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CHAPTER-I

INTRODUCTION

Food security means to have a dependable and constant access for all people to an adequate

supply of healthy food that satisfies their nutritional needs and preferences in order to lead active

and healthy lives 1. A prosperous nation requires a reliable access to food on daily basis. Food

security is composed of three essential elements: food availability, food access, and food

utilization. Hazards such as; Climate change, Increased population, and Pest attacks may affect

the food availability and access.

Pest attack is the major cause that leads to the reduced productivity of field crops and stored

grains. The word ‘Pest’ is derived from a Latin word ‘Pestis’ which means Plague. ‘Pest’ is

defined as an insect or any other organism that causes damage to crops, stored products and

animals. An insect reaches the status of a pest when its population increases to an extent that it

causes a significant loss of economy. Pests cause major damage to stored seeds, pulses and

cereal grains etc. Some pests attack and damage the cultivating crops while some feed upon the

stored grains and contaminate them.

Storage insect pests are of two types; Primary storage pests (internal & external feeders) and

Secondary storage pests (damage already damaged or broken grains). Some major primary

storage pests are; Rice weevil (Sitophilus oryzae), lesser grain borer (Rhyzopertha dominica),

Angoumois grain moth (Sitotroga cerealella), Pulse beetle (Callosobruchus chinensis), Tamarind

beetle (Pachymeres gonagra), Sweet potato beetle (Cylas formicarius), Potato tuber moth

(Phthorimaea opercullela), Red flour beetle (Tribolium castaneum), Khapra beetle (Trogoderma

granarium) etc. Major secondary storage pests are; Saw toothed grain beetle (Oryzaephilus

surinamensis), Long headed flour beetle (Latheticus oryzae), Flat grain beetle (Cryptolestus

minutas), Grain mite (Acarus siro), Rice moth (Corcyra cephalonica) etc.

Among all, T. castaneum causes the most damage to Cereal items such as; grain, flour, porridge

oats, and rice bran etc. It is a cosmopolitan pest which is found worldwide. Temperature of 35°C

and 60–80% relative humidity is considered ideal for the development of each stage of its life

cycle. Life cycle of red flour beetle comprises of four major stages; Egg, Larva, Pupa, Adult. The

females of T. castaneum produce about 300-400 eggs in 4-5 months of their life span. After

about 3 days of egg laying, eggs hatch into larvae and feed upon flour during different instars.



After a number of molts, an inactive stage occurs which is known as Pupa. It does not show

feeding and moving activity during this stage. Sometimes, the pupa forms a cocoon like structure

around its body. The developing organism inside the cocoon undergoes certain changes in

morphology. After a few molts, a completely viable and actively feeding adult emerges out. It is

reported that approximately 5–15% of the total weight of all grains, oilseeds, and pulses is

damaged by adult T. castaneum.2 These can cause economic loss and may also lead to food

scarcity. Pest status of T. castaneum as a stored grain and milled product of wheat has been well

established. Information’s regarding developmental stages and life historyhelps in manoeuvring

infestation led by T. castaneum (Herbst). The adult insect is of tapering form, tiny, flat, reddish

brown beetle with antennae ending in abrupt clubs. Adults and grub are active whole year and

these stages cause damage. From eggs to adult stage is completed in 50 days. An adult

female lays about 300 eggs in pits, cracks and crevices in the soil or in cavity in the grain.

When eggs are freshly laid, they are very small and white in colour, but they become bright red

before hatching. Hatching takes 3 to 8 days, more eggs hatch in low humidity than higher. The

grub covered with fine hairs is yellowish white and it has six legs. The young caterpillar makes,

it way into the grain through some crack or hole in it. Larval instars are six in number and larval

period lasts for 21 -28 days. When it is fully developed, it starts pupating, at the expiry of 3 to 10

days, adult comes up. Adults are 3.5mm long and 1.2mm in width. A generation of this insect

takes 80 to 125 days to cover life span subjected to the effect of climate. 4 to 7 generations of

them may evolve in a year. These beetles have chewing mouth parts but do not bite or sting. It

spends whole life outside the grain kernels. It has high reproductive potential and breed through

the year in warm area. T. castaneum pest status is considered as secondary, requiring prior

infestation by an internal feeder. Adults and larvae cause serious damage to stored grains. The

larvae feeds upon endosperm of seed, leaving only the seed coat. The seed thus completely

loses itsviability as well as its nutritive value. So the grain is rendered unfit for human

consumption. Larvae also produce a large quantity of whitish powdery excreta, which makes the

grain more dusty and imparts an unpleasant smell. The use of insecticides is first line of defence

in controlling the insect pests. Although, Insecticides and pesticides are applied to crops and

stored grains in an effort to decrease the economic losses. A pesticide is defined as any substance

or a mixture of a number of substances, expected to prevent, repel, destroy or mitigate a pest.

Before 1947, few synthetic insecticides used in crop protection were stomach poisons based on



heavy metals such as lead and arsenic, which killed only if eaten, were known as first –

generation insecticides. Some botanical extracts, such as rotenone and pyrethrum, both of which

quickly degrade in the environment, were also used. After Second World War varieties of

artificially synthesised compounds were recognised. These, were effective in killing insects by

mere physical contact known as second- generation insecticides, beginning with DDT in 1947

and these often killed natural enemies more efficiently than they killed targeted pest, are known

as wide spectrum insecticides. Generally chemical insecticides like melathion, fenitrothion,

permethion, deltamethrin, cypermethrin have been used as grain protectant for stored grain.

These are hazardous, being toxic to the flora and fauna of the ecosystem and also leading to

abiotic and biotic environmental polluation. Insecticide was entering in the food chains and bio-

magnification took place at different trophic levels. They indirectly increased the cost of

application, pest resurgence and ability to develop resistance to insecticides. In addition to

control an insect or pest, these chemicals also possess some negative impacts on humans. These

impacts include; skin irritability, irritation in eyes, painful breathing, and prolonged contact of

pesticides may lead to death of human beings. Pesticides in water supplies also have negative

impacts on ecosystem. According to good agricultural practices (GAP), a legally authorized

maximum concentration of pesticide residue after its use is known as Maximum Residual Limit

(MRL). It aims to observe and prevent any unacceptable harm to human health. This

concentration is expressed in milligrams per kilograms (mg/kg). If a residual level crosses

standards of MRL, the pesticide/insecticide is no more permitted to be sold, imported or exported.

Hence, an alternative and healthy approach is required to prevent the postharvest losses and

health hazards. Plant extracts are considered suitable for this purpose. A variety of plant-based

extracts are utilized to combat insects that affect the stored grains, due to their insecticidal and

fragrant repellant qualities. Plant extracts such as oil, methanol, ethanol & hexane extracts are

used to control pest attacks in households. There is a wide variety of plants that possess repellent

and insecticidal properties against the insect pests of stored grains. Plants include; Azadirachta

indica (Neem), Tamarindus indicus (Tamarind), Cucumis sativus (cucumber), Psidium guajava

(guava), Artemesia vulgaris (common mugwort), Murraya koenigii (curry leaves), Prosopis

juliflora (kikar), Matricaria chamomilla (chamomile), Solanum sisymbriifolium (red buffalo- bur)

etc. One of the plants that is significant both commercially and physiologically is M. koenigii.

This plant belongs to Rutaceae family and it is indigenous to Sri Lanka, India, and other south



Asian countries. It is an edible, therapeutic and a good source of vitamins A, B, C, and vitamin

E3-7. It is also known as "curry-leaf" tree worldwide and “Mitha Neem” in northern states of

India. M. koenigii is an unarmed, semi-deciduous, aromatic shrub. It has glabrous, imparipinnate,

highly scented leaves, a thin but robust wooden stem, and dark grey colored bark on

branches. Leaflets are gland-dotted, alternating, short-stemmed, and highly aromatic, with nine

to twenty-five or more. When leaves mature, they contain 63.2% moisture, 1.5% total nitrogen,

6.5% fat, 18.92% total sugars, 14.6% starch, 6.8% crude fiber, ash (13.16%), 1.35 % acid-

insoluble ash, 1.82% alcohol-soluble extractive, 27.33% extractive at cold water (20˚C), and a

maximum of 33.45% extractive at hot water 8. In former studies, insecticidal activities of plant

extract of M. koenigii against Bemisia tabaci, C. chinensis is reported. The main objective of this

research is to investigate the effect of an aq. extract of M. koenigii against the storage pest of

wheat i.e., T. castaneum. This study may report about the significant repellent and insecticidal

activities of this plant extract against red flour beetles and was conducted during 2024 with

following objectives:

(i) To study the toxicity of aqueous extract against Adults of T. castaneum

(ii) To study the toxicity of aqueous extract against Larvae of T. castaneum

(iii) To repellency percentage of aqueous extract against adults of T. castaneum

(iv) To study the Residual toxicity of aqueous extract
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ABSTRACT 

 

The journey of ordinary glass to bioactive glass change the direction of modern 

biomedical studies. The first 45S5  active glass invented by Larry hench around 50 

years ago which was bio compatible and bioactive and able to make bonds to bones by 

the formation of hydroxyapatite layer. 

Over the years many other bioactive glasses were composed for purpose of innovation 

biomedical application such as tissue repair, drug delivery, dental filling and cancel 

treatment. Many of today researches were unthinkable when the first bioactive glass 

were introduced to the world. That is the reason researchers are still trying to achieve 

the full potential of bioactive glass by facing future challenges such as fast 

degradability, mechanical strength, Reliable coating and Multiple properties 

performance. 

 

This papers represent the whole journey of bioactive glass from ordinary glass, current 

status and future challenges. 
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INTRODUCTION 

1. Introduction                            

The journey of glass to bioactive glass is a great revolution in the field of glass and 

biomaterials. Centuries have spent in scientific discoveries and technology 

advancements. It begins with the ancient art of glass making, back then the glass were 

used only for particular purposes such as decoration, jewellery making, arrow head, 

containers and knives. 

 

As the time progressed, lots of researches have done. Industrial revolution played a 

crucial role in advancement of glass and production techniques. Advancement like mass 

manufacturing and creation of glass on the large scale in possible easy way by different 

techniques and refinement of glasses. 

 

In mid 20th century the field of bio material was exploring materials capability with the 

human body. In 1960 a young scientist named Larry hench successfully combined both 

the fields and introduced a special type of glass which was biomaterial biocompatible 

and bioactive. The name of the glass is "BIOACTIVE GLASS" changed the entire 

journey of a bio materials. The composition of bioactive glass resembled with the 

composition of human bones which makes it more compatible for human body, 

bioactive glass encourage the formation of hydroxyapatite layer, So it is use as implant 

device on the place of damage bones. 

The earliest application of bioactive glass is in the field of dentistry. Today we are using 

bio active glasses as dental filling, implants.  

Over subsequent decades bioactive class application found beyond dentistry such as 

ability to support cell growth, tissue regeneration and replacement of Cancerous tissues 

(commonly bones), bioactive glass in drug delivery system and spinal cord repair. 

The future challenges is of bioactive glass could enhance its Mechanical properties, 

Reliable bioactive coating, Refined manufacturing, Fast degradability and multiple 

properties performance while maintaining bio compatibility and bioactivity. 
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CHAPTER – 1 

GLASS 

2. DEFINITION OF GLASS 

"Glass is an organic product of fusion which has been cooled to a rigid condition 

without crystallization" 

Glass is amorphous, hard, brittle, translation or translucent, super cooled liquid of 

infinite viscosity having no definite melting point and obtained by fusing a mixture of 

silicates or borates with sodium, potassium, calcium and lead. 

❖ Super cooled liquid. 

❖ Hard rigid, transparent or Translucent, brittle. 

❖  Non crystalline substance with no definite melting point 

❖ It has very high viscosity which prevents Crystallization. 

❖ Chemically it is a fused mixture of silicate of alkali and alkaline earth 

compounds and other Constituents like CaO, MgO, SnO, PbO, etc. 

Ordinary glass composition :     Na2O. CaO. 6SiO2 

Properties of glass : 

1. Amorphous solid. 

2. No definite melting point. 

3. Brittle in nature. 

4. Soften on heating. 

5. Bad conductor of heat and electricity. 

6. Can absorb, reflect and transmit light. 

7. Not affected by chemicals. 

 

 

Elements used in manufacturing of glasses : 

72% SiO2 

13% Na2O 

2%  Al2O3  

12% CaO 

1% minors 
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Composition of glass 

 

2.1 HISTORY OF GLASS   

Obsidian, a natural volcanic glass, served as primitive tools and adornments for stone 

age people. Although Pliny credited Phoenician merchants in Syria with creating the 

first glass around 5000BC, archaeological evidence points to Eastern Mesopotamia and 

Egypt [1] as the origins of man-made glass around 3500BC. The initial glass vessels 

emerged circa 1500BC. Over the next 300 years, the glass industry experienced rapid 

growth, followed by a decline. It revived in Mesopotamia around 700BC and in Egypt 

during the 500s BC. For the next 500 years, Egypt, Syria, and surrounding regions were 

glass manufacturing hubs. 

 

Initially, glass production was slow and challenging due to small furnaces with 

insufficient heat. In the 1st century BC, Syrian craftsmen introduced the blow pipe, 

revolutionizing glassmaking by making it easier, faster, and more cost-effective. While 

stone age people used obsidian, black volcanic glass, for tools and ornaments, Venice 

became a prominent glassmaking center during the Crusades. The first U.S. glass 

factory emerged in Jamestown, Virginia, in 1608. 

 

The late 19th century marked a surge in glass development, driven by machinery 

advancements. In 1959, Sir Alastair Pilkington introduced the revolutionary float glass 

production, still constituting 90% of flat glass manufacturing today. 
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2.1.1Chemical composition of oldest glass  

The most familiar and historical oldest type of manufactured glass are “silicate glass” 

Based on the chemical compound silica (Silicon dioxide or quartz). The primary 

constitution was sand, sodium carbonate (Soda), limestone (Chalk) Over centuries, 

Various civilization refined glass recipe introducing additives like potash or lead oxide 

for introducing different properties. 

In 17th century, George Ravenscroft Added led to create lead glass which enhanced the 

clarity of the glass [2].  

Today innovations Continue with smart glass Incorporating technology for dynamic 

transparency. The advanced manufacturing technique, recycling efforts and a focus on 

sustainability Shape the modern glass industry from smartphone of architectural 

marvels glass remains an integral part of our lives. 

 

2.1.2 Evolution in the types of glass 

The evolution of glass types spans thousands of years, showcasing human ingenuity 

and technological advancements. The journey begins with the oldest known glass, 

dating back to around 3500 BCE in Mesopotamia. 

 

Ancient Glass: 

Ancient civilizations like the Mesopotamians and Egyptians discovered the art of 

making glass by heating a mixture of silica, soda ash, and lime. This resulted in basic 

glass objects, primarily beads and small vessels. The technique spread across cultures, 

with the Romans advancing glassmaking, introducing blown glass around the 1st 

century BCE. 

Medieval Stained Glass: 

During the medieval period, stained glass gained prominence. Artisans created intricate 

windows for cathedrals, using colored glass pieces assembled into stunning designs. 

This process involved hand-blown glass, giving each piece a unique character. 

Renaissance and Venetian Glass: 
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The Renaissance brought a renewed focus on craftsmanship, and Venice became a hub 

for glass innovation in the 13th century. Murano glassmakers refined techniques, such 

as crystalline glass and millefiori (a thousand flowers) patterns. The Venetians also 

mastered the art of clear glass mirrors. 

Industrial Revolution and Crown Glass: 

The 18th century marked the Industrial Revolution, impacting glass production. Crown 

glass, made by blowing a large bubble and spinning it into a flat disc, became popular 

for window panes. This method persisted until the 19th century. 

Early Modern Advancements (1600 CE - 1800 CE): 

The 17th and 18th centuries marked a period of increased glass production. Improved 

kilns and the use of lead oxide contributed to the creation of lead glass, renowned for 

its brilliance and optical properties. Glassmaking centers, such as Murano in Venice, 

became hubs of innovation and craftsmanship. 

Industrial Revolution Impact (1800 CE - 1900 CE): 

The Industrial Revolution brought about a revolution in glass production. The invention 

of the glass bottle machine in 1903 marked a significant milestone, streamlining the 

manufacturing process and enabling mass production of glass containers. This period 

saw glass becoming an integral part of daily life. 

Mid-20th Century Modernism (1900 CE - 1950 CE): 

The mid-20th century witnessed the influence of modernist design on glassware. Artists 

and designers embraced minimalist forms, exploring new shapes and functions. The 

development of studio glass art in the mid-20th century allowed individual artists to 

express their creativity in unique and innovative ways. 

 

Contemporary Glass (1950 CE - Present): 

In the latter half of the 20th century and into the 21st century, glass has evolved with 

cutting-edge technologies. Tempered and laminated glass have become standard in 

architecture and automotive applications, providing safety and durability. Artists 
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continue to push the boundaries of fused glass techniques, creating stunning works of 

art with intricate patterns and textures. 

Smart glass : The smart glass was a great revolution in the history of glass it has 

adjustable transparency energy efficient and modern aesthetic but the cost of 

manufacturing is really high [3]. 

Fiber glass : Fiber glass is lightweighted strong corrosion Resistance the strength of 

fiber glass is really good the fiberglass were more expensive than traditional glass [4]. 

Colored glass : It is aesthetic, solar heat reduction it alters natural light and has limited 

transparency. 

In conclusion, the evolution of glass types is a rich tapestry of human innovation, artistic 

expression, and technological progress. From the ancient origins of basic glassmaking 

to the contemporary fusion of art and science, glass continues to captivate and inspire 

across cultures and centuries. 

 

2.2 Principle of Glass formation 

The principle of glass formation involves the rapid cooling of molten material to 

prevents its molecule from arranging into a crystalline structure resulting in an 

amorphous, glassy state [5]. This prevents the atoms from settling into a regular pattern 

and characteristic of crystalline solid, The principle of glass formation is rooted in the 

kinetic and thermodynamic aspect of material behaves during cooling. When a 

substance transition from a liquid to a solid state it typically forms a crystalline structure 

where atom or molecule arrange in a repeating pattern glass however defies this 

conventional solid state order.  

The key lies in the rapid cooling bend a molten material is cooled quickly, its 

constituents particles lack sufficient time to arrange into order structure of a crystal. 

Instead, particles become “Frozen” in a disordered random arrangement. 

This rapid cooling prevents The system from reaching its equilibrium state, Where 

particle would have arranged themselves into a crystalline structure imparts unique 

property to glass such as transparency and the absence of the distinct melting point is 
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also grants glass its amorphous nature making it more flexible and less brittle compared 

to crystalline solid. 

In summary, The principle of glass formation involves manipulating the cooling 

process to hinder the formation of crystalline structure resulting in an amorphous solid 

with distinctive properties that find application in various industries from window to 

optical fiber. 

2.2.1 Manufacturing of glass 

Glass manufacturing involves melting raw materials like silica, soda ash, and limestone 

at high temperatures. The molten glass is then shaped through processes like blowing, 

pressing, or drawing before undergoing annealing to relieve stress. Further treatments 

like coating or cutting may follow. 

1. Raw Material Selection: 

The main raw materials include silica (sand), soda ash, and limestone. Other additives 

may be used depending on the desired properties of the glass. 

 

2. Batching: 

Precise proportions of raw materials are mixed together. This mixture is known as the 

batch. 

 

3. Melting: 

The batch is then fed into a furnace and heated to extremely high temperatures (around 

1700°C). This heat causes the raw materials to melt and form molten glass. 

 

4. Clarification: 

Any impurities or bubbles present in the molten glass are removed or reduced through 

processes like settling or the addition of refining agents. 
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5. Forming: 

The molten glass is shaped into the desired form. This can be done through various 

techniques such as blowing, pressing, rolling, or drawing. 

 

6. Annealing: 

The formed glass is slowly cooled in a controlled environment to relieve internal 

stresses. This process ensures uniform thickness and strength. 

 

7. Cutting and Finishing: 

After annealing, the glass may undergo cutting, polishing, or other finishing processes 

to achieve the final product specifications. 

 

8. Inspection: 

The finished glass is inspected for defects or imperfections. Quality control measures 

are taken to ensure the glass meets specific standards. 
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Steps of formation of glass 

Why annealing is important? 

Annealing is the process of cooling down the molten slowly and gradually. It is 

important when we discuss the manufacturing the glass because if we cool down the 

molten instantly than the outer layer of the glass will be cool down but the inner layer 

will remain hot and this temperature difference creates internal strain in the glasses. 

This internal strain can result into sudden breaking of glass and also 

decrease the durability [6]. 

 

2.3 Different techniques of formation of glass  

There are various techniques and method use in formation of glass 

Some of the most used methods are: 
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1) FLOT GLASS METHOD:  In the process the molten glass is powdered onto a 

pool of molten tin, forming a continuous ribbon that is gradually cooled and 

solidified resulting in a flat and uniform glass sheet. 

 

2) SOL- GEL METHOD: This involves the chemical synthesis of glass from a 

solution that undergoes a gelation process to form a three dimensional network 

which is then heated to produce solid glass [7]. 

 

3) VAPOUR DEPOSITION METHOD: Thin layer of glass can be deposit onto a 

substrate using technique like chemical vapour deposition (CVD) or physical 

vapour deposition (PDV). This method allows the precise control over thickness 

and properties. 

 

4) MELT-QUENCHING METHOD: The melt-quenching method involves 

heating a material to its molten state and then rapidly cooling it to create an 

amorphous or glassy structure instead of a crystalline one. This process is 

commonly used in glass formation for various materials like metals, polymers, 

and oxides. It allows the material to bypass the regular crystallization process, 

resulting in unique properties such as transparency and increased hardness. 
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CHAPTER – 2 

BIOACTIVE GLASS 

3.1 BIOMATERIALS 

“The natural or man-made materials which are used to replace the function of living 

tissues known as bio materials”  [8]. 

Biomaterials are substances engineered to interact with biological systems, serving a 

crucial role in various medical and healthcare applications. These materials play a 

pivotal role in the development of devices, implants, and drug delivery systems. The 

design of biomaterials involves careful consideration of their compatibility with living 

tissues, promoting desired biological responses while minimizing adverse reactions. 

 

One primary category of biomaterials includes polymers, either natural or synthetic. 

Natural polymers, such as collagen and hyaluronic acid, exhibit biocompatibility but 

may lack mechanical strength. In contrast, synthetic polymers like polyethylene and 

polyurethane offer tunable properties but may trigger immune responses. The balance 

between these factors is crucial for successful biomaterial development. 

 

Metals, another class of biomaterials, find application in orthopedic implants due to 

their mechanical strength. Titanium and stainless steel, for instance, are commonly used 

in joint replacements. However, concerns about corrosion and potential toxicity 

necessitate careful selection and surface modification to enhance biocompatibility. 

 

Ceramics, including hydroxyapatite and alumina, are employed in bone grafts and 

dental implants. Their bioinert nature can be advantageous, but efforts to enhance their 

bonding with surrounding tissues continue. Composites, combining different materials, 

aim to leverage the strengths of each component while minimizing weaknesses. For 

instance, combining polymers with ceramics can produce materials with improved 

mechanical properties and biocompatibility. 
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Biomaterials are extensively used in the field of tissue engineering, where the goal is to 

create functional biological substitutes. Scaffolds made from biomaterials provide a 

framework for cells to grow and organize into tissues. Biodegradable polymers, like 

polylactic acid, are often used to construct such scaffolds, gradually breaking down as 

new tissue forms. 

 

In drug delivery, biomaterials enable controlled release of therapeutic agents. 

Nanoparticles, micelles, and hydrogels made from various biomaterials can encapsulate 

drugs, protecting them from degradation and ensuring targeted delivery to specific 

tissues. This enhances treatment efficacy while minimizing side effects. 

 

Biomaterials also play a crucial role in regenerative medicine, aiming to restore 

damaged tissues and organs. Stem cells combined with biomaterial scaffolds offer a 

promising avenue for tissue regeneration. The biomaterial provides physical support, 

while the cells contribute to the formation of new tissue. 

 

Despite the advancements, challenges persist in the field of biomaterials. Immunogenic 

responses, degradation issues, and the need for long-term stability pose ongoing 

research challenges. Innovations in surface modifications, nano-structuring, and 

bioactive coatings are continuously explored to address these issues and improve the 

performance of biomaterials in clinical settings. 

 

In conclusion, biomaterials represent a diverse and evolving field with applications 

ranging from medical implants to drug delivery and tissue engineering. As technology 

advances, the development of biomaterials continues to be driven by the pursuit of 

materials that seamlessly integrate with the complexities of the human body, facilitating 

better therapeutic outcomes and improving the quality of healthcare. 

Biomaterials can be classified into several types based on their origin, composition, and 

use. Common types include: 
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Natural Biomaterials: 

Derived from living organisms. 

Examples: Collagen, chitosan, silk, and hyaluronic acid. 

 

Synthetic Biomaterials: 

Man-made materials designed for specific biomedical applications. 

Examples: Polyethylene glycol (PEG), polylactic acid (PLA), and polyethylene 

terephthalate (PET). 

 

 

Hybrid Biomaterials: 

Combine natural and synthetic components to leverage the advantages of both. 

Example: Hydrogels incorporating both natural and synthetic polymers. 

 

Ceramic Biomaterials: 

Inorganic materials often used for hard tissue replacements. 

Examples: Hydroxyapatite, alumina, and zirconia. 

 

Metallic Biomaterials: 

Metals and alloys used in orthopedic implants and other medical devices. 

Examples: Titanium, stainless steel, and cobalt-chromium alloys. 
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Polymeric Biomaterials: 

Organic polymers with diverse applications in drug delivery, tissue engineering, and 

more. 

