elsewhere  

2.4 The discovery of Bioglass
®
 

Bioactive glasses are amorphous silicate-based materials which are compatible 

with the human body, bond to bone and can stimulate new bone growth while dissolving 

Type of attachment Example 

 

1.Dense, nonporous, nearly inert ceramics 

attach by bone growth into surface 

irregularities by cementing the device into the 

tissues or by press-fitting into a defect {termed 

"morphological fixation"), 

2. For porous inert implants, bone ingrowth 

occurs that mechanically attaches the bone to 

the material (termed "biological fixation"). 

Hydroxyapatite-coated porous metals 

3. Dense, nonporous surface-reactive ceramics, 

glasses, and glass-ceramics attach directly by 

chemical bonding with the bone (termed 

"bioactive fixation"). 

4. Dense, nonporous (or porous) resorbable 

ceramics are designed to be slowly replaced by 

bone. 

 

A12O3 (single crystal and 

polycrystalline) 

 

 

 

the A12O3 (polycrystalline) 

 

 

 

Bioactive glass-ceramics 

Hydroxyapatite 

 

 

Calcium sulfate (plaster of paris) 

Tricalcium phosphate 

Calcium-phosphate salts 
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over time. They therefore have the potential to restore diseased or damaged bone to its 

original state and function (bone regeneration). 

The first bioactive glass was discovered by Larry Hench and colleagues in 1969, 

at the University of Florida, and was the first material seen to form an interfacial bond 

with host tissue after implantation [17]. The glass composition of the first bioactive glass 

was 46.1% SiO2, 24.4% Na2O, 26.9% CaO and 2.6% P2O5, in mol%, termed 45S5 

Bioglass
®
, which is now a trademarked name. Hench chose this composition as it 

provided a large amount of CaO with some P2O5 in a Na2O–SiO2 matrix. The 

composition is very close to a ternary eutectic, making it easy to melt. The first implants 

were in rat femora. After 6 weeks they were removed with great difficulty. A quantitative 

evaluation of interfacial shear strength in rat and monkey models showed that the 

strength of the interfacial bond between Bioglass
®
 and cortical bone was equal to or 

greater than the strength of the host bone. 

Hench‘s discovery launched the field of bioactive ceramics and Bioglass
®
 

particulate has been in clinical use since 1985 (US Biomaterials Corp., Alachua, Florida). 

Later studies have found that other compositions and glass types are bioactive, some even 

bonding to soft tissue. The interest in bioactive glasses now focuses on their ability to 

stimulate new bone growth and its potential to be used in the development of constructs 

that can stimulate the body‘s own regenerative mechanisms to restore damaged bone to 

its original state and function.  
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2.5   Melt-derived bioactive glasses  

 The first Bioglass
®
 was prepared by traditional melt-quench method, which 

involves melting highly pure oxides (SiO2, Na2CO3, CaCO3, P2O5) in a crucible placed in 

a high temperature furnace at 1370°C [17]. Platinum crucibles must be used to avoid any 

contamination of the glass. The melt is poured into the water to quench, forming a frit. 

The frit is then dried in an oven and ground to obtain the required particles size. 

Bioglass
®
 can also be poured into a pre-heated graphite mould to prepare as-cast 

components or rods. Fig. 2.3 shows the compositional range of bioactive glasses and 

glass-ceramics as per bone bonding ability. The majority of bioactive glasses lie in the 

middle region (S) of the SiO2-CaO-Na2O diagram (assuming a constant value 6 wt% of 

P2O5) [18]. Compositions having slower bonding rates lie between 52 and 60 wt% of 

SiO2 in the glass. Compositions having greater than 60%SiO lie in region B and are 

bioinert. Addition of multi-valent cations, such as Al
3+

, Ti
4+

or Ta
5+

to the glass 

composition reduces the bone bonding capability [19]. 

