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ABSTRACT 

 

Unavailability of donors for transplanting bone to help people with orthopedic 

imparities gave rise to the metal implants that could be made in factories. This 

seemed like a good solution as it was available to all the people who needed it. It 

came with limitations such as restricted movement, infection, wear and tear of the 

surrounding tissue, and rejection. Biologically active implants were introduced by 

Dr. Larry Hench in 1960s [12]. The field of regenerative medicine has been changing 

rapidly since then. Biologically active implants facilitate bone regeneration and do 

not harm the surrounding tissue in any way. The bioactive glasses when supplied 

with the growth factors help the tissue to regenerate strength of the new tissue formed 

is almost equal to and in some cases greater than the natural tissue. There are many 

variables that affect or enhance the strength and biological activity of the bioactive 

glasses. Some of these variables are: composition of the bioactive implant, 

temperature used in sintering, time of exposure. In this study we looked at effect of 

sintering temperature and exposure time on mechanical strength and bioactivity of 

the bioactive glass. It was found that, as the sintering temperature and exposure time 

increased the materials that were produced were more strong and biocompatible. 
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Chapter 1: Introduction and Hypothesis  

 

  Discovery of bioceramics in 1970 revolutionized the field of 

biomaterials. Prior to that people had to rely on orthopedic transplants or 

prosthetics in case of loss of organ of the body [1, 2]. Advent of the field of 

bioceramics led to an era of tissue engineering and regenerative medicine to 

enhance the natural process of the body [3].  

  Tissue engineering is one of the fastest advancing fields; it gives us 

a better approach for either repairing or regenerating the tissues or organs lost due 

to trauma, injury, disease, or aging [4]. Unlike the old times when people had to rely 

on available living tissue for transplant, tissue scaffolds can be synthesized using 

biomaterials, growth factors, other biomolecules, along with the cells. The growth 

factors and biomolecules guide and regulate the growth of cells around the scaffold 

there by, eliminating the necessity of surgery [5-7]. This is regenerative medicine, 

the very first study done on regeneration, was done on tracheal cells where a 78 

year old woman suffering from thyroid cancer was implanted with scaffold and 

cells. They observed that tracheal luminal surface was gradually being covered with 

new epithelial cells after 2 months. This growth continued till two years without 

any complications [8].  

  The growth factors and proteins that need to be supplied are an 

expensive process and become difficult after implanting the scaffold. Today, 

engineers have come up with a technique that involves genetic activation that leads 
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the stem cells to make the required proteins for cartilage regeneration [9]. These 

advances would not have been done without the innovative design and fabrication 

of biomaterials. Scaffold designed using new techniques follow the stringent 

requirements depending on what tissue needs to be regenerated [11]. 

  There are two categories of the bone scaffold. First one is human 

tissue derived of scaffold. These can be homologous cancellous or deminerialized 

[12]. Second category of the bone scaffolds is the medicinal devices that are 

biomaterial scaffolds. The bioactive scaffolds not only provide a 3D structure to the 

damaged tissue but also allow tissue growth at the interface. The biomaterials used 

in regenerative medicine also have a huge variety. Some of them are discussed 

here, Polymers: can be natural (collagen, fibrin, and hyaluronic acid) or synthetic 

(polypropylene fumarate, polycaprolactones, and polyactide) [13]. They have good 

osteoconduction and really good compatibility. Mechanical properties, physical 

attributes, and degradation time of the synthetic polymer are different for each 

synthetic polymer [14, 15].  Even with these advantages, polymers are not a perfect 

choice because of poor mechanical properties.  

  Metallic biomaterials are also frequently used in surgeries of 

orthopedic and dental surgeries. The metals used are stainless steel 316L, Cobalt-

chromium alloy, cobalt based alloys, and titanium based alloys [16]. The metal 

implants, unlike polymers, have very high mechanical strength but they are very 

less bio-compatible. They sometimes even release toxic ions in the human body. 

The toxic ions cause inflammatory response [17]. Other material used in the 
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orthopedic or dental surgery is ceramic. These are non metallic and non organic 

materials. They have very high compressive strength. In this study, we used water 

quenched bioactive glasses and studied effect of heat on their mechanical strength 

and compatibility. 

  Discovery of bio-glass is the remarkable event that set a turning 

point in bioceramics field. First biologically relevant bioactive glass composition 

was made by Dr. Larry Hench and his colleagues at University of Florida [19].  

Inspired by the question,” If you can make a material that will survive exposure to 

high energy radiation can you make a material that will survive exposure to the 

human body?”[18], Dr. Larry Hench and his team submitted a research proposal to 

the US army that would study the materials that would be used in place of metal or 

plastic implants [18]. 

  There are three generations of bioactive glass so far. The first 

generation of bioglass is used just to replace the damaged tissue. The bioglass 

implants in this generation are inert and cause minimal scarring of tissue 

surrounding it. More than 50 types of implants made from 40 different first 

generation biomaterials were used annually to help people in distress [20]. The 

second generation bioactive glasses had a particular composition of Na2O, CaO, 

P2O5, and SiO2 that enabled it to interact and form strong bonds with the bones and 

the surrounding soft tissue [21, 22]. 
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   The poor survivability of the first generation biomaterials was the 

main reason behind this development. By mid 1980s bioactive materials had been 

put to variety of orthopedic and dental applications [10]. Synthetic hydroxyapatite 

provides a bioactive fixation and was being used on a regular basis as porous 

implants, powders and coatings for the metallic implants [10].   

  In Medical surgery one third to half bio-inert and bioactive implants 

often fail in 10-25 years which results in corrective surgery [23]. The improvements 

made in the first and second generation biomaterials do not suffice the needs 

completely, as any man-made implant however efficient; will still lack the ability to 

receive and response to the stimuli as the living tissue [25]. In order to overcome this 

issue, third generation of bioactive materials was synthesized. Biomaterials of this 

generation are being made resorbable and the polymers used are made bioactive. 

The macoporous foams and bioactive glasses have been designed to activate genes 

that stimulate regeneration of the tissue [24]. The bioactive glasses used in third 

generation facilitate the tissue regeneration by supporting osteoconduction and 

osteoproduction [26]. 

  Forming a composition of biomaterial that has similar 

biomechanical properties to bones and has sufficient bioactivity to bind to the bone 

and the surrounding tissue has been one of the toughest challenges in regenerative 

medicine field [27].   
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We hypothesize that optimal thermal treatments will show improvement in 

mechanical properties and biological response of Bioglass 3MVIOX-V3057 similar 

to the native bone. The optimal sintering treatment will improve the mechanical 

properties such as compressive strength and density similar to the native cortical 

bone and biological responses similar to natural human trabecular bone. 
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Chapter 2: Literature Review 

 

2.1 Bone Morphology and Physiology 

  The skeletal system that supports entire structure and functionality 

of the body is an incredible system that has evolved to be as strong as cast iron yet 

as light weight as wood [28, 32]. It serves the most important function of protecting 

the delicate organs and is a reservoir of calcium and phosphorus [29]. This is 

possible due to the structure of bone that contains both flexible and rigid 

components. The flexible part of the bone is made up of mainly collagen, 

proteoglycans and number of other proteins. Inside this matrix, rigid component, 

bone mineral mostly hydroxyapatite is deposited [30].  

Broadly, bones can be classified into two types. 

1) The cortical (compact) bones: constitute of almost about 80% of the 

skeleton. They are also found in shafts of the long bones such as femur, 

tibia, radius, and on the outer surfaces of the flat bones [30]. 

 

2)  The trabecular (cancellous) bones: make up rest of the skeletal system. 

They are mainly found at the end of long bones and at the inner portions of 

the flat bones [30]. 
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  Some other components that are part of the skeletal system, 

Periosteum: is the outer membrane of the bones, except the long bones. Endosteum: 

lines the inner surface of the bones. Osteocytes: are the star shaped cells that are 

most commonly found in the mature bones. Harvesian canals: are the tubes that are 

found around the lamellae of bone along the axis. 

 

  Figure 2.1:  Hierarchical Structure of bone   [31] 

 

2.2 Bone Development and Formation 

  Bone like all the other living tissues grows and develops throughout 

human life. Bone development starts in the 10-13th week of the pregnancy [33]. The 

process of formation of the bones is called as “osteogenesis”. The process starts by 
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formation of vertebra in the fetus. The skeleton is of the mesodermal origin, and is 

usually divided in two parts: 

1) Trunk (axial) skeleton: comprises of vertebral column, skull, ribs, and 

sternum. 

2) Appendicular skeleton: that consists of limbs [33, 34]. 

 

Figure 2.2:  Bone growth initiating at the growth plates and resulting in a mature 

bone [35, 43].  

  The skeletal system grows throughout the life by process called as,   

”ossification”, (Fig 2.2) which refers to formation of new bone over the old bone 

tissue. Bones also get modeled and remodeled throughout. The process of modeling 

of bones refers to change in overall shape of the bones in response to the 

physiologic influence or mechanical forces. Modeling may lead to a gradual change 
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in the skeleton to the adjustment to the forces that it faces [32, 36]. Modeling may be 

increased because of hyperthyroidism [37], renal osteodystrophy [38], or treatment 

with anabolic agents [39]. 

  Bone remodeling is the method in which bones are renewed to 

increase the strength and mineral homeostasis. In this process, parts of the old 

bones are continuously removed and are replaced with the new tissue. Remodeling 

is observed in adults more often than modeling of bones [40]. There is a tightly 

coupled complex of osteoclasts and osteoblasts that work together in remodeling. 

Osteoclasts help in resorption of the old bone tissue [41] and osteoblasts help in 

formation of the new bone that replaces the old bone tissue [42]. 

 

2.3 Bone Natural Growth Factors 

  Growth factors are the substances or proteins are required for 

stimulation of cell growth. Some of the factors that initiate bone growth are, bone 

morphogenetic proteins (BMP), transforming growth factor β (TGF-β), Insulin like 

growth factors I and II (IGF I and II), platelet derived growth factor (PDGF), basic 

and acidic fibroblast growth factor (bFGF and aFGF) [44].  

  Each of these factors has a family of genes that are activated in 

different scenarios and that facilitate cell proliferation and cell differentiation [45]. 