Examples: Polyethylene, polyvinyl alcohol (PVA), and polycaprolactone (PCL). 

 

Composite Biomaterials: 

Combine two or more types of materials to achieve specific properties. 

Example: Fiber-reinforced composites for enhanced strength and flexibility. 

These classifications help researchers and engineers choose the most suitable 

biomaterial for a particular medical application. 

 

3.2 Glass as Biomaterial 

Glass has limited use as traditional bio material due to its rigidity and lack of 

biocompatibility. 

However researchers has explored BIOACTIVE Glass that can bound with biological 

tissues promotes healing. These glass may find an application in bone regeneration and 

wound healing. The field of bio glass development is evolving with ongoing efforts to 

enhance compatibility with living tissues. 

 

3.3 DEFINITION OF BIOACTIVE GLASS 

Bio active glass is a unique man made material which has various abilities of bio 

materials such as bond making with living tissues, biocompatibility, bioactivity which 

makes it useful for bone and tissue repair [9]. 

When the bio glass comes into contact with the body it forms a strong chemical bond 

with bones which encourages the growth of new bone tissue. This property makes it 

valuable in application such as dental implants [10],  bone grafts and other orthopaedic 
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and medical procedures. Bioactive glass can also release certain ions that have 

therapeutic effect such as promoting bone regeneration. 

The property of formation of a hydroxyapatite layer on glass surface makes it bioactive. 

This offers excellent biocompatibility, bioactivity, less hardness and density[22]. 

Since cancer is uncontrolled growth of abnormal cells in the body. The goal of treatment 

is to kill as many as Cancerous cells while reducing the damage to normal cell nearby. 

Now a days the incorporation of radio nuclides such as 90 yttrium in bioactive glass 

could generate a revolution era for cancer therapy [11]. 

Before discovery of bioactive glasses be used  autogenous bone graft in the procedure 

of surgery [12] for many years because of optimal osteoconductive and osteogenic 

properties. 

However the autogenous  bone graft has still many disadvantages such as the source of 

autogenous graft is very limited. It adds the overall  surgical procedure and cause 

secondary trauma and pain in addition autograft brings some complications like blood 

loss nerve injury, hernia formation, infection, cosmic defect etc. 

So researchers have been exploring variety of synthetic biomaterials which can be 

grafted in body to replace autogenous bone grafting. 

 

3.4 HISTORY OF BIOACTIVE GLASS 

Medical science has made huge strides in aiding and repairing the human body and tried 

to reverse the irreversible restore that been permanently lost because of damage and 

decay. Before 1960 fixing broken bones and flash was problematic and very 

challenging. The  immune system of bodies reacted to the artificial materials available 

before the discovery of bioactive glass. These artificial materials were producing 

scarring and artificial parts were often rejected by the body this was challenge for the 

scientists could they produce the materials that the body would naturally except. The 

credit for the discovery of bioactive glasses (BGs) goes to Larry Hench, a distinguished 

Research Professor in the Department of Materials Science and Engineering at the 

University of Florida. Later, he became the Director of the Bioglass Research Centre at 
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the same institution. Often, the genesis of scientific discoveries appears to be 

serendipitous, and the uncovering of BGs is no exception. 

 

The foundational moment occurred during a friendly conversation between Larry 

Hench and a U.S. Army colonel who had recently returned from the Vietnam War in 

1967. The focal point of their discussion was the challenges associated with the 

rejection of polymeric and metal implants, prevalent at the time for replacing living 

tissues due to their chemical inertness. These materials, once introduced into the 

physiological environment, were surrounded by a fibrous capsule of scar tissue, 

compromising their integration with the host tissue. 

 

The catalyst for Hench's exploration into bioactive glasses came from studies on gamma 

rays applied to vanadia-phosphate semiconductors, conducted by him and his 

coworkers. The colonel posed a simple yet profound 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?" This inquiry set Hench on a path of 

scientific inquiry with significant implications for the post-war era, where the need for 

materials capable of replacing amputated limbs and compromised tissues without 

rejection became a critical concern for the social reintegration of survivors. 

 

Hench developed the "hypothesis of bioactive glass" based on two fundamental pillars. 

Firstly, metals and synthetic polymers triggered a "foreign body reaction" due to their 

components being radically different from those constituting living tissues. Secondly, 

he postulated that a material capable of forming a bone-like hydroxyapatite layer on its 

surface would not be rejected by the body, considering hydroxyapatite as the primary 

mineral phase of natural bone tissue. 

From 1969 to 1971, Hench and his team embarked on designing and studying various 

glass formulations based on the SiO2-Na2O-CaO-P2O5 oxide system. After meticulous 

exploration, they settled on the composition 45SiO2-24.5Na2O-24.5CaO-6P2O5 (wt %). 

This composition, known as 4555, featured high levels of Na2O and CaO, along with a 
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relatively high CaO/P2O5 ratio, rendering the material highly reactive in physiological 

environments. Notably, the 4555 composition possessed the added advantage of being 

exceptionally easy to melt, thanks to its proximity to the ternary eutectic. 

To distinguish this groundbreaking composition, the name Bioglass® was officially 

trademarked by the University of Florida. It's crucial to note that the term Bioglass® 

specifically refers to the original 4555 composition, and it shouldn't be used  generically 

to indicate bioactive glasses as a whole. 

The extensive studies conducted by Hench on the 4555 Bioglass have been thoroughly 

reviewed by Montazerian and Zanotto in a recent publication, providing a 

comprehensive understanding of the advancements and implications of this innovative 

material in the realm of biomaterials and tissue engineering. In essence, the journey 

from a casual conversation to the development of bioactive glasses has not only marked 

a scientific milestone but also contributed significantly to addressing real-world 

challenges in healthcare and rehabilitation. 

        In 1969, the pioneering discovery of the first melt-derived bioactive glass, known 

as Bio-Glass 45S5, marked a significant advancement in medical materials. This 

breakthrough was followed by the introduction of active gel-derived glasses proposed 

by Hench in 1991. When bioactive glass is strategically placed near a damaged bone 

within the body, it initiates a gradual and controlled reaction. This reaction results in 

the formation of a remarkably strong bond with the surrounding bones. Moreover, the 

bioactive glass releases ions that serve as stimulants for cells, promoting the 

regeneration of bone tissue. 

Over time, this remarkable material undergoes a controlled degradation process, 

gradually disappearing as new bone growth takes place. The intricate interplay between 

the bioactive glass and the body's natural processes highlights its biocompatible nature. 

By fostering bone regeneration and integration, bioactive glass has become a crucial 

component in the realm of orthopedic and reconstructive medicine. Its ability to 

stimulate cellular activity and seamlessly integrate with the body's biology underscores 

its role as a dynamic and innovative solution for enhancing bone healing and tissue 

regeneration.  
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The first melt-drived bioactive glass was bio glass 45S5 discovered in 1969 followed 

by active gel derived glasses also proposed by hench in 1991. 

When we put bioactive glass inside the body the near the damaged bone, it starts slightly 

react and form a really tight bond to bones and release ions that stimulate the cell to 

regrow more bones. This material degrades overtime and disappear as a new bone 

grows. 

Bioactive glasses are bio compatible, biodegradable and multifunctional material which 

has been shown to promote osteogenic, angiogenic and antibacterial activities and also 

it induce various tissue regenerative process [13]. 

Bioactive glass shows both osteoconduction and osteoinduction properties and can we 

used in variety of applications such as bone grafting, scaffolding, drug delivery coating 

and in soft tissue engineering. However despite of excellent properties there are some 

disadvantages of bioactive glass such as low mechanical strength and low fracture 

toughness.  

To overcome these advantages the various type of glasses that undergo the precipitation 

of different crystalline phase under heat treatment known as bioactive glass 

has been developed. 

The first bioactive glass BG 45S5 with composition 

45SiO2, 24.5Na2O, 24.5CaO and 6P2O5 (wt%) was introduced in Florida [14]. 

First bioactive glass was silica based glass. The glass transition temperature for 45S5 

bioactive glass is typically 550°C. 

 

Three generations of bioactive glass 

1. First Generation: The original bioactive glass, developed by Larry Hench in the 

1969s, was composed mainly of SiO2, Na2O, CaO, and P2O5. It exhibited bioactivity by 

forming a hydroxyapatite layer on its surface when in contact with biological fluids. 
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2. Second Generation: Improvements were made in terms of composition to enhance 

the bioactivity and mechanical properties. Strontium and fluoride were sometimes 

added to influence bone formation and reduce degradation, respectively. 

 

3. Third Generation: Continued refinement led to the development of bioactive glasses 

with more tailored compositions. 

Researchers focused on optimizing the release of specific ions to stimulate bone 

regeneration and modulate the biological response. 

1. 1969: Dr. Larry Hench and his team developed the first bioactive glass 4885 

Bioglass. 

 

2. 1970-1980s: Continued research led to the development of various composition 

of bioactive glass with improved properties. 

 
 

3. 1992-2000s: Bioactive Glass started finding application in medical devices such 

as bone grafts dental filling [15] and coating for metallic implants [16]. 

 

4. Recent Years: Ongoing research is focused on enhancing the performance of 

bioactive glass, exploring new compositions, and expanding its applications in 

tissue engineering, drug delivery, and regenerative medicine and for small bone 

defect repair  [17]. Revolution in the field of bioactive glass [18] is given below:   
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3.5 METHODS OF SYNTHESIS OF BIOACTIVE GLASS 

3.5.1 MELTING AND QUENCHING METHOD: 

The synthesis of bioactive glass through melting and quenching is a sophisticated 

process that involves several steps, each step is crucial to achieving the desire properties 

of biomedical applications. 

This method is widely employed due to its ability to produce a material with enhanced 

bioactivity, makes it suitable for used in bone grafts, dental implants and in other 

medical devices. 
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Procedure 

1. Raw Material Selection: 

 

The synthesis begins with the careful selection of raw materials, typically including 

silica (SiO2), calcium oxide (CaO), phosphorous pentoxide (P205), and sometimes 

additional trace elements. The choice of these components is pivotal in achieving a 

glass composition that closely mimics the mineral composition of natural bone, 

promoting better integration with biological tissues. 

 

 

2. Weighing and Mixing: 

 

Accurate weighing and precise mixing of the raw materials are crucial to achieving the 

desired glass composition. The proportions are carefully controlled to ensure the 

optimal balance of structural integrity, bioactivity, and other essential properties. Silica 

provides the glass with structural stability, calcium enhances bone regeneration, and 

phosphorous contributes to bioactivity.[22] 

 

3. Melting Process: 

 

The mixed raw materials are then subjected to a high-temperature melting process, 

typically carried out in a specialized furnace. The temperature is precisely controlled to 

allow for the complete homogenization of the components. During this melting phase, 

the solid raw materials transform into a molten glass, a crucial step in the synthesis. 
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4. Quenching: 

 

Following the melting process, the molten glass undergoes rapid quenching. Quenching 

is the sudden cooling of the material, and it can be achieved through various methods, 

such as air quenching or water quenching. This rapid cooling is a critical step that 

imparts unique characteristics to the bioactive glass. 

 

5. Amorphous Structure Formation: 

 

Quenching prevents the formation of large crystalline structures in the glass, resulting 

in an amorphous structure. 

 

6. Annealing : 

Glass annealing is a heat treatment process where the glass is slowly cooled to relieve 

internal stresses and increase its strength and durability. This is typically done in a 

controlled environment called an annealing oven. The slow cooling process allows the 

glass to reach a state of equilibrium, minimizing internal tensions. Annealed glass is 

less prone to breaking and shattering compared to untreated glass. 

 

7. Shaping: 

Shaping and sizing glass typically involve processes like cutting, grinding, and 

polishing. Glass can be cut using tools like glass cutters or diamond saws, and then 

shaped through grinding or other techniques. Sizing involves ensuring the glass fits 

specific dimensions, often achieved through precision cutting or shaping. The methods 

vary based on the type of glass and desired outcome. 
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Steps of  synthesis of bioactive glass by melting and quenching techniques. 

 

3.5.2  SOL-GEL METHOD : 

The sol-gel method [19] is versatile and widely used technique in material science, 

particularly in the synthesis of bioactive glasses. 

bioactive glasses have gained significant attention due to their unique property 

including ability to form a strong bond with tissues. This property is attributed to the 

formation of a hydroxyapatite layer [20] on the glass surface, this process is known as 

bioactivity. 

The sol-gel method provides a flexible and controllable route for synthesizing bioactive 

glass allowing precise manipulation of composition and structure. 

The sol-gel process involves the transformation of a colloidal suspension (sol) into a 

gel, ultimately leading to the formation of glassy materials. The fundamental steps 

include 
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Procedure 

1. Selection of Precursors 

The choice of precursor compounds significantly influences the properties of the 

resulting bioactive glass. Commonly used precursors include silicon alkoxides (e.g., 

tetraethyl orthosilicate, TEOS), calcium alkoxides, and phosphorus-containing 

compounds. 

2. Sol Preparation 

The selected precursors are dissolved in a solvent, often ethanol or water, to form the 

sol. Careful control of precursor concentrations and solvent conditions is crucial for 

achieving the desired properties in the final glass. 

 

3. Gelation 

The sol undergoes gelation through hydrolysis and condensation reactions. This process 

is influenced by factors such as pH, temperature, and the presence of catalysts. Gelation 

results in the formation of a three- dimensional network structure. 

 

4. Aging 

The gel is allowed to age, promoting further polymerization and strengthening of the 

network. Aging conditions play a vital role in controlling the final structure and 

properties of the bioactive glass. 

 

5. Drying 

Excess solvent is removed through drying, leaving a porous structure. The drying 

conditions impact the porosity and morphology of the resulting material. 
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6. Sintering 

The dried gel is subjected to high temperatures in a process called sintering. This step 

eliminates remaining organic components, densifies the material, and induces 

crystallization, leading to the formation of bioactive glass. 

 

 

Steps of synthesis of bioactive glass by sol-gel technique 

This method allows precise control over composition and structure. 

Characterization of bioactive glass prepared by sol-gel method can be done by 

XRD, EDX and SEM [21]. 

 

3.6 BONE COMPOSITION: 

Bone, a dynamic and vital tissue in the human body, is a complex composition of 

various elements that contribute to its structure, strength, and functionality. 

Understanding the intricate makeup of bone involves exploring its mineral and organic 

components, along with the crucial role of bone marrow. 
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Mineral Components: 

1. Hydroxyapatite: The predominant mineral in bone, hydroxyapatite, forms a 

crystalline structure composed of calcium and phosphate. This compound provides 

rigidity and strength to bone tissue, contributing to its hardness. Hydroxyapatite crystals 

align along collagen fibers, creating a sturdy matrix that resists compression forces. 

This mineralization process is essential for the skeletal system's ability to support the 

body and withstand mechanical stress. 

 

2. Calcium: Beyond hydroxyapatite, calcium is a fundamental element in bone 

composition. Approximately 99% of the body's calcium resides in bones and teeth, 

playing a pivotal role in bone density and strength. Calcium ions participate in signaling 

processes that regulate bone remodeling, influencing the balance between bone 

formation and resorption. 

 

3. Phosphorus: Alongside calcium, phosphorus forms the phosphate component of 

hydroxyapatite. Phosphorus is integral to the mineralization process, enhancing bone 

density and hardness. It plays a vital role in maintaining the structural integrity of bone, 

ensuring its resistance to fractures and deformities. 

 

4. Magnesium: Although present in smaller amounts than calcium and phosphorus, 

magnesium is essential for bone health. It influences the activity of bone-forming cells 

(osteoblasts) and bone-resorbing cells (osteoclasts), contributing to the dynamic 

process of bone remodeling. Magnesium deficiency can impact bone mineral density, 

highlighting its significance in maintaining skeletal integrity. 

 

Other elements such as potassium(0.2%), sodium(0.8%), carbonate(9.8%) also present 

in chemical composition of bone. 
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Organic Components: 

1. Collagen: The organic component of bone is primarily composed of collagen, a 

fibrous protein that provides flexibility and tensile strength. Collagen fibers are 

interwoven within the mineralized matrix, creating a framework that enhances the 

bone's resilience to bending and stretching forces. This intricate network of collagen 

also contributes to the bone's ability to absorb energy, preventing fractures. 

2 . Proteoglycans: Alongside collagen, proteoglycans are essential organic molecules 

present in bone. These large molecules consist of a protein core with attached 

carbohydrates. Proteoglycans contribute to the compressive strength of bone by 

attracting water molecules, maintaining hydration within the bone matrix. This 

hydration aspect is crucial for resisting compression forces and ensuring the overall 

structural integrity of the bone. 

3. Glycoproteins: Various glycoproteins, including osteocalcin and osteonectin, play 

roles in regulating bone mineralization and remodeling. Osteocalcin, for example, 

facilitates the binding of calcium and phosphate ions during the mineralization process. 

These glycoproteins contribute to the coordination of cellular activities involved in 

bone formation and maintenance. 

Cellular Components: 

 

1. Osteoblasts: These specialized cells are responsible for synthesizing and depositing 

new bone matrix during the process of bone formation (ossification). Osteoblasts play 

a crucial role in mineralizing the organic matrix with hydroxyapatite, contributing to 

bone density and strength. 

 

2. Osteoclasts: In contrast to osteoblasts, osteoclasts are involved in bone resorption. 

These large, multinucleated cells break down bone tissue, releasing minerals into the 

bloodstream. This process is vital for calcium homeostasis and the removal of old or 

damaged bone during the constant remodeling that bones undergo. 
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3. Osteocytes: Osteocytes are mature bone cells embedded within the mineralized 

matrix. Connected by cellular extensions in tiny channels called canaliculi, osteocytes 

form a communication network within the bone. They sense mechanical forces and 

regulate bone remodeling by signaling to osteoblasts and osteoclasts. 

 

Chemical Composition of Bone. 

 

Few types of Bioactive glasses is determined by the selection of doping and most of the 

selection of doping depends upon the composition of bones.  

 

3.7 TYPES OF BIOACTIVE GLASS 

There are several types of bioactive glass, each with unique compositions tailored for 

specific biomedical applications. Common types include: 
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3.7.1 SILICATE-BASED BIOACTIVE GLASS 

 

            Silica-based bioactive glass is a distinctive biomaterial that has garnered 

significant attention in the medical field due to its unique properties and 

applications. The term "silica-based" refers to the predominant presence of 

silica (SiO2) in the glass composition, which plays a pivotal role in imparting 

bioactivity and biocompatibility to the material [24]. 

 

            At the forefront of silica-based bioactive glass is the well-known 45S5 Bioglass, 

developed by Dr. Larry Hench in the 1960s. Comprising 45% SiO2, 24.5% 

Na2O, 24.5% CaO, and 6% P2O5, this composition was a groundbreaking 

innovation. Silica, as the primary component, serves as a key player in the 

glass's bioactive behavior, facilitating interactions with living tissues. 

           The bioactivity of silica-based bioactive glass is rooted in its ability to form a 

hydroxyapatite layer on its surface when exposed to bodily fluids. This process, 

known as bioactive bonding, involves the exchange of ions between the glass 

and the surrounding biological environment. Silica's contribution to this ion-

exchange mechanism is crucial, as it initiates the formation of hydroxyapatite-

a mineral closely resembling the natural structure of bone. 

 

            Silica, in its amorphous form within the glass structure, creates a highly reactive 

surface. When implanted in the body, the glass undergoes dissolution, releasing 

bioactive ions such as silicon (Si), calcium (Ca), and sodium (Na). These ions 

create a microenvironment that promotes the nucleation and growth of 

hydroxyapatite crystals. The resultant hydroxyapatite layer acts as a scaffold for 

bone cells, encouraging bone regeneration and integration with the surrounding 

tissues. 

            Silica-based bioactive glass finds widespread use in orthopedic and dental 

applications. In orthopedics, the material is employed in bone grafts and repair 

procedures to address skeletal defects resulting from trauma, diseases, or 



30 
 

surgeries. The bioactivity of the glass accelerates the natural healing processes, 

enhancing bone formation and integration at the implantation site. The 

compatibility of silica-based bioactive glass with the physiological environment 

minimizes the risk of adverse reactions, making it a preferred choice for 

orthopedic interventions. 

 

            Dentistry benefits significantly from silica- based bioactive glass, particularly 

in the realm of dental implants. The material's ability to bond with both hard 

and soft tissues is advantageous for implant stability and long-term success. As 

dental implants aim to replicate the natural structure of teeth, the bioactive glass 

facilitates osseointegration, ensuring a robust connection between the implant 

and the jawbone. 

            The glass can serve as a carrier for drugs or growth factors, enabling controlled 

release at the implantation site. This targeted drug delivery enhances tissue 

regeneration while minimizing systemic side effects. 

 

            Research endeavors continue to refine and expand the applications of silica-

based bioactive glass. Modifications in composition and structure are explored 

to tailor the material for specific clinical needs. For instance, variations like 58S 

Bioactive Glass with increased silica content have been developed, offering 

improved mechanical properties and bioactivity compared to 

earlier compositions. 

 

3.7.2 PHOSPHATE-BASED BIOACTIVE GLASS 

 

            Phosphate-based bioactive glass is a specialized category of biomaterials with 

a distinct composition that includes a significant proportion of phosphorous 

oxide (P2O5). This composition imparts unique properties to the glass, making 
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it particularly suitable for various biomedical applications, especially in the field 

of bone regeneration. 

 

            The inclusion of phosphorous in the glass composition enhances its bioactivity, 

as phosphorous is a vital element in the formation of hydroxyapatite-the main 

mineral component of natural bone. The ability to form hydroxyapatite on the 

glass surface is a key characteristic that facilitates the integration of phosphate-

based bioactive glass with living tissues. 

 

            One notable phosphate-based bioactive glass is known as PG (Phosphosilicate 

Glass). PG glass typically contains silica (SiO2), sodium oxide (Na2O), calcium 

oxide (CaO), and phosphorous oxide (P2O5). This combination is carefully 

balanced to optimize the bioactive properties of the glass. The presence of 

phosphorous not only contributes to the formation of hydroxyapatite but also 

enhances the overall bioactivity of the material. 

 

            When phosphate-based bioactive glass is implanted in the body, it undergoes 

dissolution in the physiological environment. This dissolution process releases 

ions, including phosphorous ions, into the surrounding tissues. These released 

ions create a favorable environment for the deposition of hydroxyapatite, 

mimicking the natural mineralization process of bone. The resulting 

hydroxyapatite layer acts as a scaffold for cell attachment and bone 

regeneration. 

           The bioactive bonding capability of phosphate-based bioactive glass is 

particularly advantageous in orthopedic applications. It is commonly used in 

bone grafting procedures where the goal is to stimulate bone formation and 

repair bone defects. The material provides structural support while promoting 

the regeneration of bone tissue, aiding in the healing process. 

            Phosphate glass exhibiting less pronounced bioactivity but High solubility once 

comes in the contact of body fluids and it dissolves harmlessly in the body [25]. 
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3.7.3 BORATE-BASED BIOACTIVE GLASS 

 

           Contains boron oxide (B203) in addition to silica and other oxides. Used for 

wound healing and tissue engineering applications. 

 

            While there isn't a widely recognized category of "Borate-based" bioactive 

glass, it's possible that you meant "Borate-based" bioactive glass. Borate-based 

bioactive glass is indeed an area of research and development within the broader 

field of biomaterials. Borate glasses typically contain boron oxide (B203) as a 

significant component, and they have shown promise in various biomedical 

applications. 

 

            Borate-based bioactive glasses offer certain advantages due to the unique 

properties of boron. Boron is known to stimulate bone formation and is involved 

in various physiological processes. Here are some key points about borate-based 

bioactive glass. Boron oxide along with other components such as silica (SiO2), 

sodium oxide (Na2O), calcium oxide (CaO), and phosphorous oxide (P2O5). 

 

            The specific composition can vary based on the desired properties for a 

particular application. 

            In summary, borate-based bioactive glasses show promise in various biomedical 

applications, particularly in bone regeneration and wound healing. Their unique 

properties make them valuable candidates for further exploration in the 

development of advanced biomaterials. 

            Borate-based bioactive glass has found diverse applications in the field of 

biomaterials due to its unique properties. This glass composition, typically 

containing boron, silica, and other elements, exhibits excellent biocompatibility 
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and bioactivity. When implanted in the body, it forms a hydroxyapatite layer on 

its surface, promoting bone integration. 

 

            In orthopedics, borate-based bioactive glass is utilized for bone regeneration 

and repair. Its ability to stimulate osteogenesis and support the growth of new 

bone makes it valuable in treating fractures or bone defects. Moreover, its 

controlled release of therapeutic ions, like boron, provides antimicrobial 

properties, reducing the risk of infections. 

 

            The glass also finds application in dentistry, where it can be used in dental 

fillings or implants. Its bioactive nature encourages the formation of a strong 

bond with surrounding tissues, enhancing the longevity of dental restorations. 

Additionally, borate-based bioactive glass has potential applications in drug 

delivery systems, leveraging its ability to release therapeutic agents in a 

controlled manner. 

 

            Overall, the versatile properties of borate-based bioactive glass make it a 

promising material in the development of advanced biomaterials for orthopedic 

and dental applications, contributing to the field of regenerative medicine 

 

3.7.4TITANIUM DIOXIDE CONTAINING BIOACTIVE GLASS 

Titanium-containing bioactive glass is a specialized type of biomaterial that              

combines the properties of bioactive glass with the benefits of titanium. This hybrid 

material is designed to leverage the positive characteristics of both components, 

offering advantages in terms of mechanical strength [26], biocompatibility, and 

osteoconductivity. 