 

 

Fig. 2.3 Composition diagram of SiO2-CaO-Na2O bioglass [20] 
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The dissolution rate of the glasses determines the scientific basis for 

compositional ranges. Andersson et al. [21] made some modifications in the 45S5 

bioglass composition and implanted 16 different compositions of the system SiO2-CaO-

Na2O-P2O5-Al2O3-B2O into the rabbit tibia. Only those glasses bonded to the bone that 

could develop HCA layer when immersed in Tris-buffer solution in vitro. The presence 

of alumina in the composition restricted bone bonding mechanism by slowing down the 

rate of HCA formation and stabilizing the silica network enough to prevent the calcium 

phosphates build up across the layer. It is suggested that up to approximately 1.5 wt% 

Al2O can be added to the glass without compromising the bioactivity. Glass compositions 

within the boundaries of the compositional diagram (Fig. 2.3) bonded to bone and the 

glasses outside the boundary did not bond to the bone.  

Table 2.4 Composition of Bioactive glasses and Glass-ceramics (in Weight Percent) [22] 
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2.6   Mechanism of bioactivity 

Since the report of its bone-bonding properties nearly 40 years ago [23], the 

bioactive glass designated 45S5, sometimes referred to by its commercial name 

Bioglass®, has been the most widely researched glass for biomedical applications [24-

27]. This glass is a silicate glass based on the 3-D glass-forming SiO2 network in which 

Si is fourfold coordinated to O. The key compositional features that are responsible for 

the bioactivity of 45S5 glass are: 1) less than 60 mol% SiO2 content (when compared to 

more chemically durable silicate glasses) 2) high Na2O and CaO (glass network 

modifiers) content, and 3) high CaO/P2O5 ratio. 

The mechanisms of bioactivity and bone bonding of 45S5 glass have been widely 

studied, and described in detail elsewhere [28-29]. Based on those studies, the bonding of 

45S5 glass to bone has been attributed to the formation of a carbonate substituted 

hydroxyapatite-like (HCA) layer on the glass surface in contact with the body fluid. 

Because this HCA layer is similar to the mineral constituent of bone, it bonds firmly with 

living bone and tissue. While some details of the chemical and structural changes are not 

clear, the HCA layer is generally believed to form as a result of a sequence of reactions 

on the surface of the bioactive glass implant, as described by Hench [20]: 

Stage 1: Rapid ion exchange reactions between the glass network modifiers (Na+ 

and Ca
2+

) with H
+ 

(or H3O
+
) ions from the solution, leads to hydrolysis of the silica 

groups and the creation of silanol (Si–OH) groups on the glass surface: e.g. 

Si – O – Na
+ 

 + H
+
 Si – OH

+
 + Na

+
 (aq)     (1) 

The pH of the solution increases due to the consumption of H
+
 ions. 
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Stage 2: The increase in pH (or OH
-
concentration) leads to attack of the SiO2 

glass network, and the dissolution of silica, in the form of silicic acid, Si(OH)4, into the 

solution, and the continued formation of Si–OH groups on the glass surface: 

Si – O – Si  + H2O Si – OH + OH– Si       (2) 

While the solubility of silica is low, the products of 45S5 glass and glass–ceramic 

dissolution in aqueous solutions have shown an increase in Si concentration [30], 

indicating that dissolution of silica is an important mechanism. However, other 

mechanisms could also contribute to the increase in Si concentration. 

Stage 3: Condensation and polymerization of an amorphous SiO2-rich layer 

(typically 1–2 lm thick) on the surface of the glass depleted in Na
+
 and Ca

2+.
 

Stage 4: Further dissolution of the glass, coupled with migration of Ca
2+

 and 

(PO4)
3-

 ions from the glass through the SiO2-rich layer and from the solution, leading to 

the formation of an amorphous calcium phosphate (ACP) layer on the surface of the 

SiO2-rich layer. 

Stage 5: The glass continues to dissolve, as the ACP layer incorporates (OH)
-
and 

(CO3)
2-

 from the solution and crystallizes as an HCA layer. 