TGF-β and BMPs 2-7 are subfamilies of the TGF-β family. IGFs, TGF-β and 

BMPs are made and secreted by osteoblasts. In-vivo studies show that these factors 
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increase the bone formation systemically, promote fracture healing and increase the 

growth of living tissue around the implants [45]. Out of all the growth factors BMPs 

have been extensively studied. BMPs are potent osteoinductive factors. They 

induce mitogenesis in the mesenchymal stem cells and other osteoprogenitors and 

their differentiation towards osteoblasts [46].  

  The bone scaffolds and bone substitutes that were used previously 

do not have the properties for osteoconductive or osteogenic [47]. The 

deminerialized bone matrix and collagen are the materials used in bone graft 

extension, but these materials provide minimum structural support to the bone [47]. 

HA, β-TCP and calcium-phosphate cements, and glass ceramics are used as 

adjuncts or alternative to autologous bone grafts [48]. They promote proliferation 

and differentiation of bone cells for bone regeneration. Now a day’s bioactive 

glasses that are used as scaffolds in tissue engineering are the most compatible with 

the tissue and have similar mechanical properties of the cortical bone. 

 

2.4 Mechanical Properties of Bones 

  Different types of bones play different roles in human body. These 

roles depend on their mechanical properties and cell composition. In the previous 

part we took a look at what the bones are made up of and how they develop. Now 

we will go through their mechanical properties. As mentioned in the introduction, 

bones are classified into two types. 
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  Cancellous or trabecular bones: Cancellous bones are porous and 

have many applications because of their energy absorption capabilities. Due to their 

porous nature they help in transmitting and distributing the stresses, particularly in 

vertebral column, in synovial joints, and near ligamentous and tendinous 

attachments [43-45]. The stress-strain curve reveals the materials’ tensile strength and 

other data that are required to calculate modulus of Elasticity. The stress-strain 

curve rigid plastic material and cancellous bone are almost the same, as shown in 

Fig 2.3 and Fig 2.4 the stress-strain curve follow the almost same trend [49]. The 

curve starts with an initial linear region followed by yield. After the yield point we 

can see a long plateau where the stress remains constant even when strain is 

changed. When strain is extremely high the pores start getting filled by debris and 

become rigid. This long plateau region represents higher capacity of energy 

absorption.   

  In a study done on cancellous bones, the correlation coefficient 

between compressive strength and apparent density was found to be 0.7 which is 

enough to deduce that as the apparent density increases compressive strength of the 

cancellous bone increases [50]. Similar phenomenon is observed in the bioactive 

glasses which will be discussed in later parts of thesis. Compressive strength of 

cancellous bones is mostly affected by aging. It is found maximum in the young 

adults and goes on decreasing as the age increases [50]. 
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Figure 2.3: The strain-stress curve of the rigid plastic material, apparent density 0.2 

gm/cm3 [49]. 

 

Figure 2.4: The stress-strain relationship of the cancellous bone at different 

densities [49]. 
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  Cortical bones are important because they make up about 80% of the 

skeletal system. They are found in shafts of long bones such as femur, tibia, and 

radius. They are also found on the outer surfaces of the flat bones [30]. They are 

stronger and stiffer than cancellous bones in both longitudinal and transverse 

direction. The mechanical properties are anisotropic [50]. The compression strength 

is higher than the tensile strength [50]. Cortical bones display linear elastic behavior. 

From a qualitative purpose, they break at relatively low values of strains after a 

marked yield point. Yield point was set by 0.2% offset techniques. This does not 

reflect plasticity [51].  

  Creep is the phenomenon of gradual change of the material that may 

or may not lead to permanent deformation. Creep response of the cortical bone was 

recorded for different values of stresses. When the stress is low, strain remains 

constant for most of the time and the bones do not show permanent deformation 

after unloading. For the values of stresses just above the yield point, strains remain 

same but there is a small amount of permanent deformation observed. The stress 

values well above the yield point creep increases and results in lot more permanent 

deformation [51]. The strength of these bones changes with age. There are data that 

show 2% decrease in tensile ultimate strength of cortical bones per decade [52, 54]. 

With this in mind it is intuitive that the energy required to fracture the bone per 

area is much less in the older bone than in the younger bone [53].  
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Chapter 3:  

Bioactive Glasses in Tissue Regeneration and Regenerative Medicine  

 

  Musculoskeletal diseases and deformities are one of the most 

common medical conditions globally. It results in a substantial impact on health 

and quality of life. The corrective surgeries are difficult in case of the large bones. 

It requires lot of time for healing and there is always risk of rejection and scarring 

[55].  

  Initially the grafts from a donor were used, known as allograft, but 

that would often result in rejection by the recipient. To overcome rejection of the 

allograft, grafts from the patient itself, known as autograft, were widely used. 

Autograft has a problem of its own, it needs a second incision site which increases 

scaring and risk of infection [56]. To eliminate the need of grafts from other donor or 

self, biomaterials have been used for a long time now to replace the damaged or 

diseased tissue or organ. The controlled microenvironment and proper scaffolding 

of the bioactive glasses has now led to regeneration of the tissue or organ [10]. 

Bioactive glasses are the most compatible and pose lesser risk to the patient, they 

heal faster and they also initiate bone regeneration which is definitely favorable.  

  The bioactive glasses with P2O5-Na2O-CaO-SiO2 in them form 

crystals when given a sintering. Mechanical strength of the material basically 

depends on crystallized volume fraction and crystal size. Variation in the sintering 

treatment results in different crystallized volume fraction and crystal size. Carefully 
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controlled sintering process optimum crystallized volume fraction and crystal size 

that results in increased tensile strength of the bioglass having same composition 

[51]. Crystallization also changes with the sintering treatment and the composition 

used in the process. Two different compositions were exposed to thermal treatment 

and simulated body fluid solution (SBF-K9). Increased crystalline% resulted in 

slower formation of HCA layer, but was not inhibited, which shows biological 

activity of the bioactive glasses. The rate of development of the HCA layer is much 

higher in vitro in these compositions than in commercially available biomaterials 

like synthetic hydroxyapatite ceramic, A/W glass ceramic, and other third 

generation bio-ceramics [58]. 

 

3.1 Chemical Composition of Third Generation of Bio ceramics: Bioactive Glass 

  The chemical composition of the bioactive glass plays a major role 

in its mechanical properties. Major component of the bioactive glasses is pure 

silica, followed by calcium carbonate, sodium carbonate, and sodium phosphate. 

Two compositions used in my study are: 1.07N2C3S and 1.5Na2O-1.5CaO-3SiO2 

with varying percentages of P2O5 (0, 1, 2, 4, and 6 wt %) [57]. Biological activity of 

the materials synthesized from the compositions is tested when they are implanted 

in the body. The activity is function of dissolution of ions that stimulates 

proliferation and regeneration of the tissue around the implant [10]. The rate of 

dissolution of the ions has to be optimum in order to be realistic. If the rate of 

dissolution is extremely high or extremely low they would not be effective.  
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  There are studies that show that the bone regeneration and 

proliferation of bones takes place at a significantly greater rate in presence of 

bioactive glasses than presence of synthetic hydroxyapatite [58]. These differences 

suggest that there are two classes of bioactivities, Class A and Class B [18]. Class A 

bioactivity leads to both osteoconduction and osteoproduction. This is due to the 

rapid ion dissolution properties of the material [18, 60]. Class B bioactivity leads to 

only osteoconduction, due to slower rates of ion dissolution, slower surface 

reaction, minimal ionic release, and extracellular interactions take place only at 

surface [18, 58]. 

 

3.2 Third Generation of Bio ceramics: Scaffold for Bone Regeneration 

  There are three methods that are used for manufacturing scaffolds. 

The most common one used is the formation of glass from melt-derived glass 

particle. These melt-derived glass particles are then constructed into the 

architecture that is desired. The construct is then sintered and made strong enough 

for the implantation [60]. The other, less frequently used method is called sol-gel 

processing of the solution having desired components. Recently, new method of 

electro spinning of the solution into pliable scaffolds containing nano materials is 

being used [60].  

  Melt derived glass particles can be formed via process of thermal 

bonding of the scaffolds. Pore size, porosity and pore interconnectivity are 
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important properties of the bioactive scaffolds. These properties can be altered 

using different temperatures and changing the time of exposure [61]. Another 

method of scaffold building is mixing the desired composition with a fugitive stage 

solution (like NaCl or an organic solution such as starch); this solution is later 

removed using dissolution [60, 61]. Polymer free form replication is also a technique 

used in making scaffolds [60]. This technique gives the most similar to the human 

bone microstructure to the scaffold.  

  Polymer free form replication gives the highest porosity. This 

porosity is similar to the trabecular bones [62]. Another method that is becoming 

popular is solid freeform fabrication. This method gives the most similar porosity 

and pore size. The SFF method includes designing the scaffold on the computer 

using computer aided designing software [63].  

  The less commonly used method is sol-gel processing method. In 

this method, solution is foamed using a surfactant. The foaming is followed by 

condensation and gelation reactions. This gives the structure similar to the 

trabecular bones of humans. The hierarchical pore size is beneficial in creating a 

physiological environment [60, 64]. Nanopores initiate better interaction with the 

tissue and faster HCA layer growth but they are not as strong as the melt-derived 

scaffolds [60, 65]. The recent technique uses electro spinning to create nonfibrous 

scaffolds. The goal of these scaffolds is to form a matrix of scaffold that resembles 

the extra cellular matrix structurally [66, 67]. The material formed using this electro 

spinning is later subjected to sol-gel process with an inorganic/organic solution. It 
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is then subjected to sintering [60]. The material formed after the heat exposure is 

very pliable and it has a higher degradation rate owing to the fine fiber diameter. 

This has potential applications in the regeneration of non-loaded bone and defects 

that include the healing of soft tissue. 

 

3.3 Tissues-Surface Interaction of Bioactive Glasses  

  The physical and chemical reactions that are involved in the 

implant-tissue bond formation are very well established now. These reactions are 

known as surface reactions [59]. Transition temperature of the material is defined as, 

“the range of transformation when the amorphous substance is changed into a super 

cooled liquid on heating” [68]. Many properties of the material depend on the 

transition temperature, one of them is crystallization. Crystallization will resist the 

ion exchange between the implant the aqueous phase which will slow down the 

initial interactions. There are 11 classified steps in surface reactions [68]. It begins 

with formation of SiOH bonds, followed by polycondensation of the SiOH leading 

to form Si-O-Si. Next step is adsorption of amorphous Ca+PO4+CO3; this is 

followed by formation of Hydroxyl Carbonate Apatite (HCA layer) [60, 72].  