 

            Here are key points about titanium- containing bioactive glass: 
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1. Composition: The composition typically includes silica (SiO2), sodium oxide 

(Na2O), calcium oxide (CaO), phosphorous oxide (P2O5), and the 

incorporation of titanium dioxide (TiO2). The addition of titanium dioxide 

enhances the mechanical properties of the bioactive Mass, making it suitable 

for load-bearing applications. 

           2. Mechanical Strength: Titanium is renowned for its exceptional mechanical 

strength and biocompatibility. When integrated into bioactive glass, it 

contributes to the overall durability and stability of the material. This makes 

titanium-containing bioactive glass suitable for applications in orthopedics, 

where load-bearing capabilities are essential. 

 

            3. Bioactivity: Similar to other bioactive glasses, titanium-containing bioactive 

glass exhibits bioactivity by forming a hydroxyapatite layer on its surface when 

exposed to bodily fluids. The bioactivity promotes the integration of the glass 

with surrounding tissues, facilitating bone bonding and regeneration. 

 

3.7.5 ZINC DIOXIDE CONTAINING BIOACTIVE GLASS 

 

Incorporates zinc oxide for antimicrobial properties. 

Addresses concerns related to bacterial infections in implantation sites. Zinc oxide-

containing bioactive glass is a specialized type of biomaterial that incorporates zinc 

oxide (ZnO) into its composition. This addition of zinc oxide brings unique properties 

to the bioactive glass, making it suitable for specific biomedical applications. Here are 

some key aspects of zinc oxide-containing bioactive glass: 

1. Composition: 

The glass composition includes silica (SiO2), sodium oxide (Na2O), calcium oxide 

(CaO), phosphorous oxide (P2O5), and the distinctive addition of zinc oxide (ZnO). The 

specific ratios can vary based on the desired properties and intended applications. 
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2. Antimicrobial Properties: 

 Zinc oxide is known for its antimicrobial properties [27]. Its inclusion in bioactive glass 

imparts the ability to inhibit the growth of bacteria and other microorganisms. This 

antimicrobial effect is particularly beneficial in applications where preventing 

infections at the implantation site is crucial. 

 

3. Bioactivity: 

Similar to other bioactive glasses, zinc oxide-containing bioactive glass exhibits 

bioactivity by forming a hydroxyapatite layer on its surface when exposed to bodily 

fluids, which helps in bone regeneration and promotes tissue bonding 

 

3.7.6 SILVER DOPED BIOACTIVE GLASS  

Silver-doped bioactive glass is a amazing material that has gained significant attention 

in the field of biomaterials and medical applications. This unique composite material 

merges the advantageous properties of bioactive glass and the antimicrobial effects of 

silver, creating a versatile substance with a wide range of potential uses [28]. 

 

Bioactive glass, in its conventional form, has been extensively studied for its ability to 

bond with biological tissues. When in contact with bodily fluids, bioactive glass can 

form a hydroxyapatite layer on its surface, facilitating the integration of the material 

with surrounding tissues. This bioactivity is especially beneficial for applications in 

boke regeneration and repair 

The incorporation of silver into bioactive glass introduces an additional layer of 

functionality. Silver is well-known for its antimicrobial properties, which have been 

utilized for centuries. In the context of biomaterials, the release of silver ions from the 

glass can effectively inhibit the growth of bacteria and other microorganisms. This 

antimicrobial action is particularly crucial in medical devices and implants, where 

preventing infections is of utmost importance. 
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One of the primary advantages of silver- doped bioactive glass is its versatility in 

different medical applications. For instance, in orthopedics, it can be employed in bone 

grafts and implants to promote bone regeneration while simultaneously preventing 

bacterial colonization. The antimicrobial effects become particularly. The antimicrobial 

effects become particularly significant in reducing the risk of postoperative infections, 

a common concern in orthopedic surgeries.  

In dentistry, silver-doped bioactive glass has shown promise in applications such as 

dental implants and restorative materials. The material's ability to encourage the 

formation of hydroxyapatite enhances its integration with natural tooth structures, while 

the silver component helps combat oral bacteria, minimizing the risk of infections and 

improving overall oral health. 

In conclusion, silver-doped bioactive glass stands at the intersection of material science, 

medicine, and biotechnology. Its dual functionality, combining the bioactivity of glass 

with the antimicrobial prowess of silver, opens up new possibilities for innovative 

medical solutions. As research progresses, this material holds the potential to 

revolutionize various fields, from orthopedics to dentistry and wound care, contributing 

to improved patient outcomes and advancing the frontier of biomaterials. 

 

 

3.7.7 COPPER DOPED BIOACTIVE GLASS 

Copper-doped bioactive glass is a compelling material that merges the benefits of 

bioactive glass with the unique properties of copper. This composite material has 

garnered attention in the realm of biomaterials and medical applications due to its 

potential for promoting tissue regeneration and exhibiting antimicrobial properties. 

 

Bioactive glass, known for its ability to form a hydroxyapatite layer when in contact 

with bodily fluids, is widely used in various medical applications, particularly in bone 
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regeneration and repair. The incorporation of copper into bioactive glass introduces an 

additional layer of functionality, expanding its capabilities and potential applications. 

Copper has been recognized for its 

antimicrobial properties throughout history. In the context of biomaterials, the release 

of copper ions from the glass can effectively inhibit the growth of bacteria and other 

microorganisms. This antimicrobial action is crucial in medical applications where 

preventing infections is paramount 

copper-doped bioactive glass represents a promising intersection of material science 

and medicine. Its dual functionality, combining the bioactivity of glass with the 

antimicrobial properties of copper, opens up new avenues for medical applications. As 

research advances, this material holds the potential to revolutionize orthopedics, 

dentistry, and wound care, offering innovative solutions for improved patient outcomes 

and pushing the boundaries of biomaterials. 

3.7.8 STRONTIUM DOPED BIOACTIVE GLASS 

Introduces strontium doped bioactive glass  

Shows potential in promoting bone formation and reducing bone resorption [29]. 

Strontium (Sr) based bioactive glass is a material used in biomedical applications, 

known for its ability to promote bone regeneration. It contains strontium ions, which 

have been shown to enhance osteogenesis and inhibit bone resorption. This makes it 

valuable for bone tissue engineering and implants, contributing to improved bone 

healing and integration. 

The effect of Sr-doped BG has also been examined for the treatment of osteoporotic 

bone in order to deliver a study supply of Sr2+ ions to the bone defect site. In fact the 

studies has shown an inhibition in osteoclastic activity as the strontium 

content increases [30]. 
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3.8 CURRENT STATUS  

The journey of glass to bioactive glass is a great evolution that spans centuries, marked 

by scientific discovery and technological advancements. It begins with the ancient art 

of glassmaking, where artisans crafted glass objects for various purposes. Initially, glass 

was primarily used for decorative and functional items, such as containers and jewelry. 

As time progressed, the industrial revolution played a pivotal role in advancing glass 

production techniques. Mass manufacturing allowed for the creation of glass on a larger 

scale, transforming it into a ubiquitous material in daily life. Innovations like the 

glassblowing technique further expanded the possibilities of glass applications. 

In the mid-20th century, the field of biomaterials emerged, exploring materials 

compatible with the human body. Scientists recognized the potential of glass due to its 

inert nature and started investigating ways to enhance its biological interactions. This 

led to the development of bioactive glass, a revolutionary material with the ability to 

bond with living tissues. 

The key breakthrough came in the 1969s when Dr. Larry Hench, an American scientist, 

pioneered the concept of bioactive glass. His research aimed to find materials that could 

integrate with the human body and stimulate bone regeneration. Bioactive glass, unlike 

traditional glass, is designed to elicit a biological response when in contact with bodily 

fluids. Its composition typically includes elements like silicon, calcium, and 

phosphorus, resembling the mineral composition of bone. 

One of the earliest applications of bioactive 

glass was in the field of dentistry. Researchers found that bioactive glass could 

encourage the formation of hydroxyapatite, a mineral essential for bone formation. This 

property made it an ideal material for dental fillings and implants, as it could promote 

the regeneration of natural tooth structure. 

Over subsequent decades, bioactive glass found applications beyond dentistry. 

Orthopedic implants, such as bone screws and plates, began incorporating bioactive 

glass to enhance the integration with surrounding bone tissue. The material's versatility 
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allowed for modifications in composition to suit different medical needs, opening doors 

to diverse applications in regenerative medicine. 

As research continued, scientists explored the potential of bioactive glass in drug 

delivery systems. The porous nature of the material proved advantageous for controlled 

release of therapeutic agents. This innovation expanded the utility of bioactive glass to 

include not only structural applications but also pharmaceutical advancements.  

In recent years, bioactive glass has gained prominence in tissue engineering. Its ability 

to support cell growth and tissue regeneration has led to the development of bioactive 

glass scaffolds. These scaffolds serve as frameworks for the growth of new tissues, 

making them valuable in repairing and replacing damaged organs or bones. 

The ongoing exploration of bioactive glass continues to unveil new possibilities in 

medicine and beyond, promising a future where the boundaries between inert materials 

and living tissues blur for the betterment of human health. 

The first bio glass  implant was performed in USA, aimed to replace a bone of middle 

in the ear in order to treat hearing loss [31] the sample was created by melting and 

quenching technique. This implant was non-porous  truncated cone of fixed size which 

allow sound conduction from both its ends this was successful implantation. 

45S5 biogas was also used to anchor cochlear implants to temporal bone of the patient 

this implantation was also successful. In a 1988 the bioactive glass has been used in 

dentistry as fillers. 

In the late 1980s, a breakthrough in bioactive glass was achieved with the implantation 

of S53P4 plates (53SiO2-20CaO-23Na2O-4P2O5 wt%) for fracture repair, stimulating 

new orbital bone growth. Subsequently, this bioactive glass gained widespread 

acceptance, reaching over 35 countries. 

 

Enhancing its properties involved incorporating modifiers and doping in specific 

proportions. For instance, SrO was added to reduce bone resorption (44.5SiO2-4Na2O-

4K2O-7.5MgO-17.8CaO-4.5P2O5-17.8SrO mol%), while MgO contributed to fast bone 

regeneration (53SiO2-6Na2O-12K2O-5MgO-20CaO-4P2O5 wt%), particularly for 

repairing large bone defects. To further refine the properties, researchers shifted to the 
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sol-gel process for powdered bioactive glass synthesis, which exhibited faster bone 

healing than metal-derived counterparts. Notably, 45S5 powder is now utilized in 

toothpaste for treating sensitivity. 

Zinc-containing bioactive glass demonstrated enhanced mechanical properties, bone 

bonding, and antibacterial effects, promoting regrowth and regeneration. Silver-

containing bioactive glass showcased antimicrobial properties, reducing infection risks. 

Bioactive hydrogels have recently emerged as a groundbreaking solution for repairing 

spinal cord injuries. These hydrogels create a supportive environment for cell growth, 

release healing substances, facilitate beneficial cell transplantation, and promote tissue 

regeneration and functional recovery. 

 

Traditionally, bioactive glass, derived through a melting and quenching process, faced 

challenges with inflammation during bonding to living bones. The introduction of the 

sol-gel synthesis method addressed this issue, giving rise to a new generation of 

bioactive glasses with enhanced properties. 

 

The sol-gel method has further paved the way for the development of nano-system-

based bioactive glasses, utilizing nanoparticles and nanofibers. A notable advancement 

includes mesoporous bioactive glass, exhibiting outstanding texture and properties with 

quicker responses compared to previous iterations. 

 

Nanoparticle bioactive glass represents a significant stride in medical and materials 

science. Its small size enhances bioactivity and integration with biological tissues, 

proving highly effective in applications such as bone regeneration and drug delivery. 

The increased surface area of nanoparticles fosters better tissue bonding and healing, 

unlocking new possibilities in biomedicine and biomaterials. 

 

In the realm of cancer treatment, bioactive glasses are now employed for both tumor 

restriction and bone reconstruction. These glasses serve as drug carriers and implants. 
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with the drug combined with bioactive glass and implanted at the site after removing 

cancerous tissues and damaged bone. Initially used solely as an implant, the evolution 

of drug delivery technologies has led to bioactive glass being utilized as a carrier for   

 

Like SrO has been used to reduce bone resorption [32] 

(44.5SiO2- 4Na2O-4K2O-7.5MgO-17.8CaO-4.5P2O5-17.8SrO) mol%  

And MgO has been used for fast bone regeneration (53SiO2-6Na2O-12K2O-5MgO-

20CaO-4P2O5)wt% This was reported to repair the large bond defects. 

 

Later on to enhance properties the synthesis methods has been changed.  In order to 

create powdered bioactive glass researcher use sol-gel process. The Powdered bioactive 

glass was able to perform fast bone healing as compared to metal-drived bioactive glass. 

The powered 45S5 is currently used in toothpaste in order to treat the sensitivity [33].  

Zinc containing bioactive glass were proved as properties enhancer in certain ways. 

Zinc containing exhibit  mechanical properties,  bone bonding ability and antibacterial 

effect. Zinc also present in bone which promotes regrowth and regeneration [34] [35]. 

The silver containing bioactive glass are known for its antimicrobial property which 

decrease the chances of infection. 

The recent advancement is "bioactive hydrogel" which helps repair spinal cord injury 

by providing a supportive environment for cell growth releasing healing substances, 

facilitating the transplantation of beneficial cell and promotes tissue regeneration and 

function recovery [37]. 

The bioactive glass drive from melting and quenching process was causing the problem 

of inflammation while bonding to living bones. Thus new method of synthesis named 

sol-gel was introduced to the world. The sol-gel gave rise to new generation of bioactive 

glasses. This method developed a great potential to enhance the property of bioactivity 

glass. 
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Moreover this advancement allowed to obtain Nano system based bioactive glasses by 

using nanoparticle and Nano fibres. 

Recently a mesoporous bioactive glass has developed which has outstanding texture, 

properties and this bioactive glass responses quicker than previous mentioned bioactive 

glasses [38]. 

Nanoparticle bioactive glass has been a significant advancement in medical and 

materials science. Its small size allows for enhanced bioactivity and improved 

integration with biological tissues, making it highly effective in applications like bone 

regeneration and drug delivery. The increased surface area of nanoparticles enhances 

reactivity, fostering better tissue bonding and healing. This innovation has opened 

newpossibilities in biomedicine and biomaterials. 

Nowadays the bioactive glasses are used in the treatment of cancer. The treatment of 

cancer involves tumor restriction and bone reconstruction. The bone-cancer treatment 

based on bioactive glass  helps as drug carrier and implant. In this process the drug is 

combined with bioactive glass and implant on the site after removing Cancerous tissues 

and damaged bone. 

Initially the bioactive glass was only used as implant after removing Cancerous tissues 

and affected bone however with the advancement of drug delivery technologies, they 

start using bioactive as carrier of bone-cancer drugs as well [36]. 

 

3.9 FUTURE CHALLENGES 

Bioactive glass  a material with unique properties that promotes biological interactions 

faces several challenges and opportunities as it evolves in medical field. The future 

challenges of bioactive glass may include optimizing it's Mechanical properties, 

reliable coating, fast and simple way of fabrication, fast biodegradability, multiple 

properties performance while maintaining it's bio activity. 

RELIABLE BIOACTIVE COATING: 

Developing a reliable bioactive coating has been a longstanding challenge in dentistry, 

especially with the prevalent use of metallic implants. Metal implants are susceptible 
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to encapsulation within fibrous tissue in the body, posing a threat to their stability. In 

addressing this issue, bioactive coatings play a crucial role by enhancing the implant's 

stability through bonding it to the host bone. 

 

One key function of bioactive coatings is to act as a protective barrier for the metal 

implant, preventing corrosion. Corrosion, in this context, is a significant concern as it 

can release toxic ions from the metal surface, potentially causing adverse effects within 

the body. The bioactive coating acts as a shield, mitigating the risk of corrosion and 

subsequent release of harmful ions [39]. 

However, it's important to acknowledge a limitation associated with bioactive coatings, 

namely their biodegradability. Different coatings exhibit varying dissolution rates, 

leading to a potential challenge. The term "bioactive coating" suggests a coating that is 

biologically active, but this activity may come at the cost of rapid degradation over 

time. The issue arises when the coating degrades too quickly, exposing the underlying 

metal implant. 

 

This biodegradability concern highlights the delicate balance that must be struck in 

designing bioactive coatings. Ideally, the coating should be stable enough to provide 

long-term protection against corrosion, yet it should not degrade so rapidly that it 

compromises the integrity of the implant. Striking this balance is crucial for ensuring 

the efficacy and safety of bioactive coatings in the realm of dental implants. 

 

In summary, the quest for a reliable bioactive coating in dentistry revolves around 

achieving a delicate equilibrium between enhancing implant stability, protecting 

against corrosion, and addressing the challenge of biodegradability to ensure long-term 

success in dental implantology. Therefore this is the great challenge for the next few 

years and the aim is to slow down the dissolution rate of bioactive coating and 

optimized to improve the coating performance [40]. 

In dentistry, a significant challenge with bioactive coatings is ensuring long-term 

stability and durability, especially in the harsh oral environment. Factors like saliva, 
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acidic conditions, and mechanical stresses can impact the effectiveness of the coating 

over time. Researchers are actively working on improving the resilience of bioactive 

coatings to enhance their performance in dental applications. 

MECHANICAL PROPERTIES: 

The mechanical properties of bioactive glass are crucial in determining its suitability 

for various biomedical applications. Bioactive glass, composed of silica-based 

materials, exhibits unique characteristics that make it attractive for use in medical 

devices, tissue engineering, and bone regeneration. However, several challenges exist 

in optimizing its mechanical properties to meet the diverse demands of these 

applications. 

One primary challenge is achieving a balance between strength and bioactivity. 

Bioactive glass is renowned for its ability to bond with living tissues through the 

formation of a hydroxyapatite layer, promoting integration with the surrounding 

biological environment. However, enhancing bioactivity often involves trade-offs with 

mechanical strength. The challenge lies in developing formulations that maintain 

sufficient strength while still allowing for effective bioactivity. 

Another challenge is addressing brittleness, a common limitation in traditional 

bioactive glass compositions. The brittleness of bioactive glass can hinder its 

performance in load-bearing applications, such as orthopedic implants. Researchers are 

exploring various strategies, including compositional modifications and processing 

techniques, to mitigate brittleness and improve the fracture toughness of bioactive glass. 

Furthermore, the mechanical properties of bioactive glass must be tailored to specific 

applications within dentistry and orthopedics. Dental applications, for instance, require 

materials with suitable hardness and wear resistance to withstand the dynamic and 

abrasive nature of the oral environment. Orthopedic implants, on the other hand, 

demand materials with adequate strength and fatigue resistance to endure the 

mechanical stresses associated with bodily movement. 

Controlling the degradation rate poses another challenge  in optimizing the mechanical 

properties of bioactive glass. While a controlled degradation rate is desirable for gradual 

integration with surrounding tissues, it is crucial to prevent premature failure. 

Achieving a delicate balance in degradation kinetics requires a surrounding tissues, it 
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is crucial to prevent premature failure. Achieving a delicate balance in degradation 

kinetics requires a thorough understanding of the interplay between composition, 

processing conditions, and the surrounding biological environment. 

The influence of processing techniques on the mechanical properties of bioactive glass 

adds another layer of complexity[41]. Factors such as sintering temperature, cooling 

rate, and particle size distribution can significantly impact the final mechanical 

characteristics of the material. Optimizing these parameters is essential to ensure 

uniformity and reproducibility in the mechanical performance of bioactive glass across 

different batches. 

Moreover, the challenge of achieving sufficient mechanical interlocking with host 

tissues must be addressed. While the bioactivity of the glass facilitates bonding with 

bone, optimizing the mechanical interlocking at the implant-tissue interface is crucial 

for long-term stability and functionality. Surface modifications and the incorporation 

of bioactive particles are being explored to enhance the mechanical interlocking 

capability of bioactive glass implants. 

An additional challenge lies in adapting the mechanical properties of bioactive glass to 

match the natural properties of bone. Bone is a complex tissue with a hierarchical 

structure, and replicating its mechanical behavior is essential for the long-term success 

of bioactive glass implants. 

Achieving biomimicry in mechanical properties involves a deep understanding of the 

structure-function relationship in bone and translating these principles into the design 

of bioactive glass materials. 

Furthermore, the challenge of ensuring compatibility with existing medical imaging 

techniques is vital [42]. The mechanical properties of bioactive glass should not 

compromise the accuracy of diagnostic imaging modalities such as X-rays or magnetic 

resonance imaging (MRI). Developing bioactive glass formulations that are both 

mechanically robust and compatible with common imaging techniques is an ongoing 

challenge in the field. 
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Optimizing the mechanical properties of bioactive glass presents a multifaceted 

challenge in the realm of biomaterials. Balancing bioactivity with mechanical strength, 

addressing brittleness, tailoring properties for specific applications, controlling 

degradation rates, optimizing processing techniques, enhancing interlocking with host 

tissues, achieving biomimicry, and ensuring compatibility with medical imaging are all 

critical aspects that researchers are actively addressing. 

Overcoming these challenges will pave the way for the widespread use of bioactive 

glass in various biomedical applications, contributing to advancements in regenerative 

medicine, orthopedics, and dentistry. The fabrication of 45S5 scaffolds was pioneering 

however these macro porous scaffolds produced by sponge replication per brittle 

(compressive strength 0.3-0.4Mpa) were not suitable for implantation. 

This is the limitation of 45S5 i.e it's poor sinterability. The mechanical properties of 

porous like bioactive scaffolds can improve by applying a polymer coating on the 

surface and the polymer acts as glue that holds by active particle together. The presence 

of hydroxyapatite coating a allows the compressive strength of 45S5 tripling the 

untreated scaffolds' strength.(41)Recent strides in additive manufacturing techniques 

(AMTs) offer promise, producing porous bioactive glasses (BGs) akin to cancellous 

bone at a reasonable cost. AMTs excel in crafting hierarchical scaffolds from 

mesoporous BGs (MBGs), featuring a nano-porous texture (2-50 nm). Initial attempts 

relied on foaming or dipping a template into sol, yielding brittle structures (<1 MPa 

compressive strength). Substantial improvement is achievable. 

Bioactive glasses shine in bone and tissue repair, bonding to both hard and soft tissues, 

promoting regeneration. Despite mechanical limitations—brittleness, low bending 

strength, and fracture toughness—bioactive glasses find application as coatings on 

metallic implants. This fusion capitalizes on metallic implants. This fusion capitalizes 

on the mechanical robustness of metal alloys and the bioactivity and biocompatibility 

of bioactive glasses. 

Overcoming these challenges is crucial for the widespread use of bioactive glass in 

regenerative medicine, orthopedics, and dentistry. The pioneering 45S5 scaffolds, 

despite their initial promise, faced limitations due to poor sinterability, resulting in 

brittle structures unsuitable for implantation. Addressing this, a polymer coating acts as 
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a structural adhesive, elevating compressive strength to 1.5 MPa through 

hydroxyapatite coating. 

Recent advancements in additive manufacturing techniques show promise in creating 

porous bioactive glasses comparable to cancellous bone. However, initial attempts 

resulted in brittle structures with insufficient compressive strength. Ongoing 

improvements aim to overcome these limitations and enhance the mechanical 

properties of bioactive glass scaffolds. 

 

Bioactive glasses stand out for their ability to bond with both hard and soft tissues, 

stimulating regeneration. Despite mechanical drawbacks, they find application as 

coatings on metallic implants, leveraging the strength of metal alloys alongside the 

bioactivity of glass. The ongoing efforts to refine fabrication techniques and enhance 

mechanical properties underscore the potential of bioactive glass in revolutionizing 

biomedical applications. 

DISCOVERING FAST AND SIMPLE WAYS OF FABRICATION: 

The fast fabrication of bioactive glass presents a formidable challenge, primarily driven 

by the intricate balance required between speed, precision, and maintaining the desired 

bioactive properties. Bioactive glass, known for its ability to bond with living tissues, 

finds applications in various medical and dental fields, necessitating a swift and reliable 

production process. Several factors contribute to the complexity of this challenge, 

ranging from the intricacies of the synthesis methods to the need for consistent quality 

in the final product. 

 

One prevalent method for bioactive glass fabrication is the sol-gel process, which 

involves the conversion of precursor solutions into a gel followed by high- temperature 

treatment. However, the challenge lies in achieving rapid gelation without 

compromising the compositional control essential for the desired bioactivity. 

Accelerating gelation often results in non- uniform structures or incomplete 

incorporation of bioactive ions, impacting the glass's overall performance. Researchers 
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grapple with optimizing reaction kinetics and precursor concentrations to strike a 

balance between speed and precision. 

 

Moreover, the challenge extends to the subsequent heat treatment phase, where 

controlled crystallization is crucial. Hastening this step without sacrificing the quality 

of the crystalline structure poses significant hurdle. The balance between speed and 

crystal growth control is intricate, as rapid processing may lead to undesired phase 

transformations or uneven crystalline distribution, jeopardizing the glass's bioactivity 

and mechanical properties. 

In the pursuit of rapid fabrication, researchers explore alternative techniques such as 

microwave-assisted synthesis. Microwave irradiation offers the advantage of 

accelerated heating, potentially reducing processing times. However, adapting 

conventional sol-gel chemistry to microwave conditions requires meticulous 

adjustments to avoid overheating and ensure homogenous bioactive ion distribution. 

 

Achieving reproducibility and scalability in this context remains a persistent challenge. 