With the initial formation of an HCA layer, the biological mechanisms of bonding 

to bone are believed to involve adsorption of growth factors, followed by attachment, 

proliferation and differentiation of osteoprogenitor cells [31]. Osteoblasts (bone-forming 

cells) create extracellular matrix (collagen), which mineralizes to form a nanocrystalline 

mineral and collagen on the surface of the glass implant while the degradation and 

conversion of the glass continues over time [32]. 
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Fig. 2.4 Sequence of interfacial reactions involved in forming a bond between 

tissue and bioactive glasses [33] 

2.7 Magnetism  

Magnetic phenomena have been known for many centuries. In fact it was the 

mineral magnetite, which is the principal magnetic material investigated in this thesis, 

that was observed by the ancient Greeks to attract iron to itself. 

A magnetic dipole is best visualised as being a microscopic bar magnet. The 

magnetic dipole moment is analogous to the electric dipole moment and is a vector 

quantity. The magnetic moment direction is from the south to the north of the magnet. 
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- Hysteresis  

 Hysteresis is an important phenomena exhibited by magnetic materials. This is 

looked at in the form of hysteresis loops which are a measure of the magnetization (M) or 

applied field (B) against the magnetic field intensity (H). M and B are directly 

proportional as shown in Equation 1 (where0 is the permeability of free space, m is the 

magnetic susceptibility) [34] 

M = 0
-1
mB    (1) 

If the magnetic field is in vacuo then we get H as shown in Equation 2; 

B = 0H    (2) 

Magnetisation, M, has the units Am
-1

 as does H. M and B are intrinsically linked by the 

Equation 3; [35, 36] 

B = 0(H+M)    (3) 
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Fig. 2.5 Hysteresis Loop of Magnetic Materials [37]. 

Once at the maximum saturation value the applied field is reversed but the values 

of the magnetisation do not match that as before and are instead negative. The value on 

the y axis at which x = 0 is referred to as the remanent magnetisation. Conversely the 

value at x where y = 0 is the coercivity and this is essentially the strength of the applied 

field required to bring the magnetisation of the sample to zero after it has been fully 

saturised in one direction. It is the value of the coercivity that defines whether a material 

is a hard or soft magnet. Hysteresis means ‗to lag‘ and this is exactly what is seen in a 

hysteresis loop [20]. There is a time lag for the moment to realign with the field causing a 

loop to be formed, as opposed to the original path being followed, as shown by the dotted 

line in Figure 2.5. 
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The remanence,magnetisation and coercivity are also directly dependent on grain 

size, and multi-domain particles tend to be soft with low coercivity and remanence. This 

is because only low fields are required to translate the domain walls. However in hard 

magnets which tend to be single domain particles, you must reverse the magnetisation 

giving rise to high coercivity and remanence, thus giving a bigger hysteresis loop [38]. 

2.8 The Classifications of Magnetism  

There are many types of magnetism that have been observed. Different 

classifications are defined in this section. It should be noted that the most commonly seen 

are diamagnetic, paramagnetic, ferromagnetic, antiferromagnetic and ferrimagnetism. All 

materials have a diamagnetic component but can also be assigned to other magnetic 

classifications. 

2.8.1. Diamagnetic 

As detailed above, diamagnetic is seen in all materials as it arises from paired electrons, 

and is therefore the most observed. Despite this, commonly only materials that display 

only this type of phenomena are termed diamagnetic as the magnitude of the 

susceptibility is small, and therefore the other types of magnetism dominate.  

Diamagnetic, unlike all other types of magnetic, is independent of temperature 

and the field applied. It can be considered as negative magnetisation, in that the 

magnetisation and its susceptibility are negative, therefore essentially repulsive. This is 

analogous to Lenz‘s Law of 1834 on electromagnetism. Essentially this law states that an 

induced emf will make a current that opposes the current that induced it [39]. 

 



31 

 

2.8.2. Paramagnetic 

Paramagnetic occurs in materials which have unpaired electrons. These electrons 

are randomly orientated and essentially have their own magnetic moment due to weak 

coupling being overcome by thermal energy. The magnetic susceptibility of a 

paramagnetic material is now positive, meaning that they are attracted to magnetic fields, 

not repelled as in diamagnetism. When there is an external magnetic field some of the 

spins align with the field, depending on the moment of the material and the external field. 