The detailed reactions take place in following manner: 

  First stage involves rapid dissolution Na+ and K+ with H+ or H3O+, 

this interaction results in formation of SiOH (Silanols) at the interface. 

Condensation and repolymerisation of SiO2 rich layer takes place giving result to -
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Si-O-Si-O-Si-O. This step is followed by migration of Ca2+ and PO4
3- groups to the 

SiO2 rich layer forming Cao-P2O5 rich film. This amorphous layer increases in size 

by dissolving more Ca2+ and PO4
3 ions. 

  The next step in surface reactions is crystallization of Cao-P2O5 

film. This takes place by incorporation of the OH, or CO3
2- or F ions, results in 

mixture of hydroxyl carbonated apatite (HCA) layer and hydroxyl fluorapatite 

(HCFA) layer[59, 68 and 72]. These are the reactions that take place between the 

implant itself. Hereafter, the reactions taking place involve the surrounding tissue. 

The involvement of tissue is what makes the bioactive glasses a huge success in 

tissue engineering and regenerative medicine The next step involves adsorption of 

biological moieties in the HCA layer. This step is followed by action of 

macrophages, attachment of osteoblasts stem cells, differentiation and proliferation 

of the osteoblasts, generation of matrix, and last by crystallization of matrix and 

growth of bone [60, 61]. 

 

3.4 Mechanical Properties of Bioactive Glasses 

  As in the living tissue, mechanical properties of the bioactive glasses 

also depend on the composition and the treatment that the materials are subjected 

to. Mechanical properties can be altered depending on what the implant is required 

for [68]. When bioactive glass is made, there is crystallization in the material. 

Crystallization increases the mechanical strength to a greater extent [57]. The 
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mechanical strength of the bioactive glasses is representation of its density, and its 

compressive strength.  

  Compressive strength of any biomaterial is defined as the maximum 

stress a material can sustain under crush loading. The compressive strength of a 

material that shatters in compression can be defined fairly within the narrow limits 

as an independent property. However, if the compressive strength of materials does 

not shatter in compression needs to be defined as the amount of stress required to 

distort the material an arbitrary amount. Information about stress and deformation 

of materials under uniaxial compressive stresses is obtained from the compression 

test. To effectively evaluate any non linear stress behavior which may develop as 

result of cumulative damage process, uniform stress states are required. Maximum 

load when divided by the original cross-sectional area gives the compressive 

strength.  

  A study was done to investigate and compare the in-vivo response of 

the biosilicates to the response given by bioglasses [69]. Biosilicates with 

composition P2O5 - Na2O-CaO-SiO2 was implanted in rats with tibial defects. 20 

days after implanting three point bending test was performed. This test revealed a 

higher maximum load failure and stiffness in borosilicate group. These values were 

similar to the uninjured bones [69]. Biosilicate also showed more bone resorption. 

This study reveals that fully crystallized biosilicate has good bone forming and 

bonding properties [69]. 
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3.5 Factors Affecting Mechanical Strength of Bio ceramics 

  Mechanical strength of the bioactive glasses is affected by many 

factors such as porosity, grain size, temperature, inclusions, and compressive 

layers. Porosity is defined as the pore size of the bioactive material. Density and 

porosity are inversely proportional to each other. The strength of material has a 

direct relation with density, so as porosity increases, density and strength of the 

material decreases. Optimum porosity is important because porosity helps the 

implant-tissue binding by facilitating ion exchange [70].  

  Pore size, number of pores and shape of the pores present have a 

combined effect on the strength of the material [70]. Grain size is the next factor that 

affects the strength of the material. Strength of material follows a direct relation 

with inverse root of grain size (G-1/2), but that does not mean that the strength keeps 

increasing as the grain size decreases. For very fine particles, grain size almost has 

no effect on the strength [70]. Temperature plays very important role in strength of 

the material. The biomaterials when subjected to high temperatures undergo 

crystallization depending on the percentage composition. As seen before 

crystallization increases the mechanical strength to a greater extent [57, 62, and 70]. 

Addition of a compressive surface layer usually results in increased material 

strength [70]. This layer makes sure that stress that is faced by the implant is divided 

in an even way.  
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Chapter 4: Dr. Oonishi’s Experiment 

 

  The three types of implant that are used in corrective surgeries of 

orthopedic system in human beings are bioinert implants, bioresorbable implants, 

and bioactive glasses. Bioinert materials are mostly used in the cases where the 

tissue is damaged beyond repair. Bioresorbable materials are used where there is 

chance to repair or regrowth of the tissue [71]. Both these types of implants served 

their purpose, but they had increased risk of infection, longer healing time and a 

lesser functionality of the tissue. Bioactive glasses were designed with better 

solution for the problems mentioned above. 

  Dr. Oonishi and his colleagues performed a study on three types of 

implant materials. [72, 73] For testing the biological interactions of these implants, 

they damaged the tibular bones of rabbits. Three 6 mm holes were in the bones. 

These holes were filled with one type of the material respectively. Then scanning 

electron microscopic images were taken by euthanizing animals after 2, 3, and 5 

days and 1, 2, 3, 6, 12, and 24 weeks [73].  

  Alumina, Synthetic hydroxyapatite were prepared by sintering at 

1200°C in air as described previously, then was crushed into granules and was 

sieved to produce particles l00–300 µm in diameter and bioactive glass, 45S5 

Bioglass, of the following composition (45% SiO2, 24.5% Na2O, 24.5% CaO, 6% 

P2O5, all in wt %)   was   prepared   by   melting reagent-grade   chemicals   at 
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1325°C   in   a   covered   platinum   rhodium   crucible,   homogenized for 24 h, 

cast, crushed, and sieved to l00- to 300 µm particles [74]. 

  Apatite-wollastonite glass-ceramic porous granules were made by 

first mixing glass powder with a foaming agent together at a fixed ratio and the 

mixture was added into the blocks. Next, the blocks were heated at a high 

temperature to allow pores to form when the foaming agent was vaporized. This 

process induced the precipitation of apatite and β-wollastonite crystals. Afterward, 

the blocks were crushed and the resulting particles were sieved to obtain particles 

of l00–300 µm. 

 

4.1 Surface Bio Active Ceramics 

  When HAp granules of 100–300 µm in diameter were implanted, no 

osteogenesis was seen when spaces of more than 100 µm were left between 

Hydroxyapatite (HAp) granules and surrounding bone as shown in figure 4.1. 

There was no binding of HAp to bone. In the spaces with <20 µm binding of HAp 

to bone was definitely seen. To achieve sound binding of HAp and bone, the 

contact area should be extensive [75]. 
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Figure 4.1: Bone growth on HAp (100–300 µm) at 6 weeks. [Adopted 75] 

  Firm fixation is also important to establish secure contact between 

bone and HAp. When implanting HAp into the bone, it is important to pack HAp 

granules firmly into the bone. New bone tissue would not enter spaces between 

HAp granules which were separated by more than 100 mm. Between 20 and 100 

mm, large portions were not filled by bone tissues, but spaces <20 mm were almost 

always filled with new bone. When the gap between the granules is more, the bone 

formation is less. So in order to get more bone regeneration, the packing of the 

implant should be done with no gaps. 
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Figure 4.2: Bone Regeneration Healing procedure at 6 weeks with HAp in the 

trabecular bone. Reference: Dr. Wu and Rajan Pandya 

   

  When HAp granules of 10 mm were packed into bone, they were 

incorporated by 3 weeks but were lost from the trabecular by 6 weeks as shown in 

figure 4.2 and 4.3. Hence, particular care should be taken to avoid crushing the 

granules into fine powders whenever HAp granules are packed or driven into bone 

for clinical use [72]. 
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Figure 4.3: Growth on HAp (1–3 µm) at 3 weeks.[Adopted 75]  

 

  The experiments showed maximum bone regeneration in bioactive 

glasses and resorbable material, Tri-calcium phosphate (TCP) as shown in figure 

4.4 and figure 4.5. The trabecular contain small numbers of particles. The bioinert 

implant did not show any bone growth in any particle size or time period.  
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Figure 4.4: Bone growth on a-TCP (100–300 µm) at 12 weeks.[75] 

 

Figure 4.5: Bone growth on a-TCP (10 µm) at 3 weeks [75] 
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4.2 Bone Regeneration: Third generation bioactive materials 

  The zone of very fine granules around the bioglass particles was 

seen around every particle till the center of the defect. Regenerated bone was found 

on the surface of the bioglass particles till the center. Inter-particle spaces of both 

were filled by new bone trabecular to the structure as shown in figure 4.6. The 

amount of new bone in the inter-particle spaces of each type of particle increased 

[71]. 

 

Figure 4.6:  Bone growth on bioactive glasses (10 µm) at 12 weeks [Adopted 75] 
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Chapter 5:  Experimental Methods 

 

5.1 Preparation of Bioactive Glasses  

  Bioactive glasses are scaffold materials for commonly used for bone 

repair. They are most widely used because of their ability to enhance bone 

formation and bond to the surrounding tissue. Although brittle, bioactive glass 

scaffolds provide higher mechanical strength. The silicate based bioactive glass 

designated 45S5 approved for in vivo use [60]. Sintering of 45S5 particles into 

automatically relevant shapes requires temperature of ~1100ºC or higher. The high 

temperature leads to devitrification which is process of formation of a 

predominantly combined crystalline phase. Devitrification makes it difficult to pull 

the 45S5 glass into fibers. 

 The composition of “3M-Viox 3057” bioactive glass was used in this 

experiment. The materials were ordered by Dr. Larry Hench from Ceradyne, inc, 

Ceradyne, inc is a California based company that manufactures advanced ceramics 

and components [76]. The glass was prepared by melting a mixture of reagent 

grades. The water quenched granules were chopped into different sizes. In this 

experimental method ultra-bone glass composition particles (3M-Viox 3057; 

Hench et al patent) [76] were ground into smaller particles using a mortar and pestle. 

The particles were then placed in a copper sieve for one minute to separate them 

based on their size. The copper sieves used were of Hogentogler & co., Inc [77]. 

These are ordered from China. The sieves are International Standard Organization 
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(ISO) The sieve’s compartments allowed for the collection of the following particle 

sizes: >800 µm, 700µm, 650µm, 500µm, 300µm, 250µm, >250µm. Once the 

particles were ground down to their appropriate size, they were placed in graphite 

bricks (Figure 6.3).  

  The graphite bricks were ordered from Haimen Kexing Carbon Co. 