 

Continuous flow processing emerges as another avenue to expedite bioactive glass 

fabrication. Unlike batch processes, continuous flow setups allow for real-time control 

of reaction conditions, potentially enhancing production speed. Nonetheless, 

establishing optimal parameters for continuous flow synthesis demands careful 

consideration of residence times, flow rates, and mixing efficiency to ensure consistent 

product quality. Overcoming challenges related to scalability and equipment 

compatibility further complicates the integration of continuous flow techniques into 

large-scale production settings. 

Ultimately, the challenge of fast fabrication of bioactive glass underscores the intricate 

interplay between speed, precision, and product quality. Continuous advancements in 

synthesis techniques, coupled with a deep understanding of the underlying chemistry 

and physics, are imperative to overcome these challenges. As research in this field 

progresses, the development of streamlined and efficient fabrication methods for 
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bioactive glass holds the promise of revolutionizing medical and dental applications, 

providing faster access to advanced biomaterials with enhanced bioactivity. 

 

MULTIPLE PROPERTIES PERFORMANCE: 

Bioactive glass, a versatile material with applications in biomedical engineering, faces 

the intricate challenge of optimizing multiple properties to meet the diverse 

requirements of various medical applications. The concurrent pursuit of 

biocompatibility, mechanical strength, degradation rate, and bioactivity poses a 

complex dilemma for researchers and engineers. 

 

One of the primary challenges is achieving a delicate equilibrium between 

biocompatibility and mechanical strength. Bioactive glass is intended for use within the 

human body, demanding a material that seamlessly integrates with biological tissues. 

However, this biocompatibility cannot come at the expense of mechanical integrity. 

Balancing the fine line between these properties requires meticulous material design, 

exploring compositional variations, and employing advanced manufacturing 

techniques. 

 

The second challenge revolves around the degradation rate of bioactive glass. A 

material's ability to degrade over time is crucial for applications like bone regeneration, 

where gradual dissolution facilitates ion release, promoting osteogenesis. However, 

excessive degradation may compromise structural integrity, undermining the 

mechanical strength of the material. Striking the optimal degradation rate requires a 

deep understanding of the interplay between material composition, structure, and the 

surrounding biological environment. 

 

Furthermore, the challenge extends to achieving a high level of bioactivity.  Bioactive 

glass is celebrated for its ability to form a hydroxyapatite layer on its surface, promoting 

osseointegration. However, enhancing this bioactivity without compromising other 
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essential properties poses a significant hurdle. Researchers must explore novel 

formulations, surface modifications, and processing techniques to boost bioactivity 

while maintaining overall material performance. 

The multifaceted challenge also involves considering external factors, such as 

sterilization methods and long-term stability. Bioactive glass intended for implantation 

must withstand sterilization processes without compromising its properties. Moreover, 

ensuring the long-term stability of the material within the body is critical, demanding 

comprehensive studies on degradation mechanisms and their implications over 

extended periods. 

 

In overcoming these challenges, collaborative efforts among researchers, material 

scientists, and biomedical engineers are crucial. Advanced characterization techniques, 

computational modeling, and innovative synthesis methods play pivotal roles in 

unraveling the complexities associated with optimizing multiple performance 

properties. The iterative process of design, experimentation, and analysis becomes 

paramount in refining bioactive glass for diverse applications. 

 

FAST DEGRADABILITY: 

The fast biodegradability of bioactive glass poses a challenge due to its inherent 

stability. Bioactive glass, often composed of silica, calcium, and phosphorus, is 

designed for biomedical applications such as bone regeneration. While its bioactivity 

accelerates tissue integration, its slow degradation hinders optimal resorption and 

replacement by natural bone over time. The challenge lies in balancing the material's 

therapeutic benefits with the need for timely degradation. Researchers are exploring 

strategies to enhance the biodegradability of bioactive glass, such as modifying its 

composition or structure. Tailoring these aspects can influence dissolution rates 

enabling a more controlled and accelerated breakdown. Achieving fast biodegradability 

is crucial to ensure that the material supports tissue healing without lingering in the 

body for extended periods. This pursuit involves a delicate trade-off, demanding a 

nuanced understanding of material science and biological interactions to overcome the 

challenge and advance the effectiveness of bioactive glass in medical applications. 
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Bioactive glass for drug delivery poses a formidable challenge due to its inherent 

degradable nature within a biological environment. The intricacies of its biodegradation 

are intricately tied to both its composition and the pH of the surrounding environment. 

These factors wield significant influence over the amount of drug released during the 

biodegradation process. The delicate balance between maintaining structural integrity 

and achieving controlled drug release hinges on meticulous 

composition adjustments[43]. 

0.45P2O5- XCaO- (0.55-X) Na2O; X=0.2,0.3,0.4 mol%                  

Their  result shows the drug released from the composite was strongly determined by 

the dissolution rate of glass. 

In some cases we require less  disintegration. One of the case is bioactivity coating 

where the disintegration rate of coating must be really slow or almost removed. 

So that teeth coating cannot come off and it reduces the chance of corrosion to metal 

[44]. 
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CHAPTER - 3 

 

4. CONCLUSION 

 

The revolution from conventional glass to bioactive glass represents a groundbreaking 

paradigm shift in materials engineering. Bioactive glass, designed to interact with 

biological systems, has transformed the landscape of medical applications. Its unique 

ability to form a bond with living tissues has propelled innovations in fields like 

orthopedics and dentistry. Unlike traditional glass, bioactive glass actively participates 

in biological processes, promoting tissue regeneration and integration. This transition 

has ushered in a new era of biomaterials, where the boundaries between inert materials 

and living organisms blur. The profound impact of bioactive glass is evident in its use 

for bone grafts, dental implants, and wound healing. Its biocompatibility and 

therapeutic potential have opened avenues for advanced medical interventions, 

contributing to enhanced patient outcomes. As we witness this revolution, the 

convergence of materials science and biomedicine paves the way for further 

discoveries, shaping a future where bioactive materials play a pivotal role in improving 

human health and well-being. 

In summary we forecast a bright future for the use of Bioactive glasses in medica which 

will expand the glass age. 
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ABSTRACT 

The Gamma ray shielding parameters using WinXcom computer software have been 

investigated with change in lead doping in the glass structure. Accordingly, the 

influence of lead on the Gamma ray shielding properties of lead Zirconium titanite 

glasses 𝑥𝑃𝑏𝑂: 14𝑇𝑖𝑂2: 16𝑍𝑟𝑂2: (40 − 0.5𝑥)𝐵2𝑂3: (40 − 0.5𝑥)𝑆𝑖𝑂2, (𝑥 = 0, 10, 20, 30, 40)  

was examined using WinXcom computer software. Several significant radiation 

shielding parameters were evaluated. The ceramic density was increased from 5.5102 

to 7.6003 g/cm3 with increasing lead content. 

          At each energy within the spectrum of interest in this research MAC generally 

trends in the order that (S1) MAC<(S2) MAC<(S3) MAC<(S4) MAC<(S5) MAC. 

The maximum and minimum values of LAC were obtained at 15KeV and 8MeV 

respectively with values of 30.93 and 0.074 cm-1 ;111.54 and 0.108 cm-1; 175.19 and 

0.133 cm-1; 249.21 and 0.167 cm-1; 322.08 and 0.201 cm-1 for S1 to S5 respectively. 

The minimum and maximum values of HVL were obtained at 15KeV and 8MeV 

respectively with values of 0.022 and 8.55 cm; 0.066 and 6.52cm :0.004 and 5.60 cm 

:0.003 and 4.58 cm :0.002 and 3.89 cm for S1 to S5 respectively. The maximum and 

minimum values of Z effective were obtained at 15 KeV and 8 MeV respectively with 

values of 20.64 and 10.81; 47.46 and 15.40; 58.75 and 20.06; 64.98 and 24.82; 68.93 

and 29.67 for S1 to S5 respectively. The trend of variation of electron density N 

effective as a function of photon energy for BZT ceramic is S1>S2>S3>S4>S5 for all 

photon energy range 0.015 MeV to 15 MeV. 
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CHAPTER-1 

INTRODUCTION 

1.1  Introduction 

The study of interaction of gamma-rays with matter is of great importance in 

the field of science and technology due to its vast applications in the fields of 

medicine, engineering, bio-technology, electric power generation plants and in non-

destructive spectroscopic analysis, etc.  

Around 1920s, de-Broglie developed the theory of matter-wave duality which 

introduced the concept of photon. Radiation emission, in the form of photon is the 

release of discrete amount of energy by a system as it moves from one state to other. 

Energy of the photon is the function of its frequency υ (or wavelength λ) and can be 

expressed as 𝐸 = ℎ𝜐, where h is Plank’s constant.  Nature of radiation mainly 

depends upon its origin. When nucleus makes transition from high energy state to low 

energy state gamma-rays are emitted. Characteristic X-rays have atomic origins which 

are emitted when an electron makes transition from high energy state to low energy 

state. Continuous X-rays or Bremsstrahlung radiations are emitted due to the 

accelerated motion of the charged particles. The manner of interaction of X-rays and 

gamma-rays with matter is entirely different from the interaction of energetic charged 

particles because X-rays and gamma-rays are uncharged and massless (rest mass=0). 

During the interaction of the gamma-ray photon with matter, it either disappears 

entirely or is scattered through a significant angle. But the charged particles slow 

down gradually because of continuous interaction with many absorber atoms. As a 

result, range and specific energy loss concepts can’t be applied in the same way on X-

rays and gamma-rays as can be done on charged particles. 



2 
 

Incident gamma ray photons may interact with atomic electrons, with 

nucleons, with electric field surrounding the nuclei or with meson field surrounding 

the nucleons. These interactions may lead to complete or partial absorption of the 

incident photons and there is possibility of the scattering also. The most prominent 

incident energy range of photons is 0.01 to 5 MeV in which mainly photoelectric 

absorption, Compton scattering and pair production takes place.  Brief introduction to 

various possible interactions is given below (Evans, 1955); 

1.1.1  Photoelectric effect 

The photoelectric effect is the most important interaction in the 1-100 keV 

energy range of incident gamma ray. In this process, energy of the incident gamma 

ray photon gets completely transferred to the bounded electron of the atom. The 

necessary condition for the photoelectric emission is that the energy of the incident 

photon should be greater than the binding energy of the electron under consideration. 

If the incident energy is comparable with the binding energy of the electron 

photoelectric effect takes place more readily.  

If 𝐸𝛾 is the energy of the incident gamma ray photon and Eb is the binding 

energy of the electron then kinetic energy of the ejected electron Ek is given as 

𝐸𝑘 = 𝐸𝛾 − 𝐸𝑏       (1.01) 

After the photoelectric emission of electron from the inner shell, the residual 

atom is in the ionized state with a vacancy in the inner shell. This vacancy gets filled 

by transition of the next higher shell electron with a lower binding energy as shown in 

Figure 1.1. This results in the shifting of the vacancy to the next higher shell, which in 

turn gets filled by electron from an even lower binding energy shell. So, we can say 

photoelectric effect triggers an electron cascade from outer to inner shell of the atom. 

These transitions of electrons from lower binding energy shells to high binding energy 
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shells appear as characteristic X-rays or Auger electrons. However, the probability of 

the characteristic X-ray emission is more for high atomic number (Z) targets. 

 

Figure 1.1: Schematic representation of photoelectric absorption 

 

K-shell has greatest contribution to the photoelectric effect while L, M and N 

shells have decreasing order of the importance. If the energy of the incident gamma 

ray photon is less than the binding energy of K shell electron then there will be 

interaction of the L, M or N shell electrons with gamma rays. So, there will be sharp 

decrease in the photoelectric cross-sections (𝜏𝑃𝐸) with the decrease in the incident 

photon energy. The photoelectric cross-sections (𝜏𝑃𝐸) or the photoelectric coefficient 

is defined as the probability of this interaction to take place. 𝜏𝑃𝐸 is a function of 

energy of the incident gamma rays ( 𝐸𝛾), atomic number (Z) and atomic mass number 

(A) is given in equation 1.02, 

𝜏𝑃𝐸 ∝ (𝑁𝑡)
𝑍𝑛

𝐸𝛾
𝑚      (1.02) 

The values of m and n lies from 3 to 5, which is a function of 𝐸𝛾. The number 

of atoms/m3 (𝑁𝑡) in the material  through which the photon transverses and can be 

calculated mathematically as 

    𝑁𝑡 = 𝜌
𝑁𝐴

𝐴
      (1.03) 
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Such as, 𝜌 is the bulk density, 𝑁𝐴 is the Avogadro's number and 𝐴 is atomic 

weight of the target (Tsoulfanidis, 1995). 

 

1.1.2  Compton scattering  

Compton scattering is the process in which the incident gamma ray photon 

interacts directly with the outermost shell electron of the target material. In Compton 

scattering incident gamma ray photon losses, a fraction of its energy contrary to 

photoelectric effect in which complete absorption of the photon takes place. 

Assuming the electron at rest before the collision, kinetic energy (𝐾𝑒) acquired by 

recoiled electron after the collision can be represented as (Dyson (2005)) 

𝐾𝑒 = 𝐸𝛾𝑖
− 𝐸𝛾𝑓

     (1.04) 

Here 𝐸𝛾𝑖
 and 𝐸𝛾𝑓

 is the energy of the gamma photon before and after the 

interaction with the electron. To obtain expression for 𝐸𝛾𝑓
, laws of conservation of 

momentum can be applied and it is found that 𝐸𝛾𝑓
 is the function of the scattering 

angle θ as 

𝐸𝛾𝑓
=

𝐸𝛾𝑖

1+(1−𝑐𝑜𝑠𝜃)
𝐸𝛾𝑖

𝑚𝑜𝑐2

    (1.05) 

Equation 1.04 & 1.05 are used to obtain the kinetic energy 𝐾𝑒 of the electron 

as  

𝐾𝑒 =
(1−𝑐𝑜𝑠𝜃)

𝐸𝛾𝑖
𝑚𝑜𝑐2

1+(1−𝑐𝑜𝑠𝜃)
𝐸𝛾𝑖

𝑚𝑜𝑐2

𝐸𝛾𝑖
    (1.06) 

Here 𝑚𝑜𝑐2 is the rest mass energy of the electron (0.511MeV). For 𝜃 = 𝜋 

minimum energy is carried by the scattered photon, i.e.  
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𝐸𝛾𝑓

𝑚𝑖𝑛 =
𝐸𝛾𝑖

1+2
𝐸𝛾𝑖

𝑚𝑜𝑐2

     (1.07) 

If 𝜃 = 0𝑜 there will be maximum energy taken by the scattered photon, i.e., 

𝐸𝛾𝑓
𝑚𝑎𝑥 = 𝐸𝛾𝑖

      (1.08) 

From equation (1.07), it can be concluded that minimum energy of the 

scattered photon is greater than zero. So, in Compton scattering it is not possible that 

whole of the incident energy is carried by the ejected electron. From equation (1.08), 

we can say that there will be no interaction between the incident photon and the outer 

electron, as energy of the scattered photon remains unaffected. 

Compton cross-section 𝜎𝐶  or Compton coefficient is defined as the probability 

of Compton interaction to take place per unit distance. 𝜎𝐶  is a complicated function of 

𝐸𝛾𝑖
. Such that, 

    𝜎𝐶 = 𝑁𝑍. 𝑓(𝐸𝛾𝑖
)     (1.09) 

Here 𝑓(𝐸𝛾𝑖
) is a function of 𝐸𝛾𝑖

 and N is the atom density, which can be 

obtained using equation (1.03). 

                 𝜎𝐶 =  𝜌
𝑁𝐴

𝐴
𝑍. 𝑓 (𝐸𝛾𝑖

)    (1.10) 

In most of the materials except Hydrogen, value of A≈ 2𝑍 to 2.6𝑍, so 

equation (1.10) can be modified as (Tsoulfanidis, 1995) 

            𝜎𝐶 ∼  𝜌 (
𝑁𝐴

2
) . 𝑓 (𝐸𝛾𝑖

)     (1.11) 

1.1.3  Pair production 

Pair production is the third type of the interaction of highly energetic gamma 

ray with matter which becomes energetically possible if the incident gamma energy is 

more than twice of rest mass energy of the electron (1.02 MeV). In this type of 

interaction electron-positron pair appears on the cost of gamma ray photon. The 
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presence of the nucleus is must in this type of interaction; however it does not involve 

any change. 

Kinetic energies 𝐾𝑒
− and   𝐾𝑒

+ of electron and positron respectively can be 

obtained from the following equation using the law of conservation of mass and 

energy as (Tsoulfanidis (1995)) 

𝐾𝑒
− +  𝐾𝑒

+ = 𝐸𝛾 − (𝑚𝑐2)𝑒− − (𝑚𝑐2)𝑒+ = 𝐸𝛾 − 1.022𝑀𝑒𝑉  (1.12) 

This energy is shared by electron and positron equally, so 

𝐾𝑒
− = 𝐾𝑒

+ =
1

2
(𝐸𝛾 − 1.022𝑀𝑒𝑉)    (1.13) 

Pair production cross section ‘𝜅𝑃𝑃’ or pair-production coefficient is the 

probability for pair production to occur which a complicated function is of  𝐸𝛾 and Z 

and can be written as 

𝜅𝑃𝑃 = 𝑁𝑍2𝑓(𝐸𝛾, 𝑍)     (1.14) 

It is important to note that 𝜅𝑃𝑃 has threshold at 1.022 MeV and increases with 𝐸𝛾 and 

Z. 

 

Figure 1.2 Schematic representation of Pair-production 

1.1.4  Rayleigh scattering  

Rayleigh scattering is also known as coherent scattering in which the incident 

gamma ray photon interacts coherently with the all electrons of the absorber atom. In 

this scattering event, the energy is retained by the gamma ray photon after the 

interaction as a result target atom neither excites nor ionizes. Rayleigh scattering is 
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mainly due to the electric polarizability of the interacting atoms as a result this start 

oscillating with the same frequency of the incident radiation. The atoms behave like 

small radiating dipoles. Rayleigh scattering is most predominant at low incident 

photon energy, small scattering angles and high Z absorbers. So, in contrast to 

Compton scattering, Rayleigh scattering is negligible. 

1.1.5  Thomson scattering by the nucleus  

Thomson scattering of the incident gamma ray is explained on the basis of 

classical electromagnetism in which nucleus is considered as a point charge. This 

involves scattering of the gamma rays by free electrons and nucleus as a whole 

(nuclear Thomson scattering). In this scattering process, there will be no change in the 

particle kinetic energy and the photon frequency before and after the scattering. 

However, this remains valid till the photon energy remains very- very small in 

contrast to the rest mass energy of the particle., i.e., 𝜐 ≪  
𝑚𝑐2

ℎ
. 

1.1.6  Delbruck scattering 

Delbruck scattering is also known as the elastic nuclear potential scattering in 

which there is coherent elastic scattering of photons in the Coulomb field of high Z 

nuclei. It is the deflection of highly energetic photons because of virtual electron pair 

formation in the coulomb field of nucleus. It is one of the two nonlinear effects of 

quantum electrodynamics (QED) in the Coulomb field investigated experimentally, 

which involves the splitting of single photon into two photons. However, this effect is 

quite small and cannot be detected in experiments done to measure it effectively. But 

these interactions are of good importance as it explain the inconsistencies between 

experimental and theoretical values of Compton scattering experiments on high Z 

elements.  
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1.1.7  Nuclear resonance scattering  

Nuclear resonance scattering depends upon the properties of the nuclear 

excited states. When there is resonance between the incident gamma ray photons and 

absorbing nuclei, then it gets excited to the higher energy levels. So, there will be 

absorption and re-emission of the photon by the nuclear energy levels of the resonant 

atom. This type of scattering occurs at energies near a resonance level, where the 

incident particle can easily form a compound nucleus and a similar particle may be 

emitted before any other competing emission or radiative process takes place in the 

compound nucleus.  

1.1.8  Photo-disintegration of the nuclei  

Photo-disintegration or photo-transmutation is a process in which high energy 

gamma ray (nearly 8 MeV) is absorbed by an atomic nucleus. As a result, it gets 

excited and further decays immediately by emitting a subatomic particle like proton, 

neutron or alpha particle. This process is possible when the incident gamma ray 

photon has energy more than that of the separation energy of neutron or proton. 

 

1.2  Fundamental parameters related to attenuation of gamma rays  

Attenuation is the removal of the incident photons from the collimated beam 

of monoenergetic photons during their passage through given target material. Linear 

attenuation coefficient, mass attenuation coefficient, effective atomic number and 

intensity ratios are the important fundamental parameters which describe the 

attenuation of the gamma rays through materials. 

  

1.2.1 Linear attenuation coefficient of the materials 
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Linear attenuation coefficient (µ) of a material is defined as a measure of the 

probability of interaction of the photons per unit linear path length in the absorber that 

leads to their elimination from the incident photon beam. Typically, it has the units of 

cm-1. The number of removed photons n from the beam after traversing thickness 𝑥 

can be given as, 

𝑛 = 𝜇𝑁𝑜𝑥      (1.15) 

Here, No is the total number of incident photons. 

Depending upon the energy of photon and atomic number of the target, 

incident photon interacts in different ways with matter. There are mainly three 

interaction mechanisms, i.e., photoelectric effect, Compton scattering and pair 

production with which a photon interacts with matter (explained in section 1.1).  

The probability of a photon traversing a given amount of absorber without any 

kind of interaction is just the product of the probabilities of survival for each 

interaction. The probability of traversing a thickness 𝑥 of absorber without a Compton 

collision is 𝑒−𝜎𝐶𝑥 where 𝜎𝐶  is linear attenuation coefficient for the Compton process. 

Similarly, the probability of no photoelectric interaction is 𝑒−𝜏𝑃𝐸𝑥, where 𝜏𝑃𝐸 is the 

linear attenuation coefficient for the Photoelectric process and for probability of no 

pair-production collision is 𝑒−𝜅𝑃𝑃𝑥, where 𝜅𝑃𝑃 is the linear attenuation coefficient for 

the pair-production process. A collimated gamma-ray beam of initial intensity Io after 

traversing a thickness x of absorber will have a residual or transmitted intensity I 

which is a function of incident gamma-ray energy, absorber composition and absorber 

thickness. Such that,  

𝐼 = 𝐼𝑜(𝑒−𝜎𝐶𝑥  + 𝑒−𝜏𝑃𝐸𝑥 + 𝑒−𝜅𝑃𝑃𝑥)    (1.16) 

   = 𝐼𝑜𝑒−(𝜎𝐶+𝜏𝑃𝐸+𝜅𝑃𝑃)𝑥        (1.17) 

        = 𝐼𝑜𝑒−𝜇𝑥            (1.18) 
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Where the quantity  

𝜇 = 𝜎𝐶 + 𝜏𝑃𝐸 + 𝜅𝑃𝑃      (1.19) 

is the total linear attenuation coefficient. The reciprocal of the attenuation coefficient 

has the units of length and is often known as mean free path, i.e., average distance a 

gamma ray travels in the absorber before interacting. Equation (1.19) establishes a 

linear relationship between the absorbance, density of an absorbing species and path 

length of the target and it is known as Beer-Lambert’s law.  

For the application of the Beer-Lambert law the target material must have 

uniform thickness and density. The linear relationship between absorption coefficient 

and thickness x of the material does not holds well, in case photons reaching the 

detector have unequal chances of absorption in the target material. This may happen 

due to the difference in the density or thickness of the target under study. Another 

reason behind it is the presence of impurity atoms in the target or some chemical 

change taking place in it, which causes non-uniformity in the density of the target.   

Later, Silva et al. (2000) modified the general Beer-Lambert’s law 

theoretically and proposed new method, i.e., Two Media Method for the measurement 

of the linear attenuation coefficient for materials having non-uniform thickness. 

 

1.2.2  Mass attenuation coefficient 

When a collimated and monoenergetic beam of photons interact with the given 

thickness of the target material, the probability of interaction depends on the number 

of atoms per unit volume. This dependence can be normalised by defining linear 

attenuation coefficient per unit density of the target material, which is known as mass 

attenuation coefficient (𝜇𝑚) of the target. It can be calculated by dividing the linear 
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attenuation coefficient of the material under study by the density of the same material 

as; 

𝜇𝑚 = 𝜇/𝜌      (1.20) 

Here ρ is the density of the target material in  𝑔
cm3⁄ . So, the expression of Beer-

Lambert’s law becomes 

𝐼 = 𝐼𝑜𝑒−𝜇𝑚𝜌𝑥      (1.21) 

Here ρx is the mass thickness of the material which is measured as mass per unit area. 

In case of the compounds or homogenous mixtures, mass attenuation 

coefficient can be calculated by finding the weighted sum of the coefficients for the 

elements using simple rule as 

         𝜇𝑚 = ∑ 𝑤𝑖
 
𝑖 (

𝜇

𝜌
)

𝑖
     (1.22) 

In the above equation (
𝜇

𝜌
)

𝑖
is the mass attenuation coefficient for the 𝑖𝑡ℎ element and 

𝑤𝑖 is its weight fraction. For a chemical compound with formula 

(𝐴𝑥1𝐵𝑥2𝐶𝑥3 … … . 𝐷𝑥𝑛) the weight fraction for the 𝑖𝑡ℎ element is given by  

          𝑤𝑖 =
𝑥𝑖𝐴𝑖

∑ 𝑥𝑖𝐴𝑖
𝑛
𝑖=1

     (1.23) 

Here, 𝐴𝑖 is the atomic weight of the 𝑖𝑡ℎelement. 