Removal of the field enables thermal agitation to dominate which randomises the spins so 

no net magnetisation is seen. Thus by cooling a paramagnetic material the spins are easier 

to align when an external magnetic field is applied.  

 

Fig. 2.6 A schematic representing the random spin orientations seen in paramagnetic. 
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2.8.3. Ferromagnetic  

The ferromagnetic has a long range order, whereby the spins in different 

environments are aligned in parallel below the Curie temperature (Tc). This alignment is 

very strong (albeit not strong enough to form a covalent bond), and produces a large net 

magnetic moment.  

Ferromagnetic materials produce hysteresis curves, as described in 2.7, as M is 

not proportional to H. There are two types of ferromagnetic; hard and soft. The hysteresis 

loops of hard ferromagnetic are large and wide and M is still large when there is no 

applied field present, these materials are useful for permanent magnets, an example of a 

hard ferromagnetic is cobalt steel. Soft ferromagnetic have much smaller/narrower 

hysteresis loops and has a small M when there is no applied field. They vary and have a 

greater dependence on H.  

 

Fig. 2.7 A schematic showing the spin alignments in a ferromagnetic. 



33 

 

However, when Tc is reached and exceeded thermal agitation of the ions becomes 

favoured over the long range order of the magnetic moments. It is the point where a 

material loses its ‗magnetism‘ due to the randomised nature of the now unaligned 

moments and thus becomes paramagnetic. 

2.8.4 Antiferromagnetic 

In an antiferromagnetic the spins in the different environments are antiparallel 

when below the Néel temperature (TN), they are coupled using a superexchange 

mechanism (not to be confused with a double exchange mechanism which is seen in the 

coupling in Fe3O4.).  These spins are of equal size giving little overall net magnetisation, 

the magnetic susceptibility being comparable to paramagnets (see Figure 2.6) [40]. 

 

Fig.2.8 A schematic showing the ordering of spins in an antiferromagnetic. 

The superexchange sees the covalent bonding of metal ions with a bridging ligand 

which is 2-(often oxygen). The two electrons in the ligand p-orbital go to the two 

neighboring metal positive ions and give rise to the two metals having spins that are 
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antiparallel [41]. With increasing metal-ligand orbital overlap the superexchange 

coupling is stronger, but with increasing metal-ligand angles the lessening in overlap 

makes for a weaker superexchange, and as this reaches 90
o
 the superexchange 

mechanism can also cause ferromagnetic coupling, although this is far less common than 

for antiferromagnetic. Like in case of Tc, when Tn is reached the thermal agitation 

disorganizes the spins and the material becomes paramagnetic. 

2.8.5 Ferrimagnetic 

Ferrimagnetism has similarities to antiferromagnetic, whereby the metal ions in 

the two different environments are opposing, however the two environments have 

magnetic moments of different magnitudes. These results in a net magnetic moment 

being produced (Fig. 2.9). Both ferrimagnetism and antiferromagnetic were discovered 

by Louis Néel [42]. 

 

 

Fig. 2.9 schematic showing the spin alignments in a ferrimagnetic 



35 

 

Again, as seen in both ferro- and antiferro-magnetic once the temperature of a 

material is increased, the thermal energy overpowers the desire for long range order, the 

spins are randomised and the material becomes paramagnetic. This temperature is named 

the ferrimagnetic Néel temperature (TfN).  