Ltd. The dimensions of the graphite bricks were standard. The dimensions were 

length 250 mm, height 124 mm, and width 40 mm. We made 24 holes, 0.5” in 

diameter and 0.75” deep. The graphite bricks have higher melting point so they can 

tolerate the sintering temperature.  The samples were weighed before and after the 

placement of the bioactive glass particles to determine the total mass of particles in 

each bulk sample. 

  The first two times we exposed the mixture to sintering, they did not 

form the plates we wanted. The graphite bricks underwent degradation in sintering 

process. To overcome this problem of graphite bricks were used with graphite 

fireboard and paper in muffle furnace. The fireboard and the paper for muffle 

furnace was bought from company Matrix, China ltd. The paper is non-flammable 

and is made from mixing binder with ceramic fibers. The paper is very smooth, and 

can be cut into any sizes as per the experiment requirements. Low thermal 

conductivity, good thermal stability, and good stability in chemistry are some of 

their features that help resist the degradation.  
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5.2 Thermal Treatments for Bioactive Glass 

  Sintering is the process of controlling both densification and grain 

growth. Bioactive glasses are highly biocompatible and exhibit a strong interfacial 

bond to bone. Their bioactivity is attributed to the formation on their surface of a 

hydroxycarbonated apatite (HCA) layer similar to the bone mineral [10]. This 

diffusion is caused by a gradient of chemical potential. There is movement of 

atoms from an area of higher chemical potential to an area of lower chemical 

potential. 

  A muffle furnace is mostly a front-loading box-type oven or kiln for 

high temperature applications such as fusing glass, creating enamel coatings, and 

ceramics. The furnace we used was Thermolyne furnace model FB1415M, which 

we got from LabX Company. The sintering process of 45S5 Bioglass powder 

(mean particle size < 5 μm) investigate by using different thermal analysis 

methods. Using heating microscopy and conventional dilatometer techniques it was 

found out that there are two major steps in sintering of the bioactive glass: The first 

stage is called the short stage, the temperature used in this stage ranges from 500–

600 °C and in the second stage or also called the longer stage, the temperature 

range is 850–1100 °C [78]. In this experiment 1100-1200 °C temperature ranged 

used for proper sintering.    

  Differential thermal analysis (DTA) technique was used to show that 

Bioglass® crystallizes at temperatures between 600 and 750 °C for 240, 360, and 

600 minutes. Na2Ca2Si3O9 showed the main crystalline phase when the samples 
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were sintered at 1150°C for 120 minutes. These results can be use for designing the 

sintering-crystallization heat treatment for Bioglass powder which is used for 

fabricating tissue engineering scaffolds with varying degree of bioactivity. 

Sintering is followed by nucleation and crystallization process.  

 

5.3 Mechanical Testing. 

  Sample preparation was a very simple protocol. 3M-Viox 3057 was 

taken. The particles at this moment were of uneven sizes. These particles were first 

ground using mortar and pestle. The ground particles were sieved using copper 

sieves. This step ensured that the particles obtained were of almost same size. The 

process of grinding and sieving was repeated many times to get sufficient amount 

of sample to fill in the graphite bricks.  

  After the samples were prepared, determination of compressive 

strength was the next step in the protocol. The compressive strength of the material 

was determined using stress-strain behavior, under monotonic uniaxial loading of 

advanced ceramics at ambient temperature. The protocol followed is specific for 

certain specimen geometries. In addition to the compressive strength, test specimen 

fabrication methods, testing modes (load or displacement), testing rates (load rate, 

stress rate, displacement rate, or strain rate), allowable bending, and data collection 

and reporting procedures are addressed. Compressive strength as used in this test 

method refers to the compressive strength obtained under monotonic uniaxial 
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loading. Monotonic loading refers to a test conducted at a constant rate in a 

continuous fashion, with no reversals from test initiation to final fracture. 

  Values expressed in this test method are in accordance with the 

International System of Units (SI) and IEEE/ASTM SI 10 [79]. 

 

5.4 Compression Test for Bioactive Glass 

  Compression test can be used for material development, material 

comparison, quality assurance, characterization, and design data generation. It also 

provides information on the strength and deformation of materials under uniaxial 

compressive stresses. The important factor to effectively evaluate any nonlinear 

stress-strain behavior which may develop as a result of cumulative damage is 

uniform stress.  

  Microcracking which may be influenced by testing mode, testing 

rate, processing or compositional effects, microstructure, or environmental 

influences needs to be eliminated. Test environment (vacuum, inert gas, ambient 

air, and so forth) including moisture content (for example, relative humidity) may 

also have an influence on the measured compressive strength. Test to evaluate the 

maximum strength potential of a material can be conducted in inert environments 

or at sufficiently rapid testing rates, or both, so as to minimize any environmental 

effects. 
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  The calculation of compressive strength of the material is based on 

the breaking force and cross sectional area of the uniaxial rod. The formula used is 

Su=Pmax/A, where  

Su= Compressive strength, MPa 

Pmax= Maximum force, N, and 

A= cross-sectional area, mm2 

 

  Instron is used to evaluate the mechanical properties of the 

materials. The mechanical properties evaluated using different tests for tension, 

compression, flexure, fatigue, impact, torsion, and hardness tests. These machines 

have sensors, which are called transducers. The energy received from the specimen 

loaded is converted by these transducers into an electrical signal. This electrical 

signal can be used as an input into the mechanical testing system. There are two 

transducers in the standard electro-mechanical testing system. One of the 

transducers measures the distance of the position of the crosshead, the second one 

is to measure the forces exerted on the specimen. An optical encoder installed on 

the motor records the movement of the crosshead. There is a strain gauge device, 

called the load cell, connected to the crosshead and is plugged into a Signal 

Conditioner Module (SCM) in the frame controller.  These transducers are used in 

determining the mechanical properties of the materials. Using the software, all the 

values can be controlled.  
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  All the parts of the system are connected to control electronics. They 

include two boards, digital signal processor board and a load conditioner board. 

There are also optional boards to control the input/output conditioner board, Strain 

1 and Strain 2 conditioner boards, and expansion board. The machine that was in 

the experiments done in this thesis is Instron E3000-5900. 

  There are a lot of types of tests that are performed by this machine. 

Some of them are to calculate tension, relaxation/creep, compression, compression 

relaxation/creep, flexure, flexure relaxation/creep, peel, tear, and friction, tension 

test profiler (Cyclic), compression test profiler (Cyclic), metals. Out of these 

method types, we concentrated on the compression strength of the materials we had 

synthesized. The parameters used for testing compressive strength are same as to 

check the tension of the material. Test control is set to preload, precycle upto 2 

cycles. The calculations involved in the compressive strengths are absolute peak, 

local peaks, preset points, user calculations, modulus (9 types), yield, (5 types), 

break (6 types), slack/compliance, correction, Poisson’s ratio, area, reduction, break 

location, seam slippage.   

  The software called Bluehill 3®. This software helps the Instron to 

receive the data and analyze it. There are various adjustments done by the 

adjustment screws can be controlled in the load frame can be preset in the software 

and the values including extension, and load that give us useful information about 

the different mechanical properties of the materials can be calculated. For the 

software to work, the transducers from load frame must already exist in the 
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software.  The values are calculated using a mathematical expression as described 

before. This software also allows the users to input the measurements. This gives 

an opportunity to create virtual values. They can be used in case where there are 

endless possible measurements. A set of all the suitable parameters such as 

specimen dimension, shape, and applied load rate are selected for testing the 

material is called a test method. Bluehill 3® enables the user to edit the previously 

saved methods or new parameters. All the parameters, including the report and 

graph set up can be changed. Once the parameters are set to desired values, testing 

can be started. 

 

Figure 5.1: Compression Test on Instron, Reference: Rajan Pandya 
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  Mechanical properties and behavior, for example, shape and level of 

the resulting stress-strain curve, compressive strength, induced bending are 

properties that will be affected by fabrication of test specimen. Fabrication can 

introduce dimensional variations which may have pronounced effects on these 

properties. Surface of the specimen were made smooth using the dremel tools. 

Determination of ultimate strength of the pristine material can be interfered by the 

machining effects introduced during test specimen preparation. The final 

compressive fracture of advanced ceramics can be attributed to the interaction of 

large numbers of micro cracks. These micro cracks are generated in the volume of 

the material and ultimately lead to loss of structural integrity. We determine that 

these micro cracks lead to fracture and breaking point is determines maximum 

compressive strength. 

 

5.5 Bioactivity Test 

 

  Most of the biological reagents used in bioactivity testing are 

hydroscopic, so the containers should be left open for minimum time and resealed 

with parafilm as soon as the required volumes are taken out. Experiments should be 

carried out in timely manner to avoid evaporation of the reagents.  

  The stains used in the bioactivity testing are eosin and methylene 

blue. Eosin is an acidic stain, which means that it binds to positively charged 

molecules or bases. Methylene blue is a cationic stain that binds to the negatively 

charged ions or acids. Eosin binds to positively charged ions that leach out from 
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samples while the HA layer forms [80]. This is the reason why there is stain bleeding 

in case of eosin. Methylene blue interacts and binds to the negatively charged 

surface of the HA layer, this is the reason why there is less stain bleeding in case of 

methylene blue [81]. 

  Tris buffer saline was prepared at room temperature. This 

experiment needs around 600 ml of tris buffer saline, which is a buffer solution 

with 50 mM Tris and 150 mM Nacl in it. Preparation of Tris buffer saline requires 

controlled atmosphere. In the preparation 3.636g of Tris and 5.256g of Nacl was 

dissolved in 510.5 ml of distill water. The pH of the buffer was adjusted using 1M 

HCL. In the end pH of the solution is 7.6. Total 89.6 ml volume of HCL was used 

in adjusting pH. 

  In-vivo analyzing of bioactivity requires animal sacrifices, are 

expensive, and involve ethics. So in-vitro was technique of staining by eosin and 

methylene blue. Cell based techniques involve more complex solutions containing 

biological moieties such as proteins. This increases complexity of the test. The rate 

of ionic release and pH increases also depends on dynamic or static method used to 

stimulate biomaterial reactivity. The Tris buffer saline has pH of 8.1 and can be 

used to buffer solutions of pH 7.1-9.1. It can be used to detect basic deposition of 

HA layer on the surface of the bioactive glasses. This is useful because the solution 

does not have any other ions dissolved in it [82].  