1.2.3 Mean Free Path 

The mfp is defined as the average distance a gamma ray photon travels in the target 

absorbing material before any interaction with it. The 𝜇 has the units 𝑐𝑚−1. Its 

reciprocal, possessing the units of length, represents the mfp. The mfp may also be 

defined as the thickness of the interacting substance which produces a gamma ray 

transmission as: 

𝐼

𝐼0
=  

1

𝑒
= 0.37 

In shielding process, considering samples of same thickness and targeted by the same 

gamma ray photon energy, the samples with lower mfp values are better gamma ray 
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shielders than high mfp value samples. Generally GP fitting parameters are utilized to 

calculate the gamma ray energy absorption buildup factor at various mean free path 

penetration depths for different incident photon energies. 

1.2.4 Half Value Layer 

HVL or half value distance of an interacting target material is the width of 

material required at which the intensity of incident radiation narrow beam entering the 

target material is reduced to half of its original value. The HVL is given as: 

   𝐻𝑉𝐿 =  
𝑙𝑛2

𝜇
=  

0.693

𝜇
     (1.24) 

The units of HVL are reciprocal of units of 𝜇. Normally, HVL is expressed in 

cm as the μ is given in 𝑐𝑚−1. The lower value of HVL either indicates low photon 

energy or a better shielding material in terms of required thickness. 

1.2.5 Tenth Value Layer 

The tenth value layer (TVL) of shieldingis defined as a thickness of 

absorbingmaterial that willreduce incident gamma radiation beam to tenth 

value of its initial intensity. Like HVL, the TVL thickness is also measured in 

units of distance i.e. mm or cm. The tenth value layer is given as: 

   𝑇𝑉𝐿 =  
𝑙𝑛10

𝜇
=  

2.303

𝜇
    (1.25) 

 

1.2.6  Effective atomic number 

As attenuation of gamma photons is a function of the energy of incident 

photon, density and atomic number of the target element, so it is not possible to assign 

a single atomic number to a compound material for innumerable incident energies 

(Hine, 1952). However, for particular energy interaction of radiation with compound 

material is identical to the interaction of radiation with a single element whose atomic 

number is equivalent to the effective atomic number (Zeff) of the material. Zeff can be 

obtained from atomic numbers of constituent elements, weighted according to the 

different partial photon interaction processes. Mathematically, Zeff can be calculated 

from the following relation 
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𝑍𝑒𝑓𝑓 =
𝜎𝑡,𝑎

𝜎𝑡,𝑒𝑙
      (1.26) 

Here σt,a is total atomic cross-section and σt, el is effective electronic cross-

section. Total molecular cross-section can be obtained from mass attenuation 

coefficient according to following relation.
 
 

                     (𝜎𝑡,𝑚) = 𝜇𝑚 (
𝑀

𝑁𝐴
)      

Where 𝑀 = ∑ 𝑛𝑖𝐴𝑖𝑖  is molecular weight of compound, ni is total number of atoms in 

the molecule and Ai is the atomic weight of the ith element. 

Further, total atomic cross section can be calculated as
 

   (𝜎𝑡,𝑎) =
1

𝑁𝐴
∑ 𝑓𝑖𝐴𝑖(𝜇𝑚)𝑖𝑖      (1.27) 

Effective electronic cross-section is calculated by using the relation (Singh et al. 

(2002)) 

 (𝜎𝑡,𝑒𝑙) =
1

𝑁
∑

𝑓𝑖𝐴𝑖

𝑍𝑖
𝑖 (𝜇𝑚)𝑖    (1.28) 

Here   𝑓𝑖 =
𝑛𝑖

∑ 𝑛𝑗𝑗
⁄ is fractional abundance and Zi is atomic number of ith constituent 

element, ∑ 𝑛𝑗𝑗  is the total number of atoms present in the molecular formula and 𝑁𝐴 is 

Avogadro’s number. 

1.2.4 Electron Density 

The 𝑁𝑒 is also a significant parameter for understanding and visualizing the 

incident radiation photon interactions probability with a particular absorbing 

substance. It is the more trustworthy parameter in comparison to the effective atomic 

number as it is directly associated with number of charged particles present in a unit 

mass of the material however its large values make the analysis process somewhat 

cumbersome. Higher is the value of 𝑁𝑒 more is the probability of photon interaction 

and better is the sensing and shielding material. 𝑍𝑒𝑓𝑓offers similar information 

regarding mixed compositions as does the simple atomic number for single elements 
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𝑁𝑒, expressed as number of electrons in unit mass of the target interacting material. It 

exhibits the probability of incident photon interaction with target atom electrons. The 

higher 𝑁𝑒  values mean that there are more chances of incident photon interaction 

with target shielding sample electrons. Thus 𝑍𝑒𝑓𝑓 and 𝑁𝑒 are the parameters which 

indicate the energy radiation incident photon interaction probabilities with various 

shielding materials. The 𝑁𝑒 is closely related to the 𝑍𝑒𝑓𝑓 and is given as: 

   𝑁𝑒 =  
(

𝜇

𝜌
)

𝑐𝑜𝑚𝑝
𝑍𝑒𝑓𝑓

𝜎𝑎
     (1.29) 

1.2.5  Energy build-up factors (EBF and EABF) 

By placing a thick shield of material around any gamma source, all radiation is 

completely absorbed. However, Lambert-Beer's law was not obeyed because, as 

shielding material thickness increased, there was a greater chance of beam 

divergence. the buildup factor (B), often known as the corrective factor. Concerning 

the buildup factor, the following relation provides Lambert-Beer's law: 

I = B I0e−μx     (1.30) 

The buildup factor "B" must be more than or equal to one (1), that is, B ≥1. The 

equivalent atomic number (Zeq) of the ceramic samples has been derived using the 

interpolation approach as the initial step in evaluating the buildup factor for the 

synthesized glass samples[49]: 

𝑍𝑒𝑞  =  
𝑍1 ( 𝑙𝑜𝑔 𝑅2 − 𝑙𝑜𝑔 𝑅) + 𝑍2 (𝑙𝑜𝑔 𝑅 − 𝑙𝑜𝑔 𝑅1)

(𝑙𝑜𝑔 𝑅2 − 𝑙𝑜𝑔 𝑅1)
   (1.31) 

where, 

R =  μcμT     (1.32) 

Here, µc and µT correspond to the Compton attenuation coefficient as well as the total 

mass attenuation coefficient. Ratio 'R' for the ceramic sample should be lies among R1 

and R2 for consecutive elements related to Z1 and Z2 atomic numbers respectively. 
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2.2.3 Computation of G-P fitting parameters 

In the photon energy range of 0.015 to 15.0 MeV and up to a penetration depth 

of 40 mfp, American National Standards [46] provided the energy absorption G.P. 

fitting parameters of 23 pure elements (Be, O, Na, S, Ar, Ca, Fe, Cu, Mo, Sn, La, Gd, 

W, Pb, and U), one compound (water), and two mixtures (air and concrete). Using the 

following logarithmic interpolation formula, the computed values of Zeff for the 

chosen ceramic samples were used to interpolate G.P. fitting parameters (b, c, a, Xk, 

and d) for the energy absorption accumulation factor: 

12

1eff2eff21

ZlogZlog

)ZlogZ(logP)ZlogZ(logP
P

−

−+−
=      (1.33) 

where Z1 and Z2 are the elemental atomic numbers between which the Zeff of the 

chosen ceramic sample lies. P1 and P2 are the values of G.P. fitting parameters 

corresponding to the atomic numbers Z1 and Z2, respectively, at a given energy. Using 

the above-given interpolation formula, G.P. fitting parameters for energy absorption 

buildup factors were computed at the selected incident photon energies for given 

ceramic samples. 

2.2.4  Computations of Buildup Factors 

The energy absorption building factors for the chosen ceramic samples in the 

incident photon energy range of 0.015 to 15.0 MeV and up to the penetration depth of 

40 mfp were calculated using the computed G.P. fitting parameters (b, c, a, Xk, and d) 

using the following equations: 

1K)1K(
1K

1b
1)X,E(B X −

−

−
+=      (1.34) 

1KX)1b(1)X,E(B =−+=         (1.35) 

Where, mpf40Xfor
)2tanh(1

)2tanh(2
x

X
tanh

dcX)x,E(K ka 
−−

−−







−

+=  (1.36) 
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CHAPTER – 2 

LITERATURE SURVEY 

 

Lead titanate (PbTiO3) is a perovskite type ferroelectric material with high 

Curie temperature of 490 0C which make them attractive for high-temperature and 

high-frequency piezoelectric applications [1–2]. Above Tc, the material has a simple 

cubic structure with lead atoms at the corners of the cubic unit cell, the titanium is at 

the body center position and oxygens are at the face-centered positions. Below Tc, the 

structure is tetragonal with the atoms distorted from the cubic arrangement by small 

relative displacements along the (polar) tetragonal c axis exhibiting a large 

tetragonality (c/a = 1.064). It is reported in the literature that large ionic displacements 

in PT lead to a large spontaneous polarization of the order of 453 mC/cm2 at room 

temperature [3]. However, it is difficult to sinter pure lead titanate ceramics because 

of its large lattice anisotropy of c/a = 1.063. PbTiO3 ceramics prepared by 

conventional route usually have microcracks and fracture on cooling below 

crystallization temperature (Tc) as a result of the large spontaneous strain generated 

due to phase transition from cubic to tetragonal. This has constrained the applications 

of undoped lead titanate ceramics. The glass–ceramic route therefore offers the 

possibility of fabricating lead titanate without cracking. The other advantages of this 

method, such as no ageing or depoling problems and good stability at high 

temperature, high-pressure and in harsh environments can be achieved [4]. In this 

method, a glass medium consisting of glass network formers and ferroelectric 

constituents is prepared by conventional melt-quenching technique. Ferroelectric 

phase is then precipitated within the glass matrix during subsequent heat treatment [5–

6]. The advantages of glass–ceramic processing over traditional ceramic route include 
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ease of forming complicated shapes free from porosity, voids and microcracks [7]. 

The amount of ferroelectric phase and its microstructure can be controlled by 

choosing a suitable initial glass composition and a heat treatment schedule [8]. 

Ferroelectric glass-ceramics with uniform fine-grained structure have attracted much 

attention and, in many applications, like transducers [9–24]. Composition of the glass, 

proper proportion of glass forming oxides like B2O3 and SiO2 and glass preparation 

methods plays very important role to develop ferroelectric phases in the glass-

ceramics [25]. The phase diagram of PbO-TiO2-B2O3 shows that the glass 

compositions PbO-B2O3 and 2PbO-B2O3 is suitable for crystallization of PbTiO3 and 

the glass system, 5PbO-B2O3-SiO2 for the crystallization of PZT [26]. 

Gamma radiations are used in a number of applications which include apparatus 

sterilization in medical field [27-28] protecting the food articles by irradiation [29-30] 

in diagnosing and treatment of cancer and some other medical conditions [31-32] 

element analysis [33-34] checking any flaws in welded materials [35-36] and in 

agriculture and engineering fields. At the same time these high energy and most 

penetrating radiation exposure for longer time period on any living being may also 

cause radiation sickness, mutation and cancer. Thus, for the effective use of gamma 

radiation in scientific, engineering, medical and agricultural applications, there is an 

urgent requirement to develop materials that can act as good radiation shield to avoid 

the unnecessary harmful effect on human body and environment. These shielding 

materials are may also be useful to protect reactor vessel from overheating due to 

continuous gamma ray absorption. 

The study of absorption of gamma radiations in any material is valuable in 

formulating accurate semi-empirical formulations [37].  Understanding 𝜇𝑚has great 

significance as gamma ray absorption is dependent upon 𝑍𝑒𝑓𝑓 and density of the 
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absorbing/shielding material. Using 𝜇𝑚 various parameters like the mass energy-

absorption coefficient, the total interaction cross-section, the 𝑍𝑒𝑓𝑓, and the 𝑁𝑒 can be 

derived. Mass attenuation coefficients of many elements and compounds are available 

in tabulated form published by Hubbell [38] for photon energy range 1 keV-20 MeV. 

However, these tables consisted of only 40 elements and 45 compounds only. A new 

tabulation by Hubbel and Seltzer [39], consisted all elements from atomic number 1-

92 and 48 additional compounds and substances. Berger and Hubbel [40] have further 

updated these values. Chantler [41] has recently provided wide ranging tabulated 

values of mass attenuation coefficients.  

𝑍𝑒𝑓𝑓 of any amalgamated and complex absorbing material is a very handy 

parameter in various technological and engineering applications. This parameter has a 

physical meaning and allows many characteristics of absorbing material to be 

envisaged by using it just as a number. However, the value of 𝑍𝑒𝑓𝑓 during its 

measurement changes with different measurement techniques.  After many efforts to 

formulate rules for finding 𝑍𝑒𝑓𝑓of any composite material, the available formulas 

have limited validity subject to the experimental conditions used in the particular 

work. As the technology advances there is a need to develop shielding materials that 

can work even in unforgiving gamma radiation exposure situations [42]. In the 

process many glass systems have been developed for nuclear engineering applications 

[43]. Glasses have been developed which accomplish the double task. Glasses are not 

only transparent to visible light but also protect us by absorbing high energy gamma 

radiations [44].  Cadmium and boron containing glasses are used to absorb slow 

neutrons [45]. In general, any absorbing glass material should be chemically, 

mechanically and optically inert to irradiation effects having radiation absorption 

cross section to be extra ordinary.  
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For using glasses as shielding materials, their effective atomic numbers and 

gamma attenuation coefficients study possess considerable importance. A. Khanna et 

al. [46] has done previous measurements in some heavy metal oxide borate glasses. 

This study is performed on lead alumino borophosphate glasses. 

There is also a constant need to develop better and better absorbing materials 

which can act as a good radiation shield in extreme unfriendly environment [47]. In 

this regard, glasses are promising materials because of their homogeneity and range of 

composition. Typical applications of radiation shielding glasses are in hospital X-ray 

rooms, radiation therapy rooms, airport security X-ray screens, for materials testing, 

nuclear facilities, dental clinics, laboratories, X-ray and radiation protection 

spectacles. Glasses are also used in space technology for protecting human beings and 

equipment from harmful radiation such as gamma and cosmic rays. Glass has also 

been suggested for the containment of radioactive waste products [48]. In general, the 

Heavy Metal Oxide glasses based on for example PbO or 𝐵𝑖2𝑂3 [49-53], have 

potential applications in radiation shielding, since they have large absorption cross 

section for radiation and at the same time small irradiation effects on their mechanical 

and optical properties. HMO glasses are better shields and may be used as transparent 

radiation shielding materials [54].  

The transmitted intensity of a gamma ray beam through a medium follows 

Lambert’s Beer law (I =I0e–µt) where I, I0 are transmitted and incident intensities of 

photons for thickness t of the medium having linear attenuation coefficient, μ under 

three conditions: (i) monochromatic ray (ii) thin absorbing material, and (iii) narrow 

collimated beam. The law becomes invalid in case all these three conditions are not 

exactly fulfilled. The law can be made valid by using a correction factor, called as 

“buildup factor”. The buildup factor is defined as the ratio of total value of specified 
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radiation quantity at any point to the contribution to that value from radiation reaching 

to the point without having undergone a collision. To evaluate the shielding and 

exposure of gamma radiations a comprehensive and reliable buildup factor data is 

very useful for analysis and control [55]. Buildup factors are shielding material and 

geometry dependent parameters which are applied to correct the attenuation 

calculations by including the contribution to the radiation field produced by the 

collided part of the incident beam. Many researchers have studied gamma ray buildup 

factors for concretes/flyash concretes [56], soil and ceramic [57,58], human tissues 

[59], gaseous mixture [60], building materials [61] and found that G-P fitting method 

is quite useful in valuation of energy absorption and exposure buildup factors. 

Geometrical-Progression (GP) fitting formula has been developed by Harima et al 

[62]. This formula can reproduce data over full range of distance, energy and atomic 

number. Harima et al [63] have demonstrated the applicability of G-P method to 

generate buildup factor data for a wide range of energy and distance. 

The shielding properties of the glasses can be modified by change in the chemical 

compositions. Gamma ray shielding properties of the glasses have been carried out for 

phosphate glass [64], lead silicate [65] and lead borate and silicate glass [66-69]. In 

nuclear reactors and other facilities where neutron radiations also exist alongside 

gamma radiations, neutron absorbing glasses must also possess elements such as Li, 

H, C, B etc. In the nuclear reactors the energy of neutron ranges up to 8 MeV [70] and 

gamma ray in range of 0.10–10 MeV. Therefore, boron containing glass shielding 

materials are found to be a promising and potential shielding candidate. The gamma 

ray attenuation coefficient of borate glasses has been investigated for photon energy 

1173 and 1332 keV [71]. There is no such study for gamma ray and neutron shielding 
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by the borophosphate glasses in the literature. This encouraged us to investigate the 

shielding efficiencies of gamma ray and neutron. 

Lead zirconate titanate glasses with composition 𝑥𝑃𝑏𝑂: 14𝑇𝑖𝑂2: 16𝑍𝑟𝑂2: (40 −

0.5𝑥)𝐵2𝑂3: (40 − 0.5𝑥)𝑆𝑖𝑂2, (𝑥 = 0, 10, 20, 30, 40) have been investigated for their 

shielding properties in the present work. It has been determined through theoretical 

calculations if they can serve as gamma ray shielding. The WinXcom programme was 

used to theoretically estimate the mass attenuation coefficient (µm) for this goal. The 

ratio of the entire value of the prescribed radiation quantity at any location reaching 

the point without any collision is known as the buildup. The buildup factor has been 

classified as; 

(i) EBF: Exposure Buildup Factor: It is referred to as the photon accumulation factor, 

with exposure as the quantity of interest and air absorption as the detector response 

function.  

(ii) EABF, or energy absorption buildup factor: The quantity of interest is the 

absorbed or deposited energy in the interacting material, and the detector response 

function is that of absorption in the interacting material. It is the photon buildup 

factor. 

There are few reports in the literature on the analysis of the EBF for glass 

using the G-P fitting approach. Therefore, it has become vital to understand the 

polymer's gamma-ray interaction properties when developing materials for radiation 

shielding applications. The present work focuses on examining the EBF of various 

types of glasses in light of the necessary knowledge of the radiation interaction of 

gamma-ray with the matter in various fields. Using the G-P approach, the obtained 

EBF and EABF data were assessed for incident photon energies ranging from 0.15 to 

15 MeV up to a penetration depth of 40 mfp. The prepared glass samples are also 

subject to structural determinations. The findings of this study will offer details about 

the suitability of glasses as radiation shields and suggestions for developing new 

shielding materials. Further, the interaction of radiation with the atoms of the 

shielding material is described by the shielding characteristic known as the mean free 

path (MFP). The material that exhibits a low MFP is better at shielding. The MFP for 
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the chosen glass samples was calculated from the simulated linear attenuation 

coefficient values. 
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CHAPTER-3 

RESULTS AND DISCUSSION 

3.1  Introduction 

 Present work is focused on theoretically exploring radiation shielding properties 

of lead zirconium titanate glasses viz. 𝑥𝑃𝑏𝑂: 14𝑇𝑖𝑂2: 16𝑍𝑟𝑂2: (40 − 0.5𝑥)𝐵2𝑂3: (40 −

0.5𝑥)𝑆𝑖𝑂2, (𝑥 = 0, 10, 20, 30, 40).  The radiation shielding parameters such as mass 

attenuation coefficient, linear attenuation coefficient, effective atomic number, 

electron density, half value layer and exposure buildup factor were obtained 

theoretically as preliminary data for preparing sample of required thickness.  

3.2 Shielding Properties 

In this study, the gamma-ray attenuation properties of lead zirconate titanate 

samples were investigated. The molar and elemental mass percentages and densities 

of the samples analyzed are listed in Table 1. According to Table 1, the density of the 

glasses increased from 5.5102 g/cm3 to 7.6003 g/cm3. The sample with the highest 

structural lead oxide content, had the highest density. 

Table 3.1: Sample codes, densities and chemical compositions of glasses 

Sample 
Code 

PbO TiO2 ZrO2 B2O3 SiO2 Density 
(g/cm3) 

S1 0 14 16 40 40 5.5102 

S2 10 14 16 35 35 5.9216 

S3 20 14 16 30 30 6.3217 

S4 30 14 16 25 25 6.7105 

S5 40 14 16 20 20 7.6003 
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The WinXcom program's theoretical results were first used to obtain the 𝜇𝑚 values in 

order to explore the gamma-ray attenuation properties of the selected glasses. Gamma 

energy was increased up to 15 MeV, and this caused a sharp fall in the 𝜇𝑚 values 

(Fig. 3.1). Photoelectric absorption (PEA) was the reason for this decrease. The main 

influence on absorption in this sector regime came from the PEA. The 𝜇𝑚 values 

changed more slowly after 1 MeV. This was caused by the strength of the linear Z-

dependent Compton scattering (CS), which was present at this range of energy. Pair 

production (PP), which was the main mechanism above 5 MeV, caused the influence 

of CS to steadily decrease after that (Fig. 3.1). Since PP's cross-section grows linearly 

with Z2, the values of 𝜇𝑚 rose over the range of 9 to 20 MeV. The highest lead, 

zirconium, and barium concentrations were found in the S5 sample, which also had 

the highest 𝜇𝑚 values. 

 

Figure 3.1: Variation of mass attenuation coefficient (μρ) values as a function of 
photon energy for given glasses 
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Given that the linear attenuation coefficient (LAC) is a density-dependent property, it 

is assumed that there is a correlation between density and the LAC values in this case, 

and subsequently, the amount of lead oxide. Figures 3.2 show the shifting LAC in 

relation to the incident photon energy, accordingly. In the graph, it can be shown that 

as photon energy increased, the LAC rapidly reduced, reaching as low as 0.05 MeV in 

all cases. The photoelectric effect predominates in the low-energy region, where the 

majority of photon-matter interactions take place, with cross-sectional changes 

proportional to Z. For medium-level energies above the energy level, Compton 

scattering becomes increasingly significant when considering the changes in chemical 

composition of the specimens. The cross section of Compton scattering has a linear 

relationship with atomic number Z, hence the samples' values decreased gradually and 

remained constant below 2 MeV. However, considerable differences in the linear 

attenuation coefficients were observed as the glass density changed progressively. At 

various energies, we saw an intriguing impact of lead oxide on the photon resistance 

of glass samples. Our findings show that the lead oxide content was highest in the S5 

sample, which also exhibited the highest linear attenuation coefficients for all entering 

photon energies. This is explained by the fact that the S5 sample, which has a density 

of 7.6003 g/cm3, contains the most lead oxide in the glass structure and has a higher 

value of LAC. 
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Figure 3.2: Variation of linear attenuation coefficient (μ) values as a function of 
photon energy for given glasses 

 

Figure 3.3 show how the tested glasses effective atomic number (Zeff) values fluctuate 

as a function of incident photon energy. According to Figure 3.3, S5 have the highest 

effective atomic number values across all energies investigated. The enhanced lead 

oxide reinforcement, which raised the sample's total atomic number from S1 to S5, 

can be attributed to this. The changes in the glass structure between the reduced (B2O3 

and SiO2) and enlarged (PbO) replacements led to a considerable change in the 

overall atomic number of the S1 - S5 sample. The absorption edge of B at about 0.03 

MeV caused a sharp increase in Zeff curves. This was because to PEA's dominance in 

the relevant energies. In the middle energies, where CS played a significant role, the 

Zeff values were remarkably similar. The modification in the cross-section of PP with 

Z2 caused the Zeff values to rise once more. It is clear that the glass sample's high lead 
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content is what caused it to have the highest Zeff value. Present study demonstrates 

that the S5 sample exhibited the highest Zeff values across the entire gamma-ray 

energy range. 

 

Figure 3.3: Variation of effective atomic (Zeff) number values as a function of 
photon energy for given glass samples. 

 

The half value layer term (HVL), which enables the calculation of the material 

thickness needed to reduce the initial gamma-ray intensity by half, is crucial in 

research on radiation shielding. This is due to the requirement that shielding 

requirements be predetermined depending on the kind and energy of the radiation 

utilized in radiation experiments. Therefore, a more thorough understanding of 

gamma-ray attenuation capabilities during the incident gamma-contact rays with the 

attenuator specimen should be used to establish the amount of the half value layer 
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necessary for each type of prospective shielding material. Figure 3.4 show the HVL 

fluctuation trend of the tested glass samples as a function of incident photon energy. 

According to what is to be predicted, the necessary half value layer expands with 

rising gamma-ray energy. The penetrating dominance of accompanying gamma-ray 

photons, which is caused by enhanced gamma-ray energy, typically produces this 

effect. The S5 sample, according to our observations, satisfies the sample thickness 

requirements down to the last detail. Because lead oxide contributes the most, the S5 

sample exhibits better gamma-ray shielding properties, which is another convincing 

indication of this sample as gamma shielding material.  

 

Figure 3.4: Half-value layer (HVL) against photon energy for investigated glass 
samples 
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The variation of TVL with photon energy in region 0.05 MeV – 15 MeV for glass 

samples is shown in Figure 3.5. TVL shows similar variations as HVL in in similar 

energy regions and both are alike mfp (Figure 3.6) variations as these quantities 

depend inversely to linear attenuation coefficient with difference of constant factor 

only. It is clear from figures that more are the gamma ray energies higher is the 

thickness required for shielding. 

 

Figure 3.5: Half-value layer (TVL) against photon energy for investigated 
glass samples 
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Figure 3.6: Mean free path (MFP) against photon energy for investigated 
glass samples 

 

All produced glass samples were also assessed for their effective electron densities 

(Neff), which show the number of electrons per unit mass. Figure 3.7 shows in low 

photon energy region, Neff altered in a non-monotonic pattern with photon energy 

until it reached a sharp jump close to the La absorption edge (0.0880 MeV). The PE 

process is to be responsible for this behavior. All of the samples under investigation 

showed a sharp decline in Neff values in the photon energy range between 0.1 and 1 

MeV; this tendency is connected to the CS process, which predominates in this range. 