2.9 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. Magnetotactic bacteria are perhaps the first living organisms to orient themselves 

with the earth‘s magnetic field [43]. These bacteria are known to contain aligned chains 

of magnetite particles of various shapes. There is now substantial evidence that all living 

organisms, including animals and humans, contain magnetic particles and act as magnetic 

receptors [44]. It is established that the magnetism and magnetic materials have a strong 

role to play in health care and biological applications [45-49]. Some of the early medical 

applications of magnetic materials were, for example, the removal of metallic objects 

from the body of animals and humans [50]. 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 [51-53], drug delivery [54] and magnetic intracellular hyperthermia 

treatment of cancer [55-56]. Similarly, the development of magnetically responsive 
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micro-spheres can be used in vitro to direct the particles so that they remove bound cells 

and molecules and in-vivo to target and hold the magnetic carriers at specific sites for 

applications in protein and cell separation. Further the purification of bone marrow cells 

from tumor cells using immuno-magnetic beads is also an established method in clinical 

therapy. The development of nano technology along with involvement of magnetism, 

opened new windows of sophisticated biomedical applications such as diagnostic, 

therapy etc[57]. In this article, we review some of the most recent advances in areas, 

where magnetic materials particularly when of nano size, are used in biological 

applications. Some of these are: 

- Magnetic bioseparation 

- Drug delivery 

- MRI contrast agent 

- Therapy – Hyperthermia treatment of cancer 

The section on hyperthermia would include magnetic fluid hyperthermia (MFH) 

or intracellular hyperthermia. Though the field of magnetic hyperthermia had been known 

for several decades, it came into prominence during the last ten years or so. It appears 

that this mode of treatment perhaps combined with chemotherapy/radiotherapy could 

prove one of the most suitable for cancer therapy. A more detailed discussion on 

magnetic hyperthermia for cancer therapy is included in this review. 
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2.10 Role of magnetism in biomaterials 

Magnetism has a strong role to play in some specific bioapplications. For 

example, in sorting of cells, interactions between biological cells and magnetic nano 

particles occur 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. Magnetic properties change 

dramatically when particle size reduces beyond a critical limit and goes to single domain 

and sub-domain regions. Below a critical size, it shows superparamagnetic (SP) 

properties. This is exploited extensively for magnetic bioseparation, MRI contrast agent 

and drug delivery. For bioapplications (e.gMRI contrast agent, bioseparation etc.), 

superparamagnetic particles are found superior to ferro/ferri magnetic particles due to 

absence of remanance. Since a magnetic material exhibits magnetic properties only in the 

presence of a magnetic field, in bioseparation, it can be removed from suspension by 

applying a magnetic field. After separation it is easy to redisperse it in a homogeneous 

mixture in the absence of a magnetic field [58]. 

In magnetic hyperthermia, the ferro, ferri, 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 

particle size and microstructure. Magnetic hysteresis is a useful attribute of the material. 

Hysteresis loss represents the energy consumed in cycling a material between positive 

and negative fields. The area inside the second quadrant of the loop determines the 
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energy consumed in one cycle. The hysteretic power loss of an AC device can be 

obtained by frequency multiplied by hysteretic loss per cycle. The power loss can be 

dissipated in the form of heat for hyperthermia applications. When there is a reduction in 

size these magnetic nano particles behave super paramagnetically. These SP particles 

would not exhibit hysteresis losses. But Neel relaxation in them is equally useful in 

generating and dissipating heat.  

- Magnetic hyperthermia and cancer treatment 

Heat treatment of organs or tNo.s, such that the temperature is increased to 42–

46°C and the viability of cancerous cells reduces, is known as hyperthermia. It is based 

on the fact that tumour cells are more sensitive to temperature than normal cells [59-60]. 

In hyperthermia it is essential to establish a heat delivery system, such that the tumour 

cells are heated up or inactivated while the surrounding tNo.s (normal) are unaffected. 

Though different hyperthermia techniques depend upon the heating methods used, each 

one has certain limitations. Boundary effects limit microwave, ultrasound, and RF 

hyperthermia. High frequency microwave beams have poor depth penetration and low 

frequency microwaves are difficult to focus on target areas. Though ultrasound has high 

penetration and focusing capabilities, applications are limited by strong absorption by 

bone and high reflection by air filtered cavities (lung etc.). By this technique it is difficult 

to heat up targets of high perfusion area to the desired temperature due to continuous 

dissipation of heat. Interstitial technique device is implanted into the tumour, which acts 

as a heat source by connection with external power sources [61]. In this review, however, 

we limit our discussion to only magnetic hyperthermia. 
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Magnetic hyperthermia is a technique used for cancer treatment. It is based on the 

fact that when magnetic nano-particles are placed inside an alternating magnetic field of 

high strength and frequency, heat energy is generated due to magnetic hysteresis loss 