  All of the laboratory equipment used in this experimental set up is: 

weighing balance of Mettler Toledo Company. This weighing balance is economy 
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grade milligram balance, measuring cylinder of capacity of maximum of 220g and 

minimum capacity of 0.0001g, polypropylene containers with screw caps, orbital 

shaker of Satori Bio Company, pH strips, filter paper and funnel, drying oven, 

desiccators. Acetone was used at the end in order to stop the reaction. 

  In Bioactivity test bioglass particles of size 310 µm, weighing 75mg 

were stained with Eosin and Methylene blue. In this procedure 5 groups were taken 

to experiment for 10 minutes, 1 day, 2 days, 3 days and one group as control put in 

DI water for 0 minutes. Experiment performed in triplicates.  

  Protocol for performing staining test on 310 µm samples of 

Bioglass: Samples with 310 µm particle size show the maximum amount of 

porosity with significant compressive strength. Our goal is to find out how these 

samples react with biological environment.  

 

5.6 Staining Procedure 

  First 15 samples were weighed and put in glass vials with labels. 

Each sample was 75mg. Tris buffer was preheat at 37º C in a water bath. All the 

samples were labeled according to the 5 groups as mentioned before. In one group 

DI water was added for 0 minutes. This group is treated as our control group. 

Control samples were stored in desiccator. Other groups were labeled accordingly; 

warm Tris buffer saline was added to these groups. Tris buffer saline mimics as 

biological fluid. Different group samples are put in the orbital shaker at room 

temperature and the shaker is set at 120 rpm.  
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  To start the staining process 15 bioglass samples were weighed 

(75mg each) and put in 15 small glass vials. The samples were clearly labeled. 

Next Tris buffer saline was preheated to 370 C. The sample put in DI water was 

used as control. After that, 5 ml preheat pre-warmed Tris buffer saline was added to 

all the bioglass samples. After adding pre-warmed Tris buffer saline, samples were 

put in an incubator shaker with 120rpm at 370 C. Then, samples were filtered at end 

of each designated time point (10 minutes, 1 hour) using funnel and filter paper. 

Next step was to remove all the absorbed salts by washing the samples with DI 

water. Before leaving the samples, in an incubator at 370 C for drying, acetone was 

added to the vials to stop the reaction.  

  All the samples were later divided in two parts. This was done by 

weighing the dried samples and making exact halves if the weight. The dried and 

divided samples were added to 96 cell culture disk. Adding the stains to the divided 

samples was the next step. One part of the sample was stained with eosin and the 

other one was stained with methylene blue. The stain was left there for 10 minutes. 

After that 200 µl DI water was added to all the wells to wash the unbound stain. 

Water was left in the wells for about 1-2 minutes and then all the liquid was pipette 

out. The samples were washed with water several times to remove all the excess 

stain. Next, the images of the samples were taken using digital camera. Lastly, the 

plate containing sample was covered with aluminum foil and stored in the 

desiccator. 
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   After the reaction was stopped, all the three samples of the 

group were left in the incubator to dry at room temperature at 37º C for 30 minutes. 

Dried samples were put in the 96 cell culture disk. Next all the samples were 

stained with Eosin. The stain was allowed to sit for 10 minutes, the samples were 

kept as it is and the staining process was observed.  200 µl of DI water was put in 

each of the wells of 96 cell culture disk for 1-2 minutes. DI water was used to wash 

stain. All the liquid was pulled out of the well. The same wash was done several 

times until no stain bleeds out from the samples. Photographs of the stained 

samples were taken from a digital camera.  

  Same procedure was repeated for methylene blue. The plates 

containing samples were covered with aluminum foil and stored in a desiccator. 

Significant results were found out using the digital images of the stained samples. 

We checked expression of the stains eosin and methylene blue in the samples. 

Eosin binds to the cations leaching from the HCA layer show less staining. 

Methylene blue binds to the negatively charged HCA layer and shows more 

staining. 
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Chapter 6: Results and Discussion 

 

  The microstructure and mechanical properties of the bioactive glass 

in this study shows significant improvement in compression test. Density 

measurement of bioactive glass improved significantly with improvement of the 

nucleation in the samples. Staining pattern observed in bioactive glasses was 

similar to the staining pattern in the biological substances. 

 

6.1 Sintering Of Bioactive Glasses  

  Sintering shows both densification and grain growth. Sintering is 

performed on the bioactive glasses to increase the mechanical strength of the 

sample and control the porosity of the sample. First step in the sintering was to 

optimize the temperature and time of sintering in order to achieve the required 

porosity and mechanical strength.    

   Before optimization, all the samples were prepared with 

temperature range 6700C to 7500C. In this procedure all the granules from V3037 

samples glass frits weighed approximately 1 to 2 g of glass frit and the granules 

were placed into a ceramic boat for heat treating. 3 to 5 small piles of glass frit 

were put in the boat. Distance was maintained between each pile so that they do not 

flow together. Samples were heated for 10, 20, and 30 minutes.  
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  The materials were inspected for adhesion into a sintered mass that 

still has a high volume fraction of porosity. The temperatures ranges used were 

5500C, 5900C, 6700C, 6900C, 7100C, 7300C, and 8500C temperatures were used. 

All of the temperature ranges showed partial sintering in the samples. Muffle 

furnace was used in this experiment. All the samples came out with low sintering 

behavior. As you can see in the figure 6.1.  A batch of 10 samples was used in the 

early sintering process to quantify the sintering behavior in the samples with 

temperature range up to 7500C. Results from previous experiments show very low 

sintering behavior with all the temperature ranges. 

          

 

Figure 6.1: Partial Sintering Behavior of Bioactive glasses  

(Temperature Range: 550 0C -850 0C; Time 192 minutes Followed by 68 minutes). 
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Table 6.1: Summary of the sintering behavior of the bioactive glass V3057 samples. 

Bioactive 
Glass 

Ceramics 

Form 

Temperature Time Strength Sintering 
 

Comments 

Powder 810-8400C 40 Low 

 

 

Yes 

Getting 
sintering but 

shrinking. 

 

Powder 810-8400C 50 Low Yes 
Getting 

sintering but 
shrinking. 

Granules 

(310 µm) 
810-8400C 40 Very High 

Yes 

 

High sintering 
and Nucleation 

Granules 

(710 µm) 
810-8400C 40 High  Partial  

Intermediate 
Sintering and 

High 
Nucleation  

Granules  

(870 µm) 
810-8400C 40 High  Partial  

Intermediate 
Sintering and 

high Nucleation 

Granules  

(310) 
770-8000C 30 High  Yes  High sintering 

and Nucleation 

Granules  

(710) 
770-8000C 30 Intermediate Partial 

Intermediate 
Sintering and 

High 
Nucleation 

Granules  

(870 µm) 
770-8000C 30 Intermediate Partial  

Intermediate 
Sintering and 

high Nucleation 

Granules 

Uneven size   
750-7900C 90 High Partial 

High sintering 
and Nucleation 

but breaks 
apart  
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  Granules V3037 were sorted into some particle size range using 

sieves. Four particle sizes were selected including 250 µm, 310 µm 600 µm and 

800 µm.   All 15 samples prepared in the furnace and heat treat at 5500C for 192 

minutes followed by 34 minutes at 6500C (3 samples were removed immediately 

after nucleation and crystallization process; 3 more at 38 min; 3 more at 43 min, 3 

more at 48 min, 3 more at 53 minutes.) This heat treatment showed nucleation and 

grain growth in small crystals in the macro-porous compacts and thereby increased 

their strength. This procedure showed partial sintering in the particles. Fig shows 

partial sintering behavior. Muffle Furnace does not give constant temperature for 

set value. Example:  When you set to 7500C its goes till 7900C and get back to 

7500C. So there is a considered window for temperature range.  

  After trial and error method, the optimum temperature and time for 

bioactive glass V3057 water quenched samples was found to be 11000C and 60 

minutes in kiln furnace. Samples prepared with optimum time and temperature 

shows significant amount of strength with high porosity. Fig 6.2 shows sintering 

behavior of bioactive glass.  

  This experiment of bioactive glass with ceramics boats showed 

significant sintering but with little strength. The main problem with ceramic boat 

was that the samples were getting stuck to the wall of ceramic boat. The samples 

could not be taken out from the ceramic boats. Results can be seen in Fig as it was 

broken in pieces. To overcome this problem graphite cylinder was used. And later 

on graphite brick was used for the perfect size of bioactive samples. 
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Figure 6.2: Significant Sintering but with low strength Bioactive glass samples. 

   

  The first batch of bioactive glass V3057 water quenched prepared in 

graphite bricks showed perfect sintering behavior with very high strength and also 

relatively high porosity. Samples came out without sticking to graphite brick's wall. 

Fig 6.3 shows the significantly improved results of sintering treatment with 

graphite bricks. 

  The samples prepared in ceramic boats were stuck to the ceramic 

boats after sintering. For the further analysis by Instron and SEM, we need smooth 

surfaces which are obtained by dremel tools. The dremel tools that were used in 

this experiment were diamond dremel tools of model DREMEL4000. They are also 

known as rotary tools. To avoid the problem of samples getting stuck to the 

ceramic boats, we used graphite bricks. The samples did not stick to the walls of 

graphite bricks and came out as a whole block. Taking out the sample blocks from 

the samples was also very easy.  
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Figure 6.3: Perfectly sinter bioactive glass sample; Graphite brick. 

   

  All the samples cut in different sizes using dremel tools. The 

diamond dremel tools help in giving a smooth surface for further analysis to be 

done by Instron and scanning electron microscope. The cut samples were placed in 

the ceramic boat and then weighed using the digital weighing balance. The least 

count of this balance was 0.001 gm. Width, length, and height, were used to 

calculate the volume of the samples. To measure these values, a digital vernier 

caliper was used. Figure shows the vernier caliper. The volume calculated from the 

vernier caliper readings and mass measured by the weighing balance was used to 

calculate the density of the sample with different sizes was calculated by dividing 

the volume by mass. Density affects all the other mechanical properties such as 

modulus of elasticity, and tensile strength of the bioactive glass materials [83].   
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  As we had hypothesized, there is a significant change in the 

mechanical strength of the bioactive glasses when sintering treatment is changed. 

This can be seen in the images and the table 1.  