An increase in the Neff values was noticed in the energy range above 2 MeV and was 

attributed to the PP process, which dominates in this range. The S5 sample, which had 

the highest concentration of lead oxide, clearly had a considerable advantage in terms 

of gamma-ray attenuation. 
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Figure 3.7: Variation of electron density (Neff) number values as a function of photon 
energy for given glass samples 
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Figure 3.8: Variation of Atomic cross section values as a function of photon 
energy for given glass samples 

 

Figure 3.8: Variation of Electron cross section values as a function of photon 
energy for given glass samples 
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For a proper assessment of gamma attenuation of the prepared ceramic samples, the 

term "Build-up factor" is necessary and could impact the measurement's accuracy. 

Nuclear technology is necessary for usage in industry, medicine, agriculture, 

education, research, and military applications; hence gamma ray measurement is 

necessary. It is also important for the construction of radiation-protective buildings 

that safeguard human health. Un-collided photons and colliding photons are the two 

types of radiation that are produced when gamma radiation passes through a shielding 

material. As a result, the accumulation factor is a crucial statistic for gamma ray 

measurement. It is determined by dividing the total number of particles at a given 

position by the total number of particles that have not yet collided there. Figures 3.9-

3.10, 3.11, 3.12 and 3.13 for S1, S2, S3, S4 and S5 glass samples, respectively, 

illustrate the fluctuation of the exposure buildup factor with incident photon energy in 

the range of 0.015 to 15.0 MeV at some of the penetration depths (0.5 - 40 mfp). The 

majority of gamma ray absorption occurs in the low- and high-energy regions. On the 

other hand, Compton scattering dominates as the primary mechanism of photon-

matter interaction at intermediate energies. As a result, the Compton region has the 

highest EBF values in the low-energy region. At intermediate energies, photon 

scattering was not completely eliminated, but their energy was reduced, increasing the 

likelihood that photons would multiply in the material. The probability of photons 

engaging with the material in the 15-40 MFP range varied with Z2 after 3 MeV. As a 

result of secondary photons forming at deep penetration levels, EBF values were 

increased. The least EBF values were discovered for the BZT sample as the EBF 

values fell with increasing barium and zirconium insertions.  
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Figure 3.9: Variations of the exposure buildup factors (EBF) with photon 
energy for S1 glass sample as a function of mean free path. 

 

Figure 3.10: Variations of the exposure buildup factors (EBF) with photon 
energy for S2 glass sample as a function of mean free path 
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Figure 3.11: Variations of the exposure buildup factors (EBF) with photon 
energy for S3 glass sample as a function of mean free path 

 

Figure 3.12: Variations of the exposure buildup factors (EBF) with photon 
energy for S4 glass sample as a function of mean free path 
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Figure 3.13: Variations of the exposure buildup factors (EBF) with photon 
energy for S5 glass sample as a function of mean free path 
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CHAPTER 4 

CONCLUSIONS 

In this study, the gamma-ray shielding parameters using WinXcom computer software 

have been investigated with change in lead doping in the glass structure. Accordingly, 

the influence of lead on the gamma-ray shielding properties of lead zirconium titanate 

glasses 𝑥𝑃𝑏𝑂: 14𝑇𝑖𝑂2: 16𝑍𝑟𝑂2: (40 − 0.5𝑥)𝐵2𝑂3: (40 − 0.5𝑥)𝑆𝑖𝑂2, (𝑥 = 0, 10, 20, 30, 40) 

was examined using WinXcom software. Several significant radiation shielding 

parameters were evaluated. The ceramic density was increased from 5.5102 g/cm3 to 

7.6003 g/cm3 with increasing lead content.  

Results revealed the following points based on shielding parameter studies:  

1. At each energy within the spectrum of interest in this research, MAC generally 

trends in the order that (S1) MAC < (S2) MAC < (S3) MAC < (S4) MAC < 

(S5) MAC. 

2. The maximum and minimum values of LAC were obtained at 15 keV and 8 

MeV, respectively with values of 30.93 and 0.074 cm−1; 111.54 and 0.108 

cm−1; 175.19 and 0.133 cm−1; 249.21 and 0.167 cm−1; and 322.08 and 0.201 

cm−1 for S1 to S5, respectively.  

3. The minimum and maximum values of HVL were obtained at 15 keV and 8 

MeV, respectively with values of 0.022 and 8.55 cm; 0.006 and 6.52 cm; 

0.004 and 5.60 cm; 0.003 and 4.58 cm; and 0.002 and 3.89 cm for S1 to S5, 

respectively.  

4. The maximum and minimum values of Zeff were obtained at 15 keV and 8 

MeV, respectively with values of 20.64 and 10.81; 47.46 and 15.40; 58.75 and 

20.06; 64.98 and 24.82; and 68.93 and 29.67 for S1 to S5, respectively.  
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5. The trend of variation of electron density (Neff) as a function of photon energy 

for BZT ceramic is S1 >  S2 > S3 > S4 > S5 for all photon energy range 0.015 

MeV to 15 MeV.  

6. It has been observed that the exposure buildup factor first increases for 0.5 

MFP to 10 MFP and afterwards decreases for 15 MFP again increases for 20 

MFP than fall at 25 MFP, rise at 30 to 35 MFP and finally fall at 40 MFP for 

all BZT, BLT and BLZT ceramic samples at 15 MeV.  

Generally, increasing of lead oxide increment in the glass samples has a positive 

influence on their radiation shielding capability. One can conclude that all samples 

can attenuate gamma rays. Therefore, the investigated samples can be applied 

successfully in nuclear shielding applications. The total µm, Zeff and Neff of the 

ceramics decreases exponentially toward higher energy of gamma-rays. These results 

are good indications of the potential of the prepared glasses as a radiation shielding 

material. 

As a result, these findings may deepen our understanding of the structural properties 

and gamma ray shielding capabilities of lead Zirconium titanate in various systems 

and offer a thorough viewpoint for the development of useful glasses with enhanced 

applications. 
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ABSTRACT 

The Gamma ray shielding parameters using WinXcom computer software have been 

investigated with change in lead doping in the glass structure. Accordingly the 

influence of lead on the Gamma ray shielding properties of lead Zirconium titanate 

glasses 𝑥𝑃𝑏𝑂: 14𝑇𝑖𝑂2: 16𝑍𝑟𝑂2: (40 − 0.5𝑥)𝐵2𝑂3: (40 − 0.5𝑥)𝑆𝑖𝑂2, (𝑥 = 0, 10, 20, 30, 40)  

was examined using WinXcom computer software. Several significant radiation 

shielding parameters were evaluated. The ceramic density was increased from 5.5102 

to 7.6003 g/cm3 with increasing lead content. 

                    At each energy within the spectrum of interest in this research MAC 

generally trends in the order that (S1)MAC< (S2)MAC< (S3)MAC< (S4)MAC< 

(S5)MAC. The maximum and minimum values of LAC were obtained at 15 KeV and 

8MeV respectively, with values of 30.93 and 0.074 cm-1 ;111.54 and 0.108 cm-1  

;175.19 and 0.133 cm-1  ; 249.21 and 0.167 cm-1; 322.08 and 0.201 cm-1 for S1 to S5 

respectively. The minimum and maximum values of HVL were obtained at 15KeV 

and 8MeV respectively with values of 0.022 and 8.55 cm ; 0.066 and 6.52 cm :0.004 

and 5.60 cm :0.003 and 4.58 cm :0.002 and 3.89 cm for S1 to S5 respectively. The 

maximum and minimum values of Z effective were obtained at 15 KeV and 8 MeV 

respectively with values of 20.64 and 10.81; 47.46 and 15.40; 58.75 and 20.06; 64.98 

and 24.82;68.93 and 29.67 for S1 to S5 respectively. The trend of variation of electron 

density N effective as a function of photon energy for BZT ceramic is 

S1>S2>S3>S4>S5 for all photon energy range 0.015 MeV to 15 MeV. 
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CHAPTER-1 

INTRODUCTION 

1.1  Introduction 

The study of interaction of gamma-rays with matter is of great importance in 

the field of science and technology due to its vast applications in the fields of 

medicine, engineering, bio-technology, electric power generation plants and in non-

destructive spectroscopic analysis, etc.  

Around 1920s, de-Broglie developed the theory of matter-wave duality which 

introduced the concept of photon. Radiation emission, in the form of photon is the 

release of discrete amount of energy by a system as it moves from one state to other. 

Energy of the photon is the function of its frequency υ (or wavelength λ) and can be 

expressed as 𝐸 = ℎ𝜐, where h is Plank’s constant.  Nature of radiation mainly 

depends upon its origin. When nucleus makes transition from high energy state to low 

energy state gamma-rays are emitted. Characteristic X-rays have atomic origins which 

are emitted when an electron makes transition from high energy state to low energy 

state. Continuous X-rays or Bremsstrahlung radiations are emitted due to the 

accelerated motion of the charged particles. The manner of interaction of X-rays and 

gamma-rays with matter is entirely different from the interaction of energetic charged 

particles because X-rays and gamma-rays are uncharged and massless (rest mass=0). 

During the interaction of the gamma-ray photon with matter, it either disappears 

entirely or is scattered through a significant angle. But the charged particles slow 

down gradually because of continuous interaction with many absorber atoms. As a 

result, range and specific energy loss concepts can’t be applied in the same way on X-

rays and gamma-rays as can be done on charged particles. 
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Incident gamma ray photons may interact with atomic electrons, with 

nucleons, with electric field surrounding the nuclei or with meson field surrounding 

the nucleons. These interactions may lead to complete or partial absorption of the 

incident photons and there is possibility of the scattering also. The most prominent 

incident energy range of photons is 0.01 to 5 MeV in which mainly photoelectric 

absorption, Compton scattering and pair production takes place.  Brief introduction to 

various possible interactions is given below (Evans, 1955); 

1.1.1  Photoelectric effect 

The photoelectric effect is the most important interaction in the 1-100 keV 

energy range of incident gamma ray. In this process, energy of the incident gamma 

ray photon gets completely transferred to the bounded electron of the atom. The 

necessary condition for the photoelectric emission is that the energy of the incident 

photon should be greater than the binding energy of the electron under consideration. 

If the incident energy is comparable with the binding energy of the electron 

photoelectric effect takes place more readily.  

If 𝐸𝛾 is the energy of the incident gamma ray photon and Eb is the binding 

energy of the electron then kinetic energy of the ejected electron Ek is given as 

𝐸𝑘 = 𝐸𝛾 − 𝐸𝑏       (1.01) 

After the photoelectric emission of electron from the inner shell, the residual 

atom is in the ionized state with a vacancy in the inner shell. This vacancy gets filled 

by transition of the next higher shell electron with a lower binding energy as shown in 

Figure 1.1. This results in the shifting of the vacancy to the next higher shell, which in 

turn gets filled by electron from an even lower binding energy shell. So, we can say 

photoelectric effect triggers an electron cascade from outer to inner shell of the atom. 

These transitions of electrons from lower binding energy shells to high binding energy 
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shells appear as characteristic X-rays or Auger electrons. However, the probability of 

the characteristic X-ray emission is more for high atomic number (Z) targets. 

 

Figure 1.1: Schematic representation of photoelectric absorption 

 

K-shell has greatest contribution to the photoelectric effect while L, M and N 

shells have decreasing order of the importance. If the energy of the incident gamma 

ray photon is less than the binding energy of K shell electron then there will be 

interaction of the L, M or N shell electrons with gamma rays. So, there will be sharp 

decrease in the photoelectric cross-sections (𝜏𝑃𝐸) with the decrease in the incident 

photon energy. The photoelectric cross-sections (𝜏𝑃𝐸) or the photoelectric coefficient 

is defined as the probability of this interaction to take place. 𝜏𝑃𝐸 is a function of 

energy of the incident gamma rays ( 𝐸𝛾), atomic number (Z) and atomic mass number 

(A) is given in equation 1.02, 

𝜏𝑃𝐸 ∝ (𝑁𝑡)
𝑍𝑛

𝐸𝛾
𝑚      (1.02) 

The values of m and n lies from 3 to 5, which is a function of 𝐸𝛾. The number 

of atoms/m3 (𝑁𝑡) in the material  through which the photon transverses and can be 

calculated mathematically as 

    𝑁𝑡 = 𝜌
𝑁𝐴

𝐴
      (1.03) 
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Such as, 𝜌 is the bulk density, 𝑁𝐴 is the Avogadro's number and 𝐴 is atomic 

weight of the target (Tsoulfanidis, 1995). 

 

1.1.2  Compton scattering  

Compton scattering is the process in which the incident gamma ray photon 

interacts directly with the outermost shell electron of the target material. In Compton 

scattering incident gamma ray photon losses, a fraction of its energy contrary to 

photoelectric effect in which complete absorption of the photon takes place. 

Assuming the electron at rest before the collision, kinetic energy (𝐾𝑒) acquired by 

recoiled electron after the collision can be represented as (Dyson (2005)) 

𝐾𝑒 = 𝐸𝛾𝑖
− 𝐸𝛾𝑓

     (1.04) 

Here 𝐸𝛾𝑖
 and 𝐸𝛾𝑓

 is the energy of the gamma photon before and after the 

interaction with the electron. To obtain expression for 𝐸𝛾𝑓
, laws of conservation of 

momentum can be applied and it is found that 𝐸𝛾𝑓
 is the function of the scattering 

angle θ as 

𝐸𝛾𝑓
=

𝐸𝛾𝑖

1+(1−𝑐𝑜𝑠𝜃)
𝐸𝛾𝑖

𝑚𝑜𝑐2

    (1.05) 

Equation 1.04 & 1.05 are used to obtain the kinetic energy 𝐾𝑒 of the electron 

as  

𝐾𝑒 =
(1−𝑐𝑜𝑠𝜃)

𝐸𝛾𝑖
𝑚𝑜𝑐2

1+(1−𝑐𝑜𝑠𝜃)
𝐸𝛾𝑖

𝑚𝑜𝑐2

𝐸𝛾𝑖
    (1.06) 

Here 𝑚𝑜𝑐2 is the rest mass energy of the electron (0.511MeV). For 𝜃 = 𝜋 

minimum energy is carried by the scattered photon, i.e.  
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𝐸𝛾𝑓

𝑚𝑖𝑛 =
𝐸𝛾𝑖

1+2
𝐸𝛾𝑖

𝑚𝑜𝑐2

     (1.07) 

If 𝜃 = 0𝑜 there will be maximum energy taken by the scattered photon, i.e., 

𝐸𝛾𝑓
𝑚𝑎𝑥 = 𝐸𝛾𝑖

      (1.08) 

From equation (1.07), it can be concluded that minimum energy of the 

scattered photon is greater than zero. So, in Compton scattering it is not possible that 

whole of the incident energy is carried by the ejected electron. From equation (1.08), 

we can say that there will be no interaction between the incident photon and the outer 

electron, as energy of the scattered photon remains unaffected. 

Compton cross-section 𝜎𝐶  or Compton coefficient is defined as the probability 

of Compton interaction to take place per unit distance. 𝜎𝐶  is a complicated function of 

𝐸𝛾𝑖
. Such that, 

    𝜎𝐶 = 𝑁𝑍. 𝑓(𝐸𝛾𝑖
)     (1.09) 

Here 𝑓(𝐸𝛾𝑖
) is a function of 𝐸𝛾𝑖

 and N is the atom density, which can be 

obtained using equation (1.03). 

                 𝜎𝐶 =  𝜌
𝑁𝐴

𝐴
𝑍. 𝑓 (𝐸𝛾𝑖

)    (1.10) 

In most of the materials except Hydrogen, value of A≈ 2𝑍 to 2.6𝑍, so 

equation (1.10) can be modified as (Tsoulfanidis, 1995) 

            𝜎𝐶 ∼  𝜌 (
𝑁𝐴

2
) . 𝑓 (𝐸𝛾𝑖

)     (1.11) 

1.1.3  Pair production 

Pair production is the third type of the interaction of highly energetic gamma 

ray with matter which becomes energetically possible if the incident gamma energy is 

more than twice of rest mass energy of the electron (1.02 MeV). In this type of 

interaction electron-positron pair appears on the cost of gamma ray photon. The 
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presence of the nucleus is must in this type of interaction; however it does not involve 

any change. 

Kinetic energies 𝐾𝑒
− and   𝐾𝑒

+ of electron and positron respectively can be 

obtained from the following equation using the law of conservation of mass and 

energy as (Tsoulfanidis (1995)) 

𝐾𝑒
− +  𝐾𝑒

+ = 𝐸𝛾 − (𝑚𝑐2)𝑒− − (𝑚𝑐2)𝑒+ = 𝐸𝛾 − 1.022𝑀𝑒𝑉  (1.12) 

This energy is shared by electron and positron equally, so 

𝐾𝑒
− = 𝐾𝑒

+ =
1

2
(𝐸𝛾 − 1.022𝑀𝑒𝑉)    (1.13) 

Pair production cross section ‘𝜅𝑃𝑃’ or pair-production coefficient is the 

probability for pair production to occur which a complicated function is of  𝐸𝛾 and Z 

and can be written as 

𝜅𝑃𝑃 = 𝑁𝑍2𝑓(𝐸𝛾, 𝑍)     (1.14) 

It is important to note that 𝜅𝑃𝑃 has threshold at 1.022 MeV and increases with 𝐸𝛾 and 

Z. 

 

Figure 1.2 Schematic representation of Pair-production 

1.1.4  Rayleigh scattering  

Rayleigh scattering is also known as coherent scattering in which the incident 

gamma ray photon interacts coherently with the all electrons of the absorber atom. In 

this scattering event, the energy is retained by the gamma ray photon after the 

interaction as a result target atom neither excites nor ionizes. Rayleigh scattering is 
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mainly due to the electric polarizability of the interacting atoms as a result this start 

oscillating with the same frequency of the incident radiation. The atoms behave like 

small radiating dipoles. Rayleigh scattering is most predominant at low incident 

photon energy, small scattering angles and high Z absorbers. So, in contrast to 

Compton scattering, Rayleigh scattering is negligible. 

1.1.5  Thomson scattering by the nucleus  

Thomson scattering of the incident gamma ray is explained on the basis of 

classical electromagnetism in which nucleus is considered as a point charge. This 

involves scattering of the gamma rays by free electrons and nucleus as a whole 

(nuclear Thomson scattering). In this scattering process, there will be no change in the 

particle kinetic energy and the photon frequency before and after the scattering. 

However, this remains valid till the photon energy remains very- very small in 

contrast to the rest mass energy of the particle., i.e., 𝜐 ≪  
𝑚𝑐2

ℎ
. 

1.1.6  Delbruck scattering 

Delbruck scattering is also known as the elastic nuclear potential scattering in 

which there is coherent elastic scattering of photons in the Coulomb field of high Z 

nuclei. It is the deflection of highly energetic photons because of virtual electron pair 

formation in the coulomb field of nucleus. It is one of the two nonlinear effects of 

quantum electrodynamics (QED) in the Coulomb field investigated experimentally, 

which involves the splitting of single photon into two photons. However, this effect is 

quite small and cannot be detected in experiments done to measure it effectively. But 

these interactions are of good importance as it explain the inconsistencies between 

experimental and theoretical values of Compton scattering experiments on high Z 

elements.  
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1.1.7  Nuclear resonance scattering  

Nuclear resonance scattering depends upon the properties of the nuclear 

excited states. When there is resonance between the incident gamma ray photons and 

absorbing nuclei, then it gets excited to the higher energy levels. So, there will be 

absorption and re-emission of the photon by the nuclear energy levels of the resonant 

atom. This type of scattering occurs at energies near a resonance level, where the 

incident particle can easily form a compound nucleus and a similar particle may be 

emitted before any other competing emission or radiative process takes place in the 

compound nucleus.  

1.1.8  Photo-disintegration of the nuclei  

Photo-disintegration or photo-transmutation is a process in which high energy 

gamma ray (nearly 8 MeV) is absorbed by an atomic nucleus. As a result, it gets 

excited and further decays immediately by emitting a subatomic particle like proton, 

neutron or alpha particle. This process is possible when the incident gamma ray 

photon has energy more than that of the separation energy of neutron or proton. 

 

1.2  Fundamental parameters related to attenuation of gamma rays  

Attenuation is the removal of the incident photons from the collimated beam 

of monoenergetic photons during their passage through given target material. Linear 

attenuation coefficient, mass attenuation coefficient, effective atomic number and 

intensity ratios are the important fundamental parameters which describe the 

attenuation of the gamma rays through materials. 

  

1.2.1 Linear attenuation coefficient of the materials 
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Linear attenuation coefficient (µ) of a material is defined as a measure of the 

probability of interaction of the photons per unit linear path length in the absorber that 

leads to their elimination from the incident photon beam. Typically, it has the units of 

cm-1. The number of removed photons n from the beam after traversing thickness 𝑥 

can be given as, 

𝑛 = 𝜇𝑁𝑜𝑥      (1.15) 

Here, No is the total number of incident photons. 

Depending upon the energy of photon and atomic number of the target, 

incident photon interacts in different ways with matter. There are mainly three 

interaction mechanisms, i.e., photoelectric effect, Compton scattering and pair 

production with which a photon interacts with matter (explained in section 1.1).  

The probability of a photon traversing a given amount of absorber without any 

kind of interaction is just the product of the probabilities of survival for each 

interaction. The probability of traversing a thickness 𝑥 of absorber without a Compton 

collision is 𝑒−𝜎𝐶𝑥 where 𝜎𝐶  is linear attenuation coefficient for the Compton process. 

Similarly, the probability of no photoelectric interaction is 𝑒−𝜏𝑃𝐸𝑥, where 𝜏𝑃𝐸 is the 

linear attenuation coefficient for the Photoelectric process and for probability of no 

pair-production collision is 𝑒−𝜅𝑃𝑃𝑥, where 𝜅𝑃𝑃 is the linear attenuation coefficient for 

the pair-production process. A collimated gamma-ray beam of initial intensity Io after 

traversing a thickness x of absorber will have a residual or transmitted intensity I 

which is a function of incident gamma-ray energy, absorber composition and absorber 

thickness. Such that,  

𝐼 = 𝐼𝑜(𝑒−𝜎𝐶𝑥  + 𝑒−𝜏𝑃𝐸𝑥 + 𝑒−𝜅𝑃𝑃𝑥)    (1.16) 

   = 𝐼𝑜𝑒−(𝜎𝐶+𝜏𝑃𝐸+𝜅𝑃𝑃)𝑥        (1.17) 

        = 𝐼𝑜𝑒−𝜇𝑥            (1.18) 
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Where the quantity  

𝜇 = 𝜎𝐶 + 𝜏𝑃𝐸 + 𝜅𝑃𝑃      (1.19) 

is the total linear attenuation coefficient. The reciprocal of the attenuation coefficient 

has the units of length and is often known as mean free path, i.e., average distance a 

gamma ray travels in the absorber before interacting. Equation (1.19) establishes a 

linear relationship between the absorbance, density of an absorbing species and path 

length of the target and it is known as Beer-Lambert’s law.  

For the application of the Beer-Lambert law the target material must have 

uniform thickness and density. The linear relationship between absorption coefficient 

and thickness x of the material does not holds well, in case photons reaching the 

detector have unequal chances of absorption in the target material. This may happen 

due to the difference in the density or thickness of the target under study. Another 

reason behind it is the presence of impurity atoms in the target or some chemical 

change taking place in it, which causes non-uniformity in the density of the target.   

Later, Silva et al. (2000) modified the general Beer-Lambert’s law 

theoretically and proposed new method, i.e., Two Media Method for the measurement 

of the linear attenuation coefficient for materials having non-uniform thickness. 

 

1.2.2  Mass attenuation coefficient 

When a collimated and monoenergetic beam of photons interact with the given 

thickness of the target material, the probability of interaction depends on the number 

of atoms per unit volume. This dependence can be normalised by defining linear 

attenuation coefficient per unit density of the target material, which is known as mass 

attenuation coefficient (𝜇𝑚) of the target. It can be calculated by dividing the linear 
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attenuation coefficient of the material under study by the density of the same material 

as; 

𝜇𝑚 = 𝜇/𝜌      (1.20) 

Here ρ is the density of the target material in  𝑔
cm3⁄ . So, the expression of Beer-

Lambert’s law becomes 

𝐼 = 𝐼𝑜𝑒−𝜇𝑚𝜌𝑥      (1.21) 

Here ρx is the mass thickness of the material which is measured as mass per unit area. 

In case of the compounds or homogenous mixtures, mass attenuation 

coefficient can be calculated by finding the weighted sum of the coefficients for the 

elements using simple rule as 

         𝜇𝑚 = ∑ 𝑤𝑖
 
𝑖 (

𝜇

𝜌
)

𝑖
     (1.22) 

In the above equation (
𝜇

𝜌
)

𝑖
is the mass attenuation coefficient for the 𝑖𝑡ℎ element and 

𝑤𝑖 is its weight fraction. For a chemical compound with formula 

(𝐴𝑥1𝐵𝑥2𝐶𝑥3 … … . 𝐷𝑥𝑛) the weight fraction for the 𝑖𝑡ℎ element is given by  

          𝑤𝑖 =
𝑥𝑖𝐴𝑖

∑ 𝑥𝑖𝐴𝑖
𝑛
𝑖=1

     (1.23) 

Here, 𝐴𝑖 is the atomic weight of the 𝑖𝑡ℎelement. 