[62]. Consequently, if magnetic nano-particles are placed inside a tumor and the tumor 

region is placed in an alternating magnetic field of a suitable frequency and amplitude, 

the tumor temperature would elevate [63]. This could destroy the tumor cells by necrosis 

if the temperature is raised above 45 °C. If the temperature is raised around 42 °C, it 

could improve the efficiency of chemotherapy [64]. Hyperthermia may kill or at least 

weaken the tumor cells [65], and is controlled for limited effects on the healthy body 

cells. Tumor cells, due to having an inefficient and abnormal blood capillary structure, 

have inefficient heat dissipating system. Hyperthermia may thus kill the cancerous cells, 

whereas healthy tissue cells are not harmed at this temperature due to the efficient blood 

capillary bed [66]. Research is in progress all over the world for the hyperthermia 

treatment of cancer. In Germany, the humans are being treated with this technique.  

Magnetic induction furnace is the particular device that is used to generate the 

high frequency alternating magnetic field to heat the materials by hysteresis and eddy 

current losses. Temperature measurements in the study of hyperthermia may be carried 

out using alcohol or optic fiber thermometers. During the calorimetric measurements, the 

temperature inside the calorimeter is not homogeneous as the colloidal solution heated by 

the external magnetic field will be undergoing convection phenomena. So shaking of the 

solution while taking measurements or averaging the temperatures can ensure a more 

accurate temperature measurement. 
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2.11 Literature Survey [67] 

Tumors occur due to the abnormal growth of cells and tissues. Nervous system 

and blood vessels are poorly developed around tumors due to which they are generally 

destroyed by the procedures involving heat treatments. Various kind of methods are 

being used for the cancer treatment such as x-rays, infrared rays, ultrasound, microwaves, 

hot water bathing, surgery, chemotherapy, immunotherapy and laser therapy etc. [67]. 

Nevertheless, the problem with these techniques is the difficulty of local regular heating 

of the tumor only, without damaging the normal tissues [68-69]. It has been reported that 

ferro/ferriimagnetic glass ceramics can heat the tumor locally under an alternating 

magnetic field, without damaging the normal tissues [70-72]. This is termed as Magnetic 

induction hyperthermia. Deep seated tumors are especially hard to be treated. Research is 

in progress on the development of suitable ferrimagnetic bioactive glass-ceramics for the 

hyperthermia treatment of cancer. These materials are especially effective in treating the 

deep seated tumors [73-75]. When implanted in granular form around the tumors, they 

bond with each other and with the surrounding tissue by forming biological 

hydroxyapatite layer . Such materials are termed as bioactive and adequate bioactivity is 

necessary for the implanting materials. Bioactivity of these materials [76-78] is related to 

calcium phosphates and calcium silicates that form the generally accepted model 

compound for bone mineral hydroxyapatite (CaOH2) in a physiological environment. The 

other salient feature of such materials is ferromagnetism/ ferrimagnetism. The magnetic 

properties in these materials arise from magnetite (Fe3O4) that is produced from the 

Fe2O3 of the starting oxides [79]. When placed under an alternating magnetic field of high 



41 

 

frequency, these materials generate heat energy by hysteresis and eddy current losses [80-

83]. The heat generated is controlled by various factors like microstructure [84] and 

composition of implant materials, frequency and strength of magnetic field and tissue 

characteristics etc. Tumor cells usually perish around 42-45 °C due to poorly developed 

circulatory system whereas healthy body cells remain unaffected at this temperature due 

to efficient heat dissipation system of blood vessels. Ferrimagnetic bioactive glass 

ceramics are potential candidates for the hyperthermia treatment of especially deep seated 

tumors [85-86].These materials have also attracted growing interest in magnetic cell 

separation [87],magnetic drug delivery [88] and immunoassay [89] etc. Luderer et al. 