 

6.2 Scanning Electron Microscopy Analysis 

  Scanning electron microscopy was performed on three samples of 

each particle size to identify differences in pore sizes and degree of sintering. Once 

we had the sintered particles, we coated them with gold nanoparticles using Denton 

Vacuum Desk III sputtercoater. The protocol followed for this process is listed 

below. 

  First step in the coating process of the materials was to open the 

shutter of the coating chamber of sputtercoater. Next, the specimen already on the 

stub was placed on the stage inside the coating chamber and covered. After 

covering the coating chamber VACCUM was selected from SYSTEM 

OPERATIONS drop down menu. Next step was to turn on ROUGH PUMP. Before 

turning the GAS VALVE from the VACUUM screen, cover of the chamber was 

pressed down till the pressure began to decrease. The pressure was allowed to come 

down till 50 mTorr. The pressure at this step should be less. The less the pressure, 

stability is more. The coating gets better with more stable pressure. After GAS 

VALVE was turned on, the pressure was allowed to stabilize in between 65-70 

mTorr. Before setting sputter time, TIMED SPUTTER was selected from 
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SYSTEMS OPERATION. Next, the sputter time was turned on. As soon as it was 

turned on, HiVoltage box was checked immediately, the current was between 20-30 

mAmp. The graph on the right hand of the HiVoltage box read below 75%. So the 

SPUTTER process was left to run for the desired time. After the time got over, the 

process stopped automatically. Next ROUGH PUMP was turned off by returning to 

the VACUUM screen. Lastly, cover was opened and specimens were taking out 

after waiting for about 30 sec. 

  These particles were later observed using backscattered scanning 

electron microscopy using JEOL-JSM6380 LV scanning electron microscope. The 

resolution of the JSM-6380 microscope is 3.0 nm. It is therefore called high 

performance. It is also low cost equipment, compared to other microscopes with 

similar features. The machine can be intuitively operated because of the 

customizable GUI. The software used in this SEM is called Smile Shot™. This 

software ensures optimum operation settings. The specimen chamber of JSM-6380 

can accommodate a specimen of up to 6-inches in diameter. Auto focus/auto 

stigmator, auto gun (saturation and alignment), and automatic contrast and 

brightness are some of the standard automated features of this microscope. 

  Eucentric stage and conical lens are some of the other distinguishing 

features of JSM-6380. Multiple options that increase versatility give JSM-6380 a 

broad spectrum of applications. Other highlights of JSM-6380 include: fast, 

unattended data acquisition (with optional stage automation), smart settings for 

common samples, streamlined design, compact footprint, customized toolbars for 
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repetitive functions, enhanced imaging, super conical lens. Images of each sample 

were taken at 30X, 60X, and 110X magnifications. Images were taken of the top, 

bottom, and internal surfaces of each sample. 

  Density and grain size can be controlled by sintering. Diffusion of 

the atoms through the microstructure leads to sintering. SEM image analysis uses 

different magnification for quantification of bioactive glass images. Higher 

magnification shows clear but small amount of sintering between particles. 

  The small size particles Ultrabone glass 250 µm show good amount 

of sintering at optimum temperature and the sintering time, which can be analyzed 

using SEM. The figure 6.6 shows backscattered SEM images of the bottom surface 

of the sample.  

  In figure 6.6(A) it can be seen that, the particles of size 250 µm that 

have been treated at 1000-10200C. The particles have sintered together in a very 

less amount because the time of exposure was only 60 minutes.  Figure 6.6(B) 

shows the particles of size 250 µm that were treated at 1000-10200C. The particles 

were exposed to the thermal treatment for 60 minutes. These samples were exposed 

to nucleation and crystallization thermal treatment. The temperature and time 

exposure used for this thermal treatment was 5500C for 192 minutes, followed by 

6600C for 68 minutes. As it can be seen in the figure 6.6(B) there is good amount of 

sintering between particles. 
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  Figure 6.6(C) shows the particles of size 250 µm that were treated at 

1000-10200C. The time of exposure was increased to 120 minutes. Nucleation and 

crystallization thermal treatment was applied to these samples. The temperature and 

time exposure used for this thermal treatment was 5500C for 192 minutes, followed 

by 6600C for 68 minutes. After this treatment as it can be seen in the figure 6.6(C) 

there is a little increment in the amount of sintering between particles than the 

previous treatment. Figure 6.6(D) shows the particles of size 250 µm that were 

treated at 11000C. The particles were exposed to the thermal treatment for 120 

minutes. These samples were then exposed to nucleation and crystallization thermal 

treatment. The temperature and time exposure used for this thermal treatment was 

5500C for 192 minutes, followed by 6600C for 68 minutes. Particles shown in the 

figure 6.6(D) show very good sintering, but the porosity of the samples is lost to a 

greater extent making it less compatible with the fracture site. 

  The small size particles Ultrabone glass 250 µm show good amount 

of sintering at optimum temperature and the sintering time, which can be analyzed 

using SEM. The figure 6.7 shows backscattered SEM images of the internal layer 

of the sample. 
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Figure: 6.6 SEM Back scatter bottom surface images for 250 µm particle size  

   

  In figure 6.7(A) we can see, the particles of size 250 µm that have 

been treated at 1000-10200C. The exposure time for these samples was 60 minutes. 

The particles, as seen in the diagram, did not sinter together at all.  Figure 6.7(B) 
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shows the particles of size 250 µm that were treated at 1000-10200C. The particles 

were exposed to the thermal treatment for 60 minutes. These samples were exposed 

to nucleation and crystallization thermal treatment. The temperature and time 

exposure used for this thermal treatment was 5500C for 192 minutes, followed by 

6600C for 68 minutes. Even after applying the crystallization and nucleation 

thermal treatment to the samples, there was no sintering observed. 

  In figure 6.7(C) we can see the particles of size 250 µm that were 

treated at 1000-10200C. The time of exposure was increased to 120 minutes. 

Nucleation and crystallization thermal treatment was applied to these samples. The 

temperature and time exposure used for this thermal treatment was 5500C for 192 

minutes, followed by 6600C for 68 minutes. After this treatment as it can be seen in 

the figure 6.7(C), there is little amount of sintering in the internal layer of the 

sample, which shows sintering goes to internal layers with increase in temperature 

and time of exposure. 

  Figure 6.7(D) shows the particles of size 250 µm that were treated at 

11000C. The particles were exposed to the thermal treatment for 120 minutes. 

These samples were then exposed to nucleation and crystallization thermal 

treatment. The temperature and time exposure used for this thermal treatment was 

5500C for 192 minutes, followed by 6600C for 68 minutes. Figure 6.7(D) is used to 

compare the amount of the sintering in the other samples. The internal layers show 

lesser amount of sintering than the outer surface of the sample. Sintering behavior 

of the sample decreases as we go towards the inner surface of the sample. This 
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behavior is similar in the cortical bone; this was shown in Dr. Oonishi’s paper. The 

bone regeneration of the bone is the maximum on the outer surface of the bone [75]. 

 

Figure: 6.7 SEM Back scatter internal images for 250 µm particle size 

Fig A Fig B Fig A Fig B 
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  The size particles Ultrabone glass 310 µm were subjected different 

sintering temperatures. The figure 6.8 shows backscattered SEM images of the 

bottom surface of the sample.  

  Figure 6.8(A) shows the particles of size 310 µm that have been 

treated at 1000-10200C. There is very little amount of sintering is seen in these 

samples because the time of exposure was only 60 minutes.  In the figure 6.8(B) we 

can see the particles of size 310 µm that were treated at 1000-10200C. The particles 

were exposed to the sintering thermal treatment for 60 minutes. These samples 

were exposed to nucleation and crystallization thermal treatment. The temperature 

and time exposure used for this thermal treatment was 5500C for 192 minutes, 

followed by 6600C for 68 minutes. There is more sintering seen in these samples. 

We can also see nucleation in these samples. 

  Figure 6.8(C) shows the particles of size 310 µm that were treated at 

1000-10200C. The time of exposure was increased to 120 minutes. Nucleation and 

crystallization thermal treatment was applied to these samples. The temperature and 

time exposure used for this thermal treatment was 5500C for 192 minutes, followed 

by 6600C for 68 minutes. After this treatment as it can be seen in the figure 6.8(C) 

there is good amount of sintering between the particles. Large particle size leads to 

high porosity of the materials. Figure 6.8(D) shows the particles of size 310 µm 

that were treated at 11000C. The particles were exposed to the thermal treatment for 

120 minutes. These samples were then exposed to nucleation and crystallization 

thermal treatment. The temperature and time exposure used for this thermal 
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treatment was 5500C for 192 minutes, followed by 6600C for 68 minutes. Particles 

shown in the figure 6.8(D) show very good sintering also, unlike in the particle size 

250 µm, porosity of these materials is good. This size will allow good bone 

regeneration. 

 

Figure: 6.8 SEM Back scatter Bottom Surface images for 310 µm particle size 
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Figure: 6.9 SEM Back scatter images for rapid-slow cooling (Particle size 250 µm) 

   

 The size particles Ultrabone glass 310 µm were subjected different sintering 

temperatures. The figure 6.10 shows backscattered SEM images of the internal 

layer of the sample.  



 

Page | 58 
 

  Figure 6.10(A) shows the particles of size 310 µm that have been 

treated at 1000-10200C. There is no sintering is seen in these samples because the 

time of exposure was only 60 minutes. In the figure 6.10(B) we can see the 

particles of size 310 µm that were treated at 1000-10200C. The particles were 

exposed to the sintering thermal treatment for 120 minutes. These samples were 

exposed to nucleation and crystallization thermal treatment. The temperature and 

time exposure used for this thermal treatment was 5500C for 192 minutes, followed 

by 6600C for 68 minutes. There is no sintering seen in these samples. There is 

enough porosity in these samples for it to grow, but due to low sintering, strength 

of the bone is less. 

  Figure 6.10(C) shows the particles of size 310 µm that were treated 

at 1000-10200C. The time of exposure was increased to 120 minutes. Nucleation 

and crystallization thermal treatment was applied to these samples. The temperature 

and time exposure used for this thermal treatment was 5500C for 192 minutes, 

followed by 6600C for 68 minutes. Even after the nucleation and crystallization 

thermal treatment there is no sintering seen in the internal layers of the surface. 

Figure 6.10(D) shows the particles of size 310 µm that were treated at 11000C. The 

particles were exposed to the thermal treatment for 120 minutes. These samples 

were then exposed to nucleation and crystallization thermal treatment. The 

temperature and time exposure used for this thermal treatment was 5500C for 192 

minutes, followed by 6600C for 68 minutes. This is the magnified image for figure 

C. In this figure we can see little amount of sintering. This shows that nucleation 
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and crystallization thermal treatment has effect on sintering in the internal layer of 

the samples. 