1.2.3 Mean Free Path 

The mfp is defined as the average distance a gamma ray photon travels in the target 

absorbing material before any interaction with it. The 𝜇 has the units 𝑐𝑚−1. Its 

reciprocal, possessing the units of length, represents the mfp. The mfp may also be 

defined as the thickness of the interacting substance which produces a gamma ray 

transmission as: 

𝐼

𝐼0
=  

1

𝑒
= 0.37 

In shielding process, considering samples of same thickness and targeted by the same 

gamma ray photon energy, the samples with lower mfp values are better gamma ray 
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shielders than high mfp value samples. Generally GP fitting parameters are utilized to 

calculate the gamma ray energy absorption buildup factor at various mean free path 

penetration depths for different incident photon energies. 

1.2.4 Half Value Layer 

HVL or half value distance of an interacting target material is the width of 

material required at which the intensity of incident radiation narrow beam entering the 

target material is reduced to half of its original value. The HVL is given as: 

   𝐻𝑉𝐿 =  
𝑙𝑛2

𝜇
=  

0.693

𝜇
     (1.24) 

The units of HVL are reciprocal of units of 𝜇. Normally, HVL is expressed in 

cm as the μ is given in 𝑐𝑚−1. The lower value of HVL either indicates low photon 

energy or a better shielding material in terms of required thickness. 

1.2.5 Tenth Value Layer 

The tenth value layer (TVL) of shieldingis defined as a thickness of 

absorbingmaterial that willreduce incident gamma radiation beam to tenth 

value of its initial intensity. Like HVL, the TVL thickness is also measured in 

units of distance i.e. mm or cm. The tenth value layer is given as: 

   𝑇𝑉𝐿 =  
𝑙𝑛10

𝜇
=  

2.303

𝜇
    (1.25) 

 

1.2.6  Effective atomic number 

As attenuation of gamma photons is a function of the energy of incident 

photon, density and atomic number of the target element, so it is not possible to assign 

a single atomic number to a compound material for innumerable incident energies 

(Hine, 1952). However, for particular energy interaction of radiation with compound 

material is identical to the interaction of radiation with a single element whose atomic 

number is equivalent to the effective atomic number (Zeff) of the material. Zeff can be 

obtained from atomic numbers of constituent elements, weighted according to the 

different partial photon interaction processes. Mathematically, Zeff can be calculated 

from the following relation 
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𝑍𝑒𝑓𝑓 =
𝜎𝑡,𝑎

𝜎𝑡,𝑒𝑙
      (1.26) 

Here σt,a is total atomic cross-section and σt, el is effective electronic cross-

section. Total molecular cross-section can be obtained from mass attenuation 

coefficient according to following relation.
 
 

                     (𝜎𝑡,𝑚) = 𝜇𝑚 (
𝑀

𝑁𝐴
)      

Where 𝑀 = ∑ 𝑛𝑖𝐴𝑖𝑖  is molecular weight of compound, ni is total number of atoms in 

the molecule and Ai is the atomic weight of the ith element. 

Further, total atomic cross section can be calculated as
 

   (𝜎𝑡,𝑎) =
1

𝑁𝐴
∑ 𝑓𝑖𝐴𝑖(𝜇𝑚)𝑖𝑖      (1.27) 

Effective electronic cross-section is calculated by using the relation (Singh et al. 

(2002)) 

 (𝜎𝑡,𝑒𝑙) =
1

𝑁
∑

𝑓𝑖𝐴𝑖

𝑍𝑖
𝑖 (𝜇𝑚)𝑖    (1.28) 

Here   𝑓𝑖 =
𝑛𝑖

∑ 𝑛𝑗𝑗
⁄ is fractional abundance and Zi is atomic number of ith constituent 

element, ∑ 𝑛𝑗𝑗  is the total number of atoms present in the molecular formula and 𝑁𝐴 is 

Avogadro’s number. 

1.2.4 Electron Density 

The 𝑁𝑒 is also a significant parameter for understanding and visualizing the 

incident radiation photon interactions probability with a particular absorbing 

substance. It is the more trustworthy parameter in comparison to the effective atomic 

number as it is directly associated with number of charged particles present in a unit 

mass of the material however its large values make the analysis process somewhat 

cumbersome. Higher is the value of 𝑁𝑒 more is the probability of photon interaction 

and better is the sensing and shielding material. 𝑍𝑒𝑓𝑓offers similar information 

regarding mixed compositions as does the simple atomic number for single elements 
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𝑁𝑒, expressed as number of electrons in unit mass of the target interacting material. It 

exhibits the probability of incident photon interaction with target atom electrons. The 

higher 𝑁𝑒  values mean that there are more chances of incident photon interaction 

with target shielding sample electrons. Thus 𝑍𝑒𝑓𝑓 and 𝑁𝑒 are the parameters which 

indicate the energy radiation incident photon interaction probabilities with various 

shielding materials. The 𝑁𝑒 is closely related to the 𝑍𝑒𝑓𝑓 and is given as: 

   𝑁𝑒 =  
(

𝜇

𝜌
)

𝑐𝑜𝑚𝑝
𝑍𝑒𝑓𝑓

𝜎𝑎
     (1.29) 
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CHAPTER – 2 

LITERATURE SURVEY 

 

Lead titanate (PbTiO3) is a perovskite type ferroelectric material with high 

Curie temperature of 490 0C which make them attractive for high-temperature and 

high-frequency piezoelectric applications [1–2]. Above Tc, the material has a simple 

cubic structure with lead atoms at the corners of the cubic unit cell, the titanium is at 

the body center position and oxygens are at the face-centered positions. Below Tc, the 

structure is tetragonal with the atoms distorted from the cubic arrangement by small 

relative displacements along the (polar) tetragonal c axis exhibiting a large 

tetragonality (c/a = 1.064). It is reported in the literature that large ionic displacements 

in PT lead to a large spontaneous polarization of the order of 453 mC/cm2 at room 

temperature [3]. However, it is difficult to sinter pure lead titanate ceramics because 

of its large lattice anisotropy of c/a = 1.063. PbTiO3 ceramics prepared by 

conventional route usually have microcracks and fracture on cooling below 

crystallization temperature (Tc) as a result of the large spontaneous strain generated 

due to phase transition from cubic to tetragonal. This has constrained the applications 

of undoped lead titanate ceramics. The glass–ceramic route therefore offers the 

possibility of fabricating lead titanate without cracking. The other advantages of this 

method, such as no ageing or depoling problems and good stability at high 

temperature, high-pressure and in harsh environments can be achieved [4]. In this 

method, a glass medium consisting of glass network formers and ferroelectric 

constituents is prepared by conventional melt-quenching technique. Ferroelectric 

phase is then precipitated within the glass matrix during subsequent heat treatment [5–

6]. The advantages of glass–ceramic processing over traditional ceramic route include 
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ease of forming complicated shapes free from porosity, voids and microcracks [7]. 

The amount of ferroelectric phase and its microstructure can be controlled by 

choosing a suitable initial glass composition and a heat treatment schedule [8]. 

Ferroelectric glass-ceramics with uniform fine-grained structure have attracted much 

attention and, in many applications, like transducers [9–24]. Composition of the glass, 

proper proportion of glass forming oxides like B2O3 and SiO2 and glass preparation 

methods plays very important role to develop ferroelectric phases in the glass-

ceramics [25]. The phase diagram of PbO-TiO2-B2O3 shows that the glass 

compositions PbO-B2O3 and 2PbO-B2O3 is suitable for crystallization of PbTiO3 and 

the glass system, 5PbO-B2O3-SiO2 for the crystallization of PZT [26]. 

Gamma radiations are used in a number of applications which include apparatus 

sterilization in medical field [27-28] protecting the food articles by irradiation [29-30] 

in diagnosing and treatment of cancer and some other medical conditions [31-32] 

element analysis [33-34] checking any flaws in welded materials [35-36] and in 

agriculture and engineering fields. At the same time these high energy and most 

penetrating radiation exposure for longer time period on any living being may also 

cause radiation sickness, mutation and cancer. Thus, for the effective use of gamma 

radiation in scientific, engineering, medical and agricultural applications, there is an 

urgent requirement to develop materials that can act as good radiation shield to avoid 

the unnecessary harmful effect on human body and environment. These shielding 

materials are may also be useful to protect reactor vessel from overheating due to 

continuous gamma ray absorption. 

The study of absorption of gamma radiations in any material is valuable in 

formulating accurate semi-empirical formulations [37].  Understanding 𝜇𝑚has great 

significance as gamma ray absorption is dependent upon 𝑍𝑒𝑓𝑓 and density of the 
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absorbing/shielding material. Using 𝜇𝑚 various parameters like the mass energy-

absorption coefficient, the total interaction cross-section, the 𝑍𝑒𝑓𝑓, and the 𝑁𝑒 can be 

derived. Mass attenuation coefficients of many elements and compounds are available 

in tabulated form published by Hubbell [38] for photon energy range 1 keV-20 MeV. 

However, these tables consisted of only 40 elements and 45 compounds only. A new 

tabulation by Hubbel and Seltzer [39], consisted all elements from atomic number 1-

92 and 48 additional compounds and substances. Berger and Hubbel [40] have further 

updated these values. Chantler [41] has recently provided wide ranging tabulated 

values of mass attenuation coefficients.  

𝑍𝑒𝑓𝑓 of any amalgamated and complex absorbing material is a very handy 

parameter in various technological and engineering applications. This parameter has a 

physical meaning and allows many characteristics of absorbing material to be 

envisaged by using it just as a number. However, the value of 𝑍𝑒𝑓𝑓 during its 

measurement changes with different measurement techniques.  After many efforts to 

formulate rules for finding 𝑍𝑒𝑓𝑓of any composite material, the available formulas 

have limited validity subject to the experimental conditions used in the particular 

work. As the technology advances there is a need to develop shielding materials that 

can work even in unforgiving gamma radiation exposure situations [42]. In the 

process many glass systems have been developed for nuclear engineering applications 

[43]. Glasses have been developed which accomplish the double task. Glasses are not 

only transparent to visible light but also protect us by absorbing high energy gamma 

radiations [44].  Cadmium and boron containing glasses are used to absorb slow 

neutrons [45]. In general, any absorbing glass material should be chemically, 

mechanically and optically inert to irradiation effects having radiation absorption 

cross section to be extra ordinary.  
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For using glasses as shielding materials, their effective atomic numbers and 

gamma attenuation coefficients study possess considerable importance. A. Khanna et 

al. [46] has done previous measurements in some heavy metal oxide borate glasses. 

This study is performed on lead alumino borophosphate glasses. 

There is also a constant need to develop better and better absorbing materials 

which can act as a good radiation shield in extreme unfriendly environment [47]. In 

this regard, glasses are promising materials because of their homogeneity and range of 

composition. Typical applications of radiation shielding glasses are in hospital X-ray 

rooms, radiation therapy rooms, airport security X-ray screens, for materials testing, 

nuclear facilities, dental clinics, laboratories, X-ray and radiation protection 

spectacles. Glasses are also used in space technology for protecting human beings and 

equipment from harmful radiation such as gamma and cosmic rays. Glass has also 

been suggested for the containment of radioactive waste products [48]. In general, the 

Heavy Metal Oxide glasses based on for example PbO or 𝐵𝑖2𝑂3 [49-53], have 

potential applications in radiation shielding, since they have large absorption cross 

section for radiation and at the same time small irradiation effects on their mechanical 

and optical properties. HMO glasses are better shields and may be used as transparent 

radiation shielding materials [54].  

The transmitted intensity of a gamma ray beam through a medium follows 

Lambert’s Beer law (I =I0e–µt) where I, I0 are transmitted and incident intensities of 

photons for thickness t of the medium having linear attenuation coefficient, μ under 

three conditions: (i) monochromatic ray (ii) thin absorbing material, and (iii) narrow 

collimated beam. The law becomes invalid in case all these three conditions are not 

exactly fulfilled. The law can be made valid by using a correction factor, called as 

“buildup factor”. The buildup factor is defined as the ratio of total value of specified 
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radiation quantity at any point to the contribution to that value from radiation reaching 

to the point without having undergone a collision. To evaluate the shielding and 

exposure of gamma radiations a comprehensive and reliable buildup factor data is 

very useful for analysis and control [55]. Buildup factors are shielding material and 

geometry dependent parameters which are applied to correct the attenuation 

calculations by including the contribution to the radiation field produced by the 

collided part of the incident beam. Many researchers have studied gamma ray buildup 

factors for concretes/flyash concretes [56], soil and ceramic [57,58], human tissues 

[59], gaseous mixture [60], building materials [61] and found that G-P fitting method 

is quite useful in valuation of energy absorption and exposure buildup factors. 

Geometrical-Progression (GP) fitting formula has been developed by Harima et al 

[62]. This formula can reproduce data over full range of distance, energy and atomic 

number. Harima et al [63] have demonstrated the applicability of G-P method to 

generate buildup factor data for a wide range of energy and distance. 

The shielding properties of the glasses can be modified by change in the chemical 

compositions. Gamma ray shielding properties of the glasses have been carried out for 

phosphate glass [64], lead silicate [65] and lead borate and silicate glass [66-69]. In 

nuclear reactors and other facilities where neutron radiations also exist alongside 

gamma radiations, neutron absorbing glasses must also possess elements such as Li, 

H, C, B etc. In the nuclear reactors the energy of neutron ranges up to 8 MeV [70] and 

gamma ray in range of 0.10–10 MeV. Therefore, boron containing glass shielding 

materials are found to be a promising and potential shielding candidate. The gamma 

ray attenuation coefficient of borate glasses has been investigated for photon energy 

1173 and 1332 keV [71]. There is no such study for gamma ray and neutron shielding 
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by the borophosphate glasses in the literature. This encouraged us to investigate the 

shielding efficiencies of gamma ray and neutron. 
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CHAPTER-3 

RESULTS AND DISCUSSION 

3.1  Introduction 

 Present work is focused on theoretically exploring radiation shielding properties 

of lead zirconium titanate glasses viz. 𝑥𝑃𝑏𝑂: 14𝑇𝑖𝑂2: 16𝑍𝑟𝑂2: (40 − 0.5𝑥)𝐵2𝑂3: (40 −

0.5𝑥)𝑆𝑖𝑂2, (𝑥 = 0, 10, 20, 30, 40).  The radiation shielding parameters such as mass 

attenuation coefficient, linear attenuation coefficient, effective atomic number, 

electron density, half value layer and exposure buildup factor were obtained 

theoretically as preliminary data for preparing sample of required thickness.  

3.2 Shielding Properties 

In this study, the gamma-ray attenuation properties of lead zirconate titanate 

samples were investigated. The molar and elemental mass percentages and densities 

of the samples analyzed are listed in Table 1. According to Table 1, the density of the 

glasses increased from 5.5102 g/cm3 to 7.6003 g/cm3. The sample with the highest 

structural lead oxide content, had the highest density. 

Table 3.1: Sample codes, densities and chemical compositions of glasses 

Sample 
Code 

PbO TiO2 ZrO2 B2O3 SiO2 Density 
(g/cm3) 

S1 0 14 16 40 40 5.5102 

S2 10 14 16 35 35 5.9216 

S3 20 14 16 30 30 6.3217 

S4 30 14 16 25 25 6.7105 

S5 40 14 16 20 20 7.6003 



22 
 

The WinXcom program's theoretical results were first used to obtain the 𝜇𝑚 values in 

order to explore the gamma-ray attenuation properties of the selected glasses. Gamma 

energy was increased up to 15 MeV, and this caused a sharp fall in the 𝜇𝑚 values 

(Fig. 3.1). Photoelectric absorption (PEA) was the reason for this decrease. The main 

influence on absorption in this sector regime came from the PEA. The 𝜇𝑚 values 

changed more slowly after 1 MeV. This was caused by the strength of the linear Z-

dependent Compton scattering (CS), which was present at this range of energy. Pair 

production (PP), which was the main mechanism above 5 MeV, caused the influence 

of CS to steadily decrease after that (Fig. 3.1). Since PP's cross-section grows linearly 

with Z2, the values of 𝜇𝑚 rose over the range of 9 to 20 MeV. The highest lead, 

zirconium, and barium concentrations were found in the S5 sample, which also had 

the highest 𝜇𝑚 values. 

 

Figure 3.1: Variation of mass attenuation coefficient (μρ) values as a function of 
photon energy for given glasses 



23 
 

Given that the linear attenuation coefficient (LAC) is a density-dependent property, it 

is assumed that there is a correlation between density and the LAC values in this case, 

and subsequently, the amount of lead oxide. Figures 3.2 show the shifting LAC in 

relation to the incident photon energy, accordingly. In the graph, it can be shown that 

as photon energy increased, the LAC rapidly reduced, reaching as low as 0.05 MeV in 

all cases. The photoelectric effect predominates in the low-energy region, where the 

majority of photon-matter interactions take place, with cross-sectional changes 

proportional to Z. For medium-level energies above the energy level, Compton 

scattering becomes increasingly significant when considering the changes in chemical 

composition of the specimens. The cross section of Compton scattering has a linear 

relationship with atomic number Z, hence the samples' values decreased gradually and 

remained constant below 2 MeV. However, considerable differences in the linear 

attenuation coefficients were observed as the glass density changed progressively. At 

various energies, we saw an intriguing impact of lead oxide on the photon resistance 

of glass samples. Our findings show that the lead oxide content was highest in the S5 

sample, which also exhibited the highest linear attenuation coefficients for all entering 

photon energies. This is explained by the fact that the S5 sample, which has a density 

of 7.6003 g/cm3, contains the most lead oxide in the glass structure and has a higher 

value of LAC. 
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Figure 3.2: Variation of linear attenuation coefficient (μ) values as a function of 
photon energy for given glasses 

 

Figure 3.3 show how the tested glasses effective atomic number (Zeff) values fluctuate 

as a function of incident photon energy. According to Figure 3.3, S5 have the highest 

effective atomic number values across all energies investigated. The enhanced lead 

oxide reinforcement, which raised the sample's total atomic number from S1 to S5, 

can be attributed to this. The changes in the glass structure between the reduced (B2O3 

and SiO2) and enlarged (PbO) replacements led to a considerable change in the 

overall atomic number of the S1 - S5 sample. The absorption edge of B at about 0.03 

MeV caused a sharp increase in Zeff curves. This was because to PEA's dominance in 

the relevant energies. In the middle energies, where CS played a significant role, the 

Zeff values were remarkably similar. The modification in the cross-section of PP with 

Z2 caused the Zeff values to rise once more. It is clear that the glass sample's high lead 
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content is what caused it to have the highest Zeff value. Present study demonstrates 

that the S5 sample exhibited the highest Zeff values across the entire gamma-ray 

energy range. 

 

Figure 3.3: Variation of effective atomic (Zeff) number values as a function of 
photon energy for given glass samples. 

 

The half value layer term (HVL), which enables the calculation of the material 

thickness needed to reduce the initial gamma-ray intensity by half, is crucial in 

research on radiation shielding. This is due to the requirement that shielding 

requirements be predetermined depending on the kind and energy of the radiation 

utilized in radiation experiments. Therefore, a more thorough understanding of 

gamma-ray attenuation capabilities during the incident gamma-contact rays with the 

attenuator specimen should be used to establish the amount of the half value layer 
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necessary for each type of prospective shielding material. Figure 3.4 show the HVL 

fluctuation trend of the tested glass samples as a function of incident photon energy. 

According to what is to be predicted, the necessary half value layer expands with 

rising gamma-ray energy. The penetrating dominance of accompanying gamma-ray 

photons, which is caused by enhanced gamma-ray energy, typically produces this 

effect. The S5 sample, according to our observations, satisfies the sample thickness 

requirements down to the last detail. Because lead oxide contributes the most, the S5 

sample exhibits better gamma-ray shielding properties, which is another convincing 

indication of this sample as gamma shielding material.  

 

Figure 3.4: Half-value layer (HVL) against photon energy for investigated glass 
samples 
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The variation of TVL with photon energy in region 0.05 MeV – 15 MeV for glass 

samples is shown in Figure 3.5. TVL shows similar variations as HVL in in similar 

energy regions and both are alike mfp (Figure 3.6) variations as these quantities 

depend inversely to linear attenuation coefficient with difference of constant factor 

only. It is clear from figures that more are the gamma ray energies higher is the 

thickness required for shielding. 

 

Figure 3.5: Half-value layer (TVL) against photon energy for investigated 
glass samples 
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Figure 3.6: Mean free path (MFP) against photon energy for investigated 
glass samples 

 

All produced glass samples were also assessed for their effective electron densities 

(Neff), which show the number of electrons per unit mass. Figure 3.7 shows in low 

photon energy region, Neff altered in a non-monotonic pattern with photon energy 

until it reached a sharp jump close to the La absorption edge (0.0880 MeV). The PE 

process is to be responsible for this behavior. All of the samples under investigation 

showed a sharp decline in Neff values in the photon energy range between 0.1 and 1 

MeV; this tendency is connected to the CS process, which predominates in this range. 

An increase in the Neff values was noticed in the energy range above 2 MeV and was 

attributed to the PP process, which dominates in this range. The S5 sample, which had 

the highest concentration of lead oxide, clearly had a considerable advantage in terms 

of gamma-ray attenuation. 
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Figure 3.7: Variation of electron density (Neff) number values as a function of photon 
energy for given glass samples 
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Figure 3.8: Variation of Atomic cross section values as a function of photon 
energy for given glass samples 

 

Figure 3.8: Variation of Electron cross section values as a function of photon 
energy for given glass samples 
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CHAPTER 4 

CONCLUSIONS 

In this study, the gamma-ray shielding parameters using WinXcom computer software 

have been investigated with change in lead doping in the glass structure. Accordingly, 

the influence of lead on the gamma-ray shielding properties of lead zirconium titanate 

glasses 𝑥𝑃𝑏𝑂: 14𝑇𝑖𝑂2: 16𝑍𝑟𝑂2: (40 − 0.5𝑥)𝐵2𝑂3: (40 − 0.5𝑥)𝑆𝑖𝑂2, (𝑥 = 0, 10, 20, 30, 40) 

was examined using WinXcom software. Several significant radiation shielding 

parameters were evaluated. The ceramic density was increased from 5.5102 g/cm3 to 

7.6003 g/cm3 with increasing lead content.  

Results revealed the following points based on shielding parameter studies:  

1. At each energy within the spectrum of interest in this research, MAC generally 

trends in the order that (S1) MAC < (S2) MAC < (S3) MAC < (S4) MAC < 

(S5) MAC. 

2. The maximum and minimum values of LAC were obtained at 15 keV and 8 

MeV, respectively with values of 30.93 and 0.074 cm−1; 111.54 and 0.108 

cm−1; 175.19 and 0.133 cm−1; 249.21 and 0.167 cm−1; and 322.08 and 0.201 

cm−1 for S1 to S5, respectively.  

3. The minimum and maximum values of HVL were obtained at 15 keV and 8 

MeV, respectively with values of 0.022 and 8.55 cm; 0.006 and 6.52 cm; 

0.004 and 5.60 cm; 0.003 and 4.58 cm; and 0.002 and 3.89 cm for S1 to S5, 

respectively.  

4. The maximum and minimum values of Zeff were obtained at 15 keV and 8 

MeV, respectively with values of 20.64 and 10.81; 47.46 and 15.40; 58.75 and 

20.06; 64.98 and 24.82; and 68.93 and 29.67 for S1 to S5, respectively.  
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5. The trend of variation of electron density (Neff) as a function of photon energy 

for BZT ceramic is S1 >  S2 > S3 > S4 > S5 for all photon energy range 0.015 

MeV to 15 MeV.  

Generally, increasing of lead oxide increment in the glass samples has a positive 

influence on their radiation shielding capability. One can conclude that all samples 

can attenuate gamma rays. Therefore, the investigated samples can be applied 

successfully in nuclear shielding applications. The total µm, Zeff and Neff of the 

ceramics decreases exponentially toward higher energy of gamma-rays. These results 

are good indications of the potential of the prepared glasses as a radiation shielding 

material. 

As a result, these findings may deepen our understanding of the structural properties 

and gamma ray shielding capabilities of lead Zirconium titanate in various systems 

and offer a thorough viewpoint for the development of useful glasses with enhanced 

applications. 
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"Assessing Uranium and Radon in Groundwater Using Integrated 

Fluorimeter and Rad7: A Case Study of Nalagarh City, District Solan, 

Himachal Pradesh, India." 

Abstract 

The research project focuses on the integration of two advanced tools for analysis, namely a LED 
fluorimeter and Durridge Rad7, to conduct a steady analysis of groundwater in Nalagarh City, 
District Solan, Himachal Pradesh, India. The primary aims are to assess the concentrations of 
uranium and radon in the groundwater, highlighting critical concerns related to the presence of 
these naturally occurring radioactive materials. The LED fluorimeter provides high-precision 
measurements, for uranium, while Rad7 is very efficient and accurate to assess the radon levels. 
The study aims to define the distribution of uranium and radon in the groundwater of the 
Nalagarh city, to identify hotspots and to understanding the geological factors influencing their 
occurrence. By integrating these advance apparatus that is LED Fluorimeter for Uranium and 
Rad7 for Radon, the research work seeks to enhance the precision and reliability of groundwater 
assessments, contributing valuable insights for environmental and public health considerations in 
the Nalagarh region. The outcomes of this study is to ensure the safety of the environment, 
animals and the civilians of the city. 

Keywords: - Uranium concentration, Radon contamination, LED Fluorimeter, Durridge Rad7.  