[90] initially worked on lithium ferrite containing glass-ceramics in 1980‘s, to be used as 

thermo seeds for the hyperthermia of cancer but their glass ceramic was not bioactive. 

Magnetite containing glass ceramic, for the first time, was reported in 1968 by O‘Horo et 

al. [91] and later by Auric et al. in 1982 [92]. Auric et al. and Komatsxu et al. [93] 

reported that in iron oxide containing glasses, the iron existed in mainly two oxidation 

states: Fe
2+

 and Fe
3+

. These two states could give a characteristic magnetic effect. 

Ebisawa et al. [94] showed in 1991 that heat treatment of a glass of the composition 

40(FeO,Fe203)-60(CaO,Si0) (wt%) at 950 °C gave a glass-ceramic containing 36% of 

magnetite (Fe3O4) in a matrix of CaO-SiO based glass. The glass ceramics exhibited 

ferrimagnetism but lacked bioactivity. The absence of bioactivity was ascribed to the 

presence of Fe ions in the glassy matrix [94-96]. The same authors later reported [97-98] 

that even Fe2O3-containing CaO-SiO2 glass could show bioactivity if it contained some 

traces of B2O3, Na2O and/or P2O5. This indicated that the ferrimagnetic glass ceramic 
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containing Fe3O could reveal bioactivity if small amounts of these oxides were added to 

the composition of the parent glass. Meanwhile, Konaka et al. [99] prepared glass 

ceramics containing α-Fe for hyperthermia. In 2000, Lee et al. [100] investigated the 

effects of Fe states on the crystallization of Fe3O4 and dissolution behavior of the glass 

compositions in FeCaO-SiO2 system. It was found that the higher CaO content disrupted 

the crystallization of magnetite as well as the oxidation of iron, i.e., the transformation 

from Fe. A sample containing large amounts of Fe
2+

 showed the faster increase in 

temperature when the alternating magnetic field was applied. In order to use the thermo 

seed for a hyperthermia, they suggested that the composition with low CaO content was 

the most attractive. Simon et al.[101] investigated the Electron paramagnetic resonance 

(EPR) and standard photo-pyroelectric (PPE) behavior of Fe2O3-CaO-P2O5-SiOglass and 

glass-ceramic systems in 2001 in order to get information about the magnetic interactions 

between Fe ions introduced in CaO-P2O5-SiO2matrices and on the thermal diffusivity 

(α)of the samples. Arcos et al. [102] synthesized a novel biphasic material in 2002 from a 

sol–gel-derived glass (Si–Ca–P) and a glass–ceramic obtained from a melt-derived glass 

(Si–Ca–Fe). Both constituents of such a biphasic combination were bioactive, however 

having different kinetics for the growth of an apatite layer on the surface of these 

materials; only one day for the sol–gel derived glass and one month for the glass ceramic. 

The biphasic material, obtained from a mixture 1:1 of these constituents was bioactive, 

and its surface was coated after 15 days of immersion in SBF. The biphasic material also 

showed magnetic properties, useful for hyperthermia. Matsui et al. reported their work in 

1986 [103] on the mechanism of heat generation by the eddy current, which relied on the 
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magnetic field, frequency of field, permeability, resistivity and the size of the implant. 

Furthermore, in order to attain the maximum heat generation, it was crucial that the 

direction of magnetic field was kept parallel to the long axis of the implant. Fe–Pt alloy 

needles were developed based on this idea and were used for the brain-tumors treatment 

in 1989 [104] and oral-malignant cancer treatment in 1996 [105]. Mitsumori et al. [105] 

and Shinkai et al. [106] reported in 2002 an investigations using Fe as a powder implant 

coated by dextran, injected into a mouse cancer. However, curie temperature, Tc of 

Fe3O4, 858 K, was much higher than the adequate T (315-350 K) of the implant material. 