 

Figure: 6.10 SEM Backscatter Internal Images for 310 µm particle size 



 

Page | 60 
 

  The figure 6.11 shows backscattered SEM images of the bottom 

surface of the sample with particle size 250 µm and 800 µm. All of these samples 

were also subjected to nucleation and crystallization thermal treatment.  

  Figure 6.11(A) shows the particles of size 250 µm that have been 

treated at an increased temperature range 1100-11500C. The particles have sintered 

together completely. Porosity is very less in these samples, which means it has very 

high density. Figure 6.11(B) is a magnified image of figure 6.11(A). We can clearly 

see higher level of sintering. 

  In figure 6.11(C) we can see the particles of size 800 µm that were 

treated at 1100-11500C. The time of exposure was increased to 120 minutes. 

Samples were subjected to following nucleation and crystallization thermal 

treatment, 5500C for 192 minutes, followed by 6600C for 68 minutes. After this 

treatment as it can be seen in the figure 6.11(C) there is high amount of sintering 

along with very good porosity. The combination of good sintering and higher 

porosity facilitates better bone growth. Figure 6.11(D) is the magnified image of 

the figure 6.11(C). We can clearly see the results discussed in 6.11(C) 



 

Page | 61 
 

 

Figure: 6.11 SEM Back scatter images for 250 and 800 µm particle size 
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6.3 Bioactivity Test (Evaluation of Compatibility) 

 

  Any Tissues in biological body which takes up stains are 

called chromatic. More generalized staining properties, such as acidophilic for 

tissues that stain by acidic stains (Eosin), basophilic when staining in basic dyes, 

and amphiphilic that can be stained with either acid or basic dyes. 

Chromophobic tissues do not take up colored dye readily. 

 

Figure 6.12. Digital Image of Bioactive glass ((3M-Viox 3057)) stain with Eosin 

  Digital images show results for eosin staining from the bioactive 

glasses ((3M-Viox 3057)). The control samples do not show any binding with 

biological stain. It indicates that HCA layer forming does not take place in 

those samples. 
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  The samples that were taken at 10 minutes time show similar eosin 

staining as in the control samples. It shows that during first 10 minutes in buffer 

solution samples HCA layer formation does not take place.     

  The 1 day and 2 days Samples shows similar and higher intense 

eosin staining when compared to 10 minutes samples. It indicates formation of 

HCA layer as time progresses. 

  The selective blue coloration develops with exposure to air (oxygen) 

and can be fixed by immersion of the stained specimen in an aqueous solution 

of ammonium molybdate. Vital methylene blue was formerly much used for 

examining the innervations of muscle, skin and internal organs. 

 
Figure: 6.13 Digital image of bioactive glass ((3M-Viox 3057)) stain with 

Methylene Blue 
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  Methylene blue is more intense biological stain. In 10 minutes 

samples should show higher intense stain expression compare to 1 day and 

following 2 and 3 days. According to this experiment it shows very less difference 

between samples. 

  It is very difficult to differentiate stain expression of Methylene blue 

with naked eyes. From all the staining experiments done it is evident that the 

sintering affects the biological activity of the bioactive glasses. 

 

6.4 Compression Test (Evaluation of Strength) 

  In this experiment five samples for each particle size were subjected 

to compressive strength testing using the INSTRON machine. The 3 KN load cell 

was used to test the compressive strength of each sample. Each sample was placed 

between the compression plates as the top plate was lowered until it touched the top 

of the sample. The rate of compression of 1.0 N/second was placed on each sample 

until the sample reached its ultimate compression strength value at failure. Graphs 

of compression strength (MPa) vs. time and Load (N) vs. time were plotted for 

each sample. 

  In compression test four different group of bioactive glass with 

different particle size tested and they shows excellent compressive strength. The 

group with 800 µm particle sizes prepared in optimal temperature and time has 

compressive strength approximate 9 MPa. According to the hypothesis, as the 
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particle size decreases compressive strength increases.  This can be seen in the 

results with particle size 250 µm, maximum compressive strength of 23 MPa was 

seen. In the samples treated before, compressive strength of 2, 2.7, 4 MPa was also 

observed. But the highest value of the compressive length was 23 MPa. The 

samples that we used in this study were cylindrical. The volume of the samples is 

required to calculate density of the material. The volume was calculated using πr2h. 

Value of π was taken as 3.14, “r” stands for radius of the circular surface of the 

cylinder, “h” stands for the height of the cylinder. 

Table 2 Density values of bioactive glass samples 

Particle 
size 

Um 

weight of 
sample 

g 

Height 

cm 

diameter 

cm 

Surface 
area 

cm2 

Volume 

cm3 

DENSITY 

g/cm3 

 

800 3.2814 1.693 0.55 7.45571 1.60809 2.0405 

650 2.945 1.56 0.55 6.87006 1.4817 1.98749 

310 2.66 1.43 0.54 6.15875 1.30943 2.0315 

250 2.866 1.339 0.53 5.63776 1.18103 2.4266 

  Initially we used particle size of 250 µm temperatures from 650-

8000C. In this temperature range, we did not get any sintering in any samples. The 

samples treated at this temperature were very brittle and would disintegrate very 

easily. This is supported by the SEM image for this test [Figure 6.6(A)]. Later we 

increased the temperature to 1000-10200C. When the samples were treated at this 

temperature, sintering was better than the previous temperature, but the sample was 



 

Page | 66 
 

in the form of rectangular block and it got stuck to the walls of the ceramic boats. 

This is also seen in the SEM image of [Figure 6.6(C)].  Dremel tools were used to 

cut the samples out from the ceramic boats. The samples taken were loaded on 

Instron and mechanical properties were recorded. As seen in the figure 6.14, the 

compressive strength for this treatment was found to be 5.32 MPa, which shows a 

strong material stress-strain curve. 

 

Figure 6.14 shows Compressive strength curve for 250 µm particle 

  Next particle size chosen for tests was 310 µm. These samples were 

first sintered at 1000-10200C. In this we got good sintering, the compressive strenth 

was found to be 4.43 MPa (Figure 6.15A). The same sample was subjected to 

11000C for sintering. The samples were not subjected to nucleation. The samples 

still showed increased Compressive strength, 13.65 MPa (Figure 6.15B)  
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Figure 6.15(A) compressive strength versus load graph of the particle size 310 µm 

   

  The sample particle size for the following figures was 650 µm. The 

sintering was done at 1000-10200C. This temperature was found to be optimum and 

showed good sintering. There were two parts of the sample. One part was not 

subjected to the nucleation thermal treatment, the other one was subjected to the 

nucleation thermal treatment. The samples after the thermal treatments were 

analyzed for its mechanical strength using Instron. Graphs in figure 6.16A) and 

6.16(B) were plotted using compressive strength and load values. As seen from the 

graph the material that was subjected to the nucleation thermal treatment showed 

higher compressive strength (4.87 MPa) than the one that was not nucleated (2.287 

MPa). 
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Figure 6.15(B) compressive strength versus load graph of the particle size 310 µm 

sintered at 11000C 
   

 

Figure 6.16(A) Compressive strength versus load graph of the sample not subjected 
to nucleation. 
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Figure 6.16 (B) Compression versus load curve for particle size 650 µm. subjected 
to nucleation thermal treatment. 

 

  The next test includes sintering of the particle size 250 µm at 

11000C.  These particles were then analyzed using Instron. The compressive 

strength for these samples was found to be the highest (22.47 MPa) as shown in 

figure 6.17. Even after having the maximum compressive strength, these particles 

are not a good candidate for bone regeneration because there is a loss of porosity to 

a greater extent. Good sintering and no porosity can also be seen in the SEM image 

of this treatment [Figure 6.6 (D)]. There is a drop in the compressive strength of the 

sample; it is because when Instron was applying load there was a crack in the 

sample. The crack did not break the material completely, just introduced a sudden 

drop in the value of compressive strength. 



 

Page | 70 
 

 

Figure 6.17 Compressive strength versus load graph for particle size 250 µm at 

11000C 

        

Figure 6.18 Error in measurement 

 

ERROR!! 
 

Error in Measurement Represented by 
crack in Specimen 
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  The figure 6.18 represents the error in our measuring protocol. 

When the readings were taken for the first time there was no connection between 

the load plate and transducer. As we can see for the red line, compressive strength 

reaches 136 MPa in only 100 N. After this error was corrected we got normal 

compressive strength value of 5.59 MPa. It shows good amount of compressive 

strength in this graph as the load on the specimen is increased. The internal force of 

the material opposes the external load applied load, so the curve should increase 

exponentially. There is a sudden decrement seen in the figure at 1000 N. The 

compressive strength starts increasing again; this shows error in the measurement. 

This error is physically represented by a big crack in the specimen. 

  After experimenting with the different sintering temperatures we 

came to conclusion that 11000C was the optimum temperature for good sintering, 

porosity, and mechanical strength. The sintering treatment at 11000C gives 

maximum sintering, increase in density. Increment in the density leads to increased 

compressive strength that is closer to the cortical bone. After finding out the 

optimum temperature we changed the size of the particle keeping the temperature 

constant at 11000C.  The samples treated under these conditions, were analyzed 

using Instron and the graph of compressive strength versus load were plotted 

[Figure 6.19-6.22]. 

  The particle size used to plot this graph is 800 µm. The particle size 

was higher size so the materials sintered well when exposed to high temperature. 
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Strength increased with the sintering treatment. Maximum strength was found to be 

9.2 MPa as shown in figure 6.19. The density of these samples was 2.0405 g/mm3. 

 
Figure 6.19 Compressive strength versus load graph for particle size 800 µm at 

11000C 

 

  As in Fig 6.20 shows the particle size used to plot this graph is 650 

µm. The particle size was higher size so the materials sintered well when exposed 

to high temperature. Strength increased with the sintering treatment. Maximum 

strength was found to be 11.9 MPa. The density of these samples was 1.98749 

g/mm3. These samples had the lowest strength.  

  As in Fig 6.21 shows the particle size used to plot this graph is 310 

µm. The particle size was higher size so the materials sintered well when exposed 

to high temperature. Strength increased with the sintering treatment. Maximum 
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strength was found to be 12.89 MPa. The density of these samples was 2.0315 

g/mm3. 