 

Introduction  

Availability of clean and safe drinking water is an essential aspect of public health, and the 
presence of contaminations in groundwater causes a major threat to water quality. In the 
Nalagarh City which is situated in District Solan, Himachal Pradesh, India, concerns arise in the 
uranium and radon contamination. These naturally occurring radioactive elements can 
contaminates groundwater, leading to potential health risks when consumed beyond permissible 
limits. As urbanization and industrial activities increasing drastically in Nalagarh and it gets 
more important now to monitor the contaminations such as Uranium and Radon 

 Uranium 

Uranium, a heavy metal with the atomic number 92, is a pivotal element in environmental 
research, especially concerning its occurrence in groundwater. This comprehensive overview 
aims to delve into the multifaceted aspects of uranium, encompassing its isotopes, oxidation 
states, water solubility, and geological behavior. This knowledge is fundamental for a 
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thorough environmental assessment and understanding the potential health risks associated 
with uranium contamination in groundwater. 

1. Uranium Isotopes: Tracing Radioactive Signatures 

 

Uranium presents a diverse array of isotopes, with Uranium-238 (²³⁸U) being the most 
abundant and naturally occurring. The decay series initiated by U-238 introduces isotopes 
such as Thorium-234 (²³⁴Th) and Radium-226 (²²⁶Ra), acting as distinctive signatures for 
tracking uranium behavior in environmental systems. Research studies by Tissot et al. 
(2015)[1] and Carvalho et al. (2023)[2] provide valuable insights into the isotopic 
composition of uranium in diverse geological settings. 

 

2. Oxidation States: Chemical Flexibility Unveiled 

Uranium showcases remarkable chemical versatility by adopting various oxidation states, 
ranging from +3 to +6. In natural environments, U(IV) and U(VI) are the most relevant 
states. The redox cycling between these states influences uranium's mobility and reactivity in 
subsurface environments. In-depth investigations by Nolan et al. (2023)[3] and Dang et al. 
(2023)[4] shed light on the dynamic behavior of uranium oxidation states. 

 

3. Water Solubility: A Crucial Transport Mechanism 

The solubility of uranium in water is a critical factor influencing its transport through aquifers. 
U(VI) species, particularly uranyl ions (UO2²⁺), exhibit higher solubility. This characteristic 

significantly impacts the potential for uranium migration and contamination in groundwater. 
Noteworthy contributions by Chevreux et al. (2021)[5] and Smedley et al. (2023)[6] provide 
detailed insights into uranium solubility dynamics. 

 

4. Geological Behaviour: Unraveling Weathering and Mobilization 

Uranium's geological behaviour is intricately tied to weathering processes. The breakdown of 
uranium-rich minerals releases uranium into soil and water, contributing to its mobilization. 
Specific geological formations, such as sedimentary rocks or aquifer materials, can enhance 
uranium accumulation in groundwater. Pioneering work by Gomez et al. (2006)[7] and Sharma 
et al. (2022)[8] elucidate the geological factors influencing uranium mobility 

5. Health Implications: Chronic Exposure and Bioavailability 
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Chronic exposure to elevated uranium levels in drinking water poses health risks, including 
nephrotoxicity and an increased risk of cancer. The bioavailability of uranium in groundwater, 
influenced by its chemical speciation, contributes to potential health impacts on communities 
relying on contaminated water sources. Studies by Zamora et al. (1998)[9] and Zhang et al. 
(2022)[10] offer valuable insights into the health implications of uranium exposure. 

 

6. Regulatory Measures and Monitoring: Safeguarding Water Quality 

Given the potential health risks associated with uranium contamination, regulatory measures and 
monitoring programs play a pivotal role. Established guidelines and standards aim to limit 
uranium concentrations in drinking water, ensuring the safety of water supplies. The 
comprehensive work by Environmental Protection Agency (EPA) guidelines[11] and ongoing 
monitoring efforts by regional agencies contribute to the development of effective strategies for 
managing and mitigating uranium-related risks in groundwater. 

 Radon 

Radon, a noble gas with the symbol Rn and atomic number 86, is a key element in 
environmental studies, particularly concerning its presence in groundwater. This 
comprehensive overview aims to delve into the multifaceted aspects of radon, including its 
isotopes, oxidation states, water solubility, and geological behavior. This knowledge is 
crucial for a thorough environmental assessment and understanding the potential health risks 
associated with radon contamination in groundwater. 

 

1. Radon Isotopes: Tracing Radioactive Signatures 

Radon exists in multiple isotopic forms, with Radon-222 (²²²Rn) being the most prevalent 
and naturally occurring. The decay series initiated by ²²²Rn introduces isotopes such as 
Polonium-218 (²¹⁸Po) and Lead-214 (²¹⁴Pb), acting as distinctive signatures for tracking radon 
behavior in environmental systems. Research studies by Nunes et al. (2023)[12] and Monnin 
et al. (2002)[13] provide valuable insights into the isotopic composition of radon in diverse 
geological settings. 

 

2. Oxidation States: Noble Gas Anomaly 

 

As a noble gas, radon does not have conventional oxidation states in the same sense as 
metals. Its inert nature contributes to its mobility and stability in groundwater. Research by 
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Sicilia et al. (2022)[14] and Feng et al. (2022)[15] explores the unique chemical behavior and 
migration patterns of radon in different geological contexts. 

 

3. Water Solubility: Gaseous Mobility in Aquifers 

Radon's solubility in water is a critical factor influencing its transport through aquifers. Being 
a gas, radon dissolves in water to form ²²²Rn, and its solubility is influenced by factors such 
as temperature and pressure. Research contributions by Malvicini et al. (2004)[16] and Ye et 
al. (2019)[17] provide detailed insights into radon solubility dynamics in various 
hydrogeological conditions. 

 

4. Geological Behavior: Influencing Transport and Accumulation 

Radon's geological behavior is influenced by factors such as soil composition and aquifer 
characteristics. The breakdown of uranium-rich minerals contributes to the release of radon 
into soil and water, impacting its mobilization. Specific geological formations, such as karst 
aquifers or granitic bedrocks, can enhance radon accumulation in groundwater. Pioneering 
work by Veeger et al. (1998)[18] and Lupulescu et al. (2023)[19] elucidates the geological 
factors influencing radon mobility. 

 

5. Health Implications: Inhalation Risks and Cancer Concerns 

Ingesting water containing elevated radon levels can lead to health issues, especially lung 
cancer through inhalation. Research studies by Kang et al. (2019)[20] and Riudavets et al. 
(2022)[21] offer valuable insights into the health implications of radon exposure, 
emphasizing the importance of continuous monitoring and assessment. 

 

6. Regulatory Measures and Monitoring: Ensuring Air and Water Safety 

Given the potential health risks associated with radon, regulatory measures and monitoring 
programs play a pivotal role. Established guidelines aim to limit radon concentrations in both 
air and water, ensuring the safety of the environment and public health. The comprehensive 
work by Environmental Protection Agency (EPA) guidelines[22] and ongoing monitoring 
efforts by regional agencies contribute to the development of effective strategies for 
managing and mitigating radon-related risks in groundwater. 
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This introduction serves as a foundation for our research project, providing an extensive 
overview of uranium and radon in groundwater. As we assess their concentrations, this 
foundational knowledge will guide our exploration, contributing to a more profound 
understanding of these elements' dynamics in diverse environmental contexts. 

 

Research Objectives: 

The main objective of this study is to contribute in the detailed understanding of uranium and 
radon in groundwater. Main goal is to characterize the distribution of Uranium and Radon and to 
explore the synergies between geochemical processes, optimizing analytical methodologies, and 
assessing the potential health and environmental consequences. Through these objectives, the 
research aims to inform groundwater management practices and contribute to the broader 
discourse on water resource sustainability. 

As we are going into following sections, the methodology, results and findings, and discussions 
will everything, about the complexities surrounding uranium and radon in groundwater. The 
properties of Uranium and Radon and their MCL in consumable water are given as follow: 

 

Properties and safe drinking water ingestion levels of Uranium 

Uranium, a heavy metal, is a ubiquitous component of the Earth's crust. Its radioactivity and 
chemical toxicity are of concern when present in groundwater. The most common uranium 
isotopes, ²³⁸U  with a half life of 4.5 billion years and ²³⁵U with a half life of 700 million years, 
undergo radioactive α decay, emitting α particles. To understand Uranium's chemical behavior 
and its potential migration pathways in groundwater is crucial for accurate assessment. 
 
 The World Health Organization (WHO)[23] sets a provisional guideline value of 15 

micrograms per liter (µg/L) for uranium in drinking water.  
 
 The U.S. Environmental Protection Agency (EPA)[11] has a Maximum Contaminant Level 

(MCL) of 30 µg/L for uranium in public water supplies.  
 
 
 Properties and safe drinking water ingestion levels of Radon 
 Radon, a colorless, odorless, and tasteless radioactive gas, is a decay product of uranium. Its 
primary isotopes are, ²²²Rn and ²²°Rn, causes health risks when inhaled or ingested. Radon is 
water-soluble, allowing it to enter groundwater, making its detection and measurement crucial 
for assessing the overall water quality. The Durridge Rad7 is known for its sensitivity to radon, 
enhances the precision of radon concentration measurements in groundwater 
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 The World Health Organization (WHO)[23] sets a provisional guideline value of 11 Bq/L for 

Radon in drinking water. 
 According to UNSEAR[24] safe Radon concentration value in water for consumption is 

between 4-40 Bq/L. 

Literature Review 

Groundwater quality assessment is a critical part of environmental monitoring, especially in the 
regions prone to contamination by uranium and radon. In Nalagarh City, situated in District 
Solan, Himachal Pradesh, India, understanding the concentrations of these radioactive elements 
is essential for safeguarding public health. This literature review explores the existing 
knowledge, methodologies, and recent research which is related to the integration of LED 
fluorimeters and Rad7 instruments in groundwater analysis for uranium and radon concentration 
assessment. 

Uranium and Radon in Groundwater: 

In India we get to see different types of geological settings and it encounters challenges related to 
groundwater contamination by uranium and radon. Uranium, a naturally occurring radioactive 
element, can infiltrate groundwater through weathering processes and it can potentially leading 
to severe health[25] issues upon ingestion without being aware to it. Radon, a radioactive gas is a 
by product of uranium decay it dissolves in groundwater which causes risks through inhalation. 
Managing and mitigating these risks makes it very important to understand the sources like its 
transport mechanisms, and concentrations of uranium and radon in groundwater. 

Access to safe and clean drinking water is a critical aspect of public health. In Nalagarh City, 
situated in the picturesque district of Solan, Himachal Pradesh, India, concerns have arisen 
regarding the presence of uranium and radon in groundwater. This literature review provides a 
comprehensive exploration of past research, aiming to establish a foundational understanding of 
the dynamics and challenges associated with uranium and radon concentrations in the 
groundwater of Nalagarh City. 

 

So on all those grounds, today,  many researchers have done many research studies on 
assessment of Uranium and Radon concentration levels in groundwater and many still going on 
so hereby, there are few research studies done in India for the assessment of Uranium and Radon 
in groundwater; 
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Researches in India: 

Several studies in India have explored groundwater quality, uranium, and radon concentrations 
few of them are as follow: 

1. "Analysis of Uranium in drinking water samples using laser induced flurimetry in 
some regions if Himachal Pradesh and Punjab"[26] 

2. " A study on uranium and radon levels in drinking water sources of a 
mineralized zone of Himachal Pradesh "[27] 

3. "A preliminary appraisal of radon concentration in groundwater from the high 
background radiation area (HBRA) of Coastal Kerala "[28] 

4. " Measurement of uranium and radon concentration in drinking water samples 
and assessment of ingestion dose to local population in Jalandhar district of 
Punjab " [29] 

5. "Radiological risk assessment to the public due to the presence of radon in water 
of Barnala district, Punjab, India. " [30] 

6.   "Radiation dose-dependent risk on individuals due to ingestion of uranium and 
radon concentration in drinking water samples of four districts of Haryana, 
India " [31] 

7. " Quantification of radiological dose and chemical toxicity due to radon and 
uranium in drinking water in Bageshwar region of Indian Himalaya. "[32] 

8. "Age-dependent ingestion and inhalation doses due to intake of uranium and 
radon in water samples of Shiwalik Himalayas of Jammu and Kashmir, India. 
"[33] 

9. "Appraisal of age-dependent radiological risk caused by ingestion of Uranium in 
groundwater of Patiala District, Punjab"[34] 

10. "Radon monitoring in groundwater samples from some areas of northern 
Rajasthan, India, using a Rad7 detector" [35] 

11. "Uranium in groundwater in parts of India and world: A comprehensive review 
of sources, impact to the environment and human health, analytical techniques, 
and mitigation technologies "[36] 

12. "Age-dependent ingestion doses to the public of Rupnagar and Una regions of 
India due to intake of uranium. " [37] 
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Methodology: 

Nalagarh is a town in the Solan district of Himachal Pradesh, India. Geographically, it is situated 
at approximately 31.05°N latitude and 76.72°E longitude. The town is surrounded by the 
Shivalik Hills. Nalagarh is situated along the banks of Satluj river, which plays significant role in 
the region’s geography and ecology. The specific land area covered by Nalagarh town is 

approximately 25 Km². Thi figure represents the town’s administrative boundaries and includes 

both developed and undeveloped areas within those limits. The city has 10708 people living 
there (according of 2011 census), that is 428 persons per Km². 

 

 

Sample collection 

23 ground water samples were collected across the city by using a grid on the map of the city. 
The sites are mentioned in the Figure 1a and Figure 1b given below. The exact latitude and 
longitude of the sites are obtained by using a application called GPS Map Camera.      

 

Fig 1a:- Study area site[38] 
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Fig. 1b:-  Location of the sampling Sites. 

High density polyethylene plastic bottles of 250ml were used to collect samples which were 
cleaned using dilute HCL (0.5N HCL) and were rinsed with deionised water before taking 
sample. Before collecting sample the water sources were run made to run for few minutes so that 
we can collect fresh water for sampling for better and accurate results. And then bottles are 
prewashed with source water 2-3 times before collecting sample. Samples are collected in that 
way so that there will be  minimum or no air bubble left inside the bottles because it will affect 
the radon detection. Then uranium concentration in all 23 samples are measured by LED 
Fluorimeter and Randon concentration is measured by Durridge Rad7. 
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Location and Pictures of sampling sites 

Sample 1 

 

Site of sample 1 

 

Location of sample 1 

 

Sample 2 

 
Site of sample 2 

 
Location of sample 2 
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Sample 3 

 

Site of Sample 3 

 

Location of sample 3 

 

Sample 4 

  

Location of sample 4                                                 Site of sample 4 
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Sample 5 

 

Site of sample 5 

 

Location of sample 5 

 

Sample 6 

 

Site of sample 6 

 

Site of sample 6 
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Sample 7 

 

Site of sample 7 

 

Location sample 7 

 

Sample 8 

 

Site of sample 8 

 

Location of sample 8 
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Sample 9 

 

Site of sample 9  

 

Location of sample 9 

 

Sample 10 

 

Site of sample 10 

 

Location of sample 10 
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Sample 11 

 

Site of sample 11 

 

Location of sample 11 

 

Sample 12 

 

Site of sample 12 

 

Location of sample 12 
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Sample 13 

 

Site of sample 13 

 

Location of sample 13 

 

Sample 14 

 

Site of sample 14 

 

Location of sample 14 
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Sample 15 

 

Site of sample 15 

 

Location of sample 15 

 

Sample 16 

 

Site of sample 16 

 

Location of sample 16 
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Sample 17 

 

Site of sample 17 

 

Location of sample 17 

 

Sample 18 

 

Site of sample 18 

 

Location of sample 18 
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Sample 19 

 

Site of sample 19 

 

Location of Sample 19 

 

Sample 20 

 

Site of sample 20 

 

Location of sample 20 
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Sample 21 

 

Site of sample 21 

 

Location of sample 21 

 

Sample 22 

 

Site of sample 22 

 

Location of sample 22 
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Sample 23 

 

Site of sample 23 

 

Location of Sample 23 

 

LED Fluorimeter 

A fluorimeter is a device used to measure the fluorescence emitted by a sample when exposed to 
specific wavelengths of light. LED fluorimeters use light-emitting diodes (LEDs) as the light 
source and it is the one of the quickest, highly sensitive and most reliable device. The LED 
Fluorimeter is capable to measure concentration in water sample from 0.5 µg/L to                 
4000 µg/L[39]   with high accuracy, block diagram of LED fluorimeter is shown in Fig. 2. The 
working principle involves: 
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Fig. 2  Block diagram of LED fluorimeter. 

Excitation: The LED emits light at a specific wavelength, known as the excitation wavelength. 
This light is directed towards the sample. 
 
Sample Interaction: The sample absorbs the excitation light and then re-emits light at a longer 
wavelength, known as the emission wavelength. This phenomenon is called fluorescence. 
 
Detection: A photodetector in the fluorimeter detects the emitted fluorescence. The intensity of 
the fluorescence is proportional to the concentration of the fluorescent substance in the sample. 
 
Signal Processing: The detected fluorescence signal is processed and often displayed as a 
numerical value or a fluorescence spectrum 

All the samples are first filtered through a filter paper of 45 µm. Then pH of the water is 
measured by using a pH meter by Hanna instruments. We have three available specific modes in 
the device by which Uranium concentration can be measured first one is standard calibration 
mode, calibration mode and uncalibrated mode.  And we are Utilizing the uncalibrated mode for 
measurement, we have employed the method specified by BARC in this study. The significant 
advantage of this approach lies in its ability to enhance the accuracy of uranium concentration 
measurements. Initially, the fluorescence of a background solution, composed of 5.0 mL of 
distilled water and 0.5 mL of buffer solution, is determined. Subsequently, the fluorescence of 
the sample solution (consisting of 5.0 mL of the sample and 0.5 mL of buffer solution) is 
recorded. Following this, increments of 50µL of a 500 ppb standard uranium solution are then 
added, and we gets the corresponding counts of each stage for all 23 samples.  
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Rad7 

RAD7 H2O is a special attachment of RAD7 used for the measurement of radon concentration in 
water. The range of the Rad7 lies between 10 pCi/l to 4105 pCi/l[40], with a lower limit of 
detection below, 10 pCi/l. This portable and battery-operated equipment ensures expeditious 
measurements. The schematic diagram of RAD H2O is illustrated in Figure 3. Post a 20 minutes 
analysis, RAD H2O delivers results with sensitivity matching or surpassing that of liquid 
scintillation methods. Employing a closed-loop aeration scheme, RAD H2O maintains constant 
air and water volumes independent of the flow rate. The system achieves equilibrium 

 

Fig. 3      Schematic diagram of RAD7-H2O [40] 

within approximately 5 minutes, ceasing radon extraction thereafter. The extraction efficiency, 
representing the percentage of radon removed from the water to the air loop, is notably high at 
≈94% for a 250ml sample. While the extraction efficiency may slightly vary with ambient 

temperature, it consistently exceeds 90%. The RAD7 detector transforms alpha radiation into an 
electric signal directly, possessing the capability to differentiate between aged and fresh radon, 
as well as radon emanating from thoron. 
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Results and discussion 

 The results of uranium and radon analysis in water samples of the study are presented in Table 
1. The values of uranium in all 23 samples were in the range 1.65±0.26 µg/L to 16.98±0.65µg/L 
and the values of Radon were in the range 2.64±0.4 Bq/L to 24.01±4.71 Bq/L with an average 
value of Uranium is 7.334±0.291 µg/L and average value of Radon is 8.63±1.72 Bq/L and when 
the values of Uranium concentration is compared with the allowed MCL proposed by WHO[23], 
we observed that 95% of the samples were below the value proposed by WHO[23] and only 5% 
of samples were higher than that of the value proposed by WHO[23]. The MCL value suggested 
by USEPA[11] is 30 µg/L and values of all the samples was below than this value (suggested by 
USEPA). When the Radon concentration value is compared with value suggested by WHO[23] 
that is 11 Bq/L we found that approx. 74% of the samples were below the MCL value and the 
values of 16% of the samples higher then value suggested by WHO[23] and UNSCEAR[24] 
suggested the concentration value between 4-40 Bq/L when compared to this value 100% of the 
samples were below the suggested value. The Radon concentration values are when compared 
with European Commission recommendations for the protection of living beings against Radon 
exposure in drinking water supply (2001/928/Euratom)[41]  which suggests the action level of 
100 Bq/L for drinking water supply. The Radon concentration levels in some areas of Northern 
Rajasthan is 0.5±0.3 Bq/L to 85.7±4.9 Bq/L with an average of 9.03±1.03 Bq/ L which is 
reported by Rohit Mehra[35] . The Radon concentration in samples of Bathinda and Gurdaspur 
districts, Punjab lies between 0.2±8.8 Bq/ L reported by Walia, V[42]. The average Uranium 
concentration in tube wells of Patiala District, Punjab, India is 31.1987 µg/L reported by Vimal  
Mehta[34]. 
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Table 1. Values of Uranium and Radon of all 23 samples collected from Nalagarh 

Sr. 
No. 

Locations Latitude Longitude pH Source 
Depth 

(ft) 
Uranium 

conc. (µg/L) 
Radon conc. 

(Bq/L) 
S1 Nalagarh 4 31°02'35.3"N 76°42'52.0"E 7.2 OW 50 1.65±0.26 3.03±1.46 
S2 Nalagarh 3 31°02'32.4"N 76°43'01.3"E 7.1 SP 170 10.1±0.12 8.88±1.08 
S3 Nalagarh 5 31°02'31.3"N 76°43'27.2"E 7.5 SW 500 2.06±0.22 10.34±1.99 

S4 
New 

Nalagarh 1 
31°02'32.4"N 76°42'03.1"E 6.8 OW 100 8.77±1.01 11.41±0.11 

S5 
New 

Nalagarh 3 
31°02'34.0"N 76°41'52.9"E 7.4 SP 170 1.11±0.51 12.19±3.85 

S6 
New 

Nalagarh 2 
31°02'31.1"N 76°41'37.9"E 6.5 SP 200 13.5±0.44 13.47±3.01 

S7 
Nalagarhh 

2 
31°02'47.5"N 76°42'08.9"E 6.9 SP 400 8.48±0.40 7.48±0.87 

S8 Nalagarh 1 31°03'10.2"N 76°41'14.1"E 6.7 SP 100 12.41±0.61 9.57±0.58 
S9 Nalagarh 6 31°02'31.3"N 76°43'27.2"E 6.8 OW 65 12.66±0.39 11.46±1.34 
S10 Sabhowal 31°03'12.0"N 76°42'35.4"E 6.3 SP 220 16.98±0.65 24.01±4.71 
S11 Salhewal 31°02'55.9"N 76°42'25.5"E 8 OW 80 7.82±0.13 9.78±4.38 
S12 Nalagarh 31°02'47.1"N 76°42'13.1"E 7.8 SP 250 4.56±0.21 16.49±3.2 
S13 Nalagarh 31°02'51.7"N 76°41'47.8"E 7.3 SP 120 9.23±0.08 5.7±1.44 
S14 Nalagarh 31°02'08.1"N 76°41'23.3"E 7.5 OW 100 5.67±0.18 9.53±2.25 

S15 
New 

Nalagarh 
31°02'11.7"N 76°41'45.1"E 7.2 SP 300 8.34±0.24 2.75±0.92 

S16 Nalagarh 31°02'17.6"N 76°42'05.6"E 7.9 SP 350 3.78±0.11 4.17±1.01 
S17 Nalagarh 31°02'10.0"N 76°42'31.2"E 7.7 SP 200 6.45±0.2 4.06±0.82 
S18 Nalagarh 31°01°35.9" 76°42'41.8"E 8.2 OW 100 2.89±0.09 2.64±0.4 
S19 Nalagarh 31°01'28.1"N 76°42'57.5"E 7.4 SP 200 9.01±0.14 6.97±0.7 
S20 Nalagarh 31°01'25.4"N 76°42'25.9"E 7.6 OW 60 4.12±0.23 5.41±0.88 
S21 Nalagarh 31°01'35.0"N 76°42'36.6"E 7.5 SP 120 6.89±0.1 5.75±1.48 
S22 Nalagarh 31°01'36.5"N 76°42'12.0"E 8.2 HP 70 3.45±0.17 7.74±1.73 
S23 Nalagarh 31°01'47.2"N 76°41'51.6"E 7.3 SP 140 8.76±0.22 5.68±1.41 

*OW=Open well, SP= Submersible motor pump, SW=Surface water, HP= Hand-pump 
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Fig. 4 Uranium concentration variation with pH of the collected samples, units for Uranium 
concentration in µg/L 

 

 

Fig. 5 Radon concentration variation with pH of collected samples, units of Radon concentration 
in Bq/L 
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Fig. 6 Radon concentration Variation with Depth of the source, units of Radon concentration in 
Bq/L 

 

 

Fig. 7 Uranium concentration variation with depth of the source, , units for Uranium 
concentration in µg/L 
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Fig. 8 pH variation with depth of the source, Units of depth in Feets (ft) 

Conclusion 

Uranium concentration  in all 23 samples were in the range 1.65±0.26 µg/L to 16.98±0.65µg/L 
and the values of Radon were in the range 2.64±0.4 Bq/L to 24.01±4.71 Bq/L with an average 
value of Uranium is 7.334±0.291 µg/L and average value of Radon is 8.63±1.72 Bq/. In Uranium 
concentration 95% of sample values are below than suggested value by  and 5% were above than 
that. And according to USEPA suggested value all the 100% of sample values are below then the 
suggested value. The Radon concentration in all the samples were 74% under suggested value by 
the WHO and 16% were above than that and acc to UNSCEAR suggested value all the 100% of 
sample values are under MCL suggested by organisation. 
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