But there were many flaws in this work, e.g., high T, quantity of implant and the 

biocompatibility: It was important for the implant to be made of only biocompatible 

elements such as C, O, N, Na, Mg, Si, K, Ca, Ti, and Fe. From these viewpoints, Matsui 

et al. [107] in 2003, prepared the ceramic magnetic materials, such as (Mg, K)Fe2O4, 

(Mg, Na)Fe2O4, (Mg, Ca)Fe2O4, Mg(Ti, Fe)2O4  and Mg(Fe, Si), and the magnetic 

properties and the heat generation characteristics were investigated. It was found that 

Mg1+x Fe2-2xTixO ceramic gave some improved characteristics but ceramics were 

biocompatible, not bioactive. Kawashita et al. [108] prepared ferrimagnetic magnetite 

micro-spheres, 20–30 µm in diameter, for the first time in 2005 for in situ hyperthermia 

treatment of cancer. The micro-spheres are reported to be entrapped in the vessels bed of 

the tumors when implanted and heat tumors locally by hysteresis loss when placed under 

an alternating magnetic field. The saturation magnetization and coercive force of the 

heat-treated micro-spheres were 53 emug
–1

 and 156 Oe, respectively. The heat generation 

of the micro-spheres was estimated to be 41 Wg, under 300 Oe and 100 kHz fields. Eniu 
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et al. in 2005 [109] studied the structural effects caused by iron addition to calcium–

silica–phosphate glasses and the magnetic interactions of Fe ions of CaO–P2O5–SiO2–

Fe2O glass and glass-ceramic samples. Leventouri et al. in 2005 [110] undertook a study 

of the physical properties of ferrimagnetic bioceramics [0.45(CaO, P2O5)(0.52-

x)SiO2xFe2O30.03Na2O] and presented relationships between processing parameters, 

crystal structure, microstructure and magnetic properties of these multiphase systems. 

They further studied the effects of simulated body fluid (SBF) on the structure and 

microstructure of the same ferrimagnetic bioglass ceramics (FBC). The In vitro 

experiment illustrated that bioactivity of the glass ceramics varied with the composition, 

heat treatment, and time of soaking in SBF in a non-systematic way. A surface layer of 

Ca, Si and P partially covered the Fe, O dendrites, while arrangement and size of pores 

was determined by the specific processing parameters of the materials. Bretcanu et al. in 

2005 [111-113] prepared co-precipitation derived ferrimagnetic glass-ceramic in the 

system SiO2–Na2O–CaO–P2O5–FeO–Fe2O. The samples contained 45 wt% of magnetite 

having crystallite size of about 50 nm, homogeneously distributed in the amorphous 

residual matrix. The glass ceramic had a saturation magnetization of 34 A·m
2
/kg and 

coercivity of 6.7 kA/m. The estimated magnetic loss/cycle under the magnetic field up to 

796 kA/m was about 1.45 mJ/g. The specific power loss of this glass-ceramic under a 

magnetic field of 40 kA/m and a frequency of 440 kHz was 25 W/g. This material 

showed bioactivity, as after 2 weeks of immersion in a simulated body fluid, the 

formation of a hydroxyapatite layer on the surface was observed. This feature made it 

suitable for bone cancer as well. The authors analyzed the influence of the melting 
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temperature on the magnetic properties of these glass-ceramics [113]. The samples were 

melted at 1400, 1450, 1500 and 1550 °C for 30 min. in air atmosphere and then quenched 

onto copper plates. The highest specific power loss was obtained for the glass ceramic 

sample melted at 1550 °C (29 W/g), which had the highest hysteresis area. Dipping 1 g of 

this sample into 20 ml of distilled water, after two min. of application of the magnetic 

field, the temperature locally increased to about 41 °C. Bretcanu et al. in2006 [98] 

prepared the ferrimagnetic glass ceramic of the same composition but with the traditional 

melting method and compared with that prepared by co-precipitation method. The two 

kinds of samples showed very similar magnetic and calorimetric properties. Few 

differences in these properties could be attributed to the slightly different microstructure 

of these two groups of samples. The highest power loss (61 W/g) was obtained for 

samples (traditionally) melted at 1500 °C. 
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