 
Figure 6.20 Compressive strength versus load graph for particle size 650 µm at 

11000C 
 

 
Figure 6.21 Compressive strength versus load graph for particle size 310 µm at 

11000C 
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  As in Fig 6.22 shows the particle size used to plot this graph is 250 

µm. The particle size was lower size so the materials sintered well when exposed to 

high temperature. Strength increased with the sintering treatment. Maximum 

strength was found to be 24 MPa. The density of these samples was 2.4266 g/mm3.  

 

 

Figure 6.22 Compressive strength versus load graph for particle size 250 µm at 

11000C 

  The graphs plotted with the help of the data collected from the 

experiments done on the samples sintered using different sintering treatments show 

that there is a significant difference in the density and compressive strength. This 

further helps us prove the hypothesis. 
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CONCLUSION 

  In this study, Ultrabone glass composition 3MViox-3057 (Hench et. 

al patent) glass frit was exposed different sintering treatment. The exposure 

temperature and time were differed, and it was observed that there is change in 

porosity, density, mechanical properties. The crystallization and nucleation 

improve the mechanical properties, but affect the surface bioactivity of the samples.  

There are two aims stated at the beginning. First aim is to get 

mechanical properties identical to the cortical bone; second aim was to get 

biocompatibility similar to bioactive glasses 45S5. Shape and size distribution of 

the particle and the inclusion distribution in the matrix play an important role in 

enhancing the mechanical properties of the bioactive glasses. Platelet or particle or 

even powder form of the bioactive glasses are often used as bone defect filler or 

dental implants, cranial, and maxillofacial reconstruction. Ongoing transformation 

in the glass structure influences the sintering behavior of the 3MViox-3057. In this 

process three stages were identifies. First stage of rapid densification takes place 

from 550-6700C. The samples pile up together, show very less sintering and did not 

come out as a whole block. This takes place when glass-in-glass phase separation 

and crystallization takes place. When the temperature is increased to 670-9000C, 

better sintering is observed. To begin with the samples were treated at a low 

temperature range 550-800 C. In these samples, very less amount of sintering was 

observed. The temperature was then increased up to 900 C, at this temperature 

partial sintering was observed with rapid and slow cooling techniques. The third 
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and important stage of the densification takes place above 9500C. After increasing 

the temperature to 1000-10200C, sintering was found to be better than the previous 

temperatures. At this temperature, the sintered particles stuck to the walls of the 

ceramic boats. The particles did not come out as one block and hence, could not be 

used for further mechanical testing. To overcome this problem, walls of the ceramic 

boats were coated graphite spray. Graphite spray did not help with the particles 

getting stuck so, instead of ceramic boats, graphite bricks were used. Using 

graphite bricks helped removing the samples but sintering was not that good. The 

densification occurs faster at the temperatures above 10000C. The density of sample 

increases very rapidly; which leads to increase in the compressive strength. In the 

paper published by Dr. Dutta and Bose, they show how the density of the sample 

increases with the temperature [84]. We got similar results with our materials. In the 

figure 9, of the paper published by Hashmi, M.U et. al., we can see the density 

versus graph that also shows the similar results as what we got [85]. Rapid increase 

in the compressive strength can be seen in figure 6.13 and 6.14(A). These figures 

show the effect of sintering temperatures on the strength of the bioactive glasses. 

Good sintering was achieved at 1100 C.  At this temperature, the sample particle 

size was too low (250 µm). Low particle size resulted in low porosity; Figure 6.21 

shows the effect of the sintering temperature on the compressive strength of the 

bioactive glasses (23 MPa), but figure 6.11(B) shows how the samples loose 

porosity. After the particle size was increased and treated at 1100 C good porosity, 

density, and good compressive strength was obtained. Figure 6.18 shows the how 
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sintering leads to compressive strength (9.2 MPa) with the large particle size 800 

µm. Figure 6.11(D) shows how the samples also remain porous.  

   There are three categories of the biological stains. Acidic stains that 

stain the acidophilic tissues, basic stains that stain the basophilic tissue and 

amphophilic the tissues that can be stained by both acidic and basic stains. The 

second aim of the study was tested using biological stains namely, eosin and 

methylene blue. In this process eosin is the acidic stain and methylene blue is the 

amphiphilic stain. These biological stains bind to the Hydroxy Carbonate Apatite 

layer. The bioactivity of the bioglasses could be substantially suppressed by 

crystallization. The amount of the amorphous phase retained by the bioactive glass 

affects the ability of the bioactivity to form HCA layer. The glassy phase that is 

abundantly immersed in the simulated physiological solution will promote the 

formation of HCA layer on top of the silicon rich layer. In almost completely 

crystallized material, only a silica rich material was observed. This suggests that 

there is precipitation of the apatite depending on the presence of residual glassy 

phase in the bioactive glass. Samples used for bioactivity tests were treated at 

1000-10200C. Eosin binds to the cations leaching from the HCA layer and 

methylene blue binds to the negatively charged HCA layer. From the staining tests 

performed on these samples we got that eosin and methylene blue stain the samples 

significantly. The staining of these samples is shown in the figures 6.12 and 6.13. 

The samples were stained with eosin using the protocol explained in the methods, 

the samples that were stained for 10 minutes showed almost same intensity of 
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staining as in the control. The samples taken out after 1 day and 2 days showed 

increased intensity of staining. Lack of staining in the 10 minutes sample and 

increased staining after 1 day and 2 day respectively indicates HCA layer formation 

took place. The samples were also stained with methylene blue. Methylene blue is 

more intense biological stain. The samples taken out after 10 minutes should show 

more staining than the ones that were taken out after 1 day, 2 day, and 3 day period. 

The stain expression of methylene between different samples did not show much 

difference. But the expression of methylene blue is difficult to examine, as they 

showed very less difference. Other techniques used to quantify the bioactivity are 

Fourier Transform Infrared Spectroscopy (FTIR), cell based proliferation technique 

[86, 87, and 88]. Hench hypothesis states that even if the composition of the bioactive 

glasses is changed, there is some formation of the HCA layer [83]. Dr. Larry Hench 

proposed a hypothesis,” Even though the composition of bioactive glasses 

synthesized is quite different, it seems that the mechanism of HCA formation 

involves some specific steps that are analogous for all of them”. 3M-ViOx-3057 

follows the Hench hypothesis [83, 84]. There is activity seen when the eosin is used, 

but it is very difficult to detect the bioactivity without FTIR, cell based 

proliferation technique. The particles were temperature above 11000C for more 

than 120 minutes sintered well. The compressive strength increased to greater 

extent. The dramatic increase in the compressive strength of the particles came 

along decreased biocompatibility owing to the inner matrix phase. This can be seen 

in the figure 6.11. 
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  Bioactive materials have been used to suffice the need of tissue 

replacement for a long time now. Evolving techniques have made these materials 

more versatile and their utility has increased a lot. The third generation bioactive 

glasses are now a day porous and activate genes that stimulate tissue growth. The 

heat treatment that was used in the experiments I performed was observed to 

enhance the porosity, and compatibility of the bioactive glasses till a level that they 

enhance the regeneration of the living tissue. The mechanical properties of the 

bioactive materials when subjected to the sintering treatments were increased to be 

similar to the cortical bones; which allows the bioactive materials to fill the defects 

in the bones. The next improvement that will lead to a great improvement of the 

bioactive glasses in incorporation of the nano particle scaffolds that mimic the extra 

cellular matrix of the tissue. 

  According to the hypothesis, “different thermal treatments will show 

improvement in mechanical properties and biological response of these of 

Ultrabone glasses 3MVioX-V3057. The sintering treatment will improve the 

mechanical properties similar to the natural cortical bone”, thermal temperatures 

selected have an effect on sintering. Changes in the sintering change the 

densification of the material. The densification improves the compressive strength 

of the materials. The maximum compressive strength was seen at the optimal 

temperature and optimal exposure time. As we do not have the X-Ray diffraction 

facility at our institute, we had to take help of crude methods of detecting 

bioactivity. Further investigations using Raman spectroscopy on the results 
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obtained from eosin and methylene blue bioactivity test need to be done in order to 

have correct quantification of the bioactivity [89].  
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FUTURE DIRECTION 

  The amount of the sintering increased every time temperature and 

time of exposure was increased. But porosity needs to be controlled too. For future 

studies, we would like to find an optimum temperature for sintering and still be 

able to maintain the porosity for the particle sizes 600 µm and 800 µm. The 

compressive strength of the material that we have to achieve is 50 MPa. This is the 

compressive strength equivalent to the transverse cortical bone strength. We would 

also like to study the samples we made using X-Ray crystallography techniques. 

The X-Ray crystallography is based on the diffraction of the X-Rays. It is used to 

measure the size of the particle, depending on the amount of diffraction, and angle 

of diffraction. This will give us a better view of the bioactivity of the material. The 

glass that was immersed abundantly in the simulated physiological solution helped 

the formation of HCA layer on the surface of the silicon rich layer. In case of the 

completely crystallized materials, only silica rich layer was observed. This suggests 

that, in bioactive glasses, the precipitation of the apatite depended on the presence 

of residual glassy phase. Increasing the sintering temperature above 12000C 

3MViox-3057 lost its crystalline structure and melted completely. Using larger 

particles and treating them in the temperature range of 1000-11500C would help us 

overcome this problem. Using this strategy, we hope to get better sintering, 

porosity, and biocompatibility. 

  Tension test is the most common type of the test used to measure the 

mechanical properties of the materials. It gives us information on the strength of 
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the materials. It is also an acceptance test for specification of the materials. Tensile 

strength, yield strength or yield point, elastic modulus, percent elongation and 

reduction in area are some of the major parameters that describe the stress-strain 

curve. This testing technique also gives information on toughness, resilience, 

Poisson’s ratio. The next part of the future goals include, checking the tensile 

strength. 

  The next goal to be achieved in future is to check tensile strength of 

the bioactive materials. Tensile strength can be checked using the same instrument 

Instron and the bluehill software. The shape and tensile strength of the material is 

important because we have to avoid the samples from breaking and fracture within 

the area that is being gripped. The cross sectional area of the material should be as 

low as it can be. 

  The most important property of the materials is the modulus of 

elasticity. It describes its stiffness. The modulus of elasticity can be calculated 

using stress/strain. The values of stress and strain can be obtained from the tensile 

curves and can be applied to calculate the modulus of elasticity.  
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