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ABSTRACT

Bone is a natural composite anisotropic material composed of mainly three materials, organic,
inorganic and water. Bones gives structural support to the body, withstands stresses during

movements, lifting heavy loads during fast running.

Each hip bone is combination of three bones merged to one another to form a single bone, the
ilium, ischium, and pubis. The hip bone has the most weight bearing capacity joint in the body
and so transmits body weight to femur. The hip bone has a structure of ball and socket joint that

permits the upper leg to move face to rear and side to side.

The products of bone banks play significant role in covering bone defects during surgical
procedure intended at improving the mobility of patients, and minimizing the disability linked
with bone and joint diseases. However, using of bone allografts carry a risk of transfer of
microorganisms and viruses from giver to receiver. In tissue processing, many bone banks for
many years believe it necessary for allografts to be fatally sterilized by means of gamma
irradiation from Cobalt 60 sources or X-ray. The mechanical properties of the bones changes
with gamma irradiation dose. Literature review shows that mechanical properties of cortical and
femur bones changes with gamma irradiation. The literature further reveals “that the

consequences of gamma irradiation on hip bone are less investigated.

The aim of this thesis was to examine the effects of gamma irradiation on fracture toughness,
young modulus and ultimate strength of bovine’s hipbone. The above properties were
experimentally investigated using samples of hipbone from same age of male bovine. American
society for testing and materials ASTM E-399 were used to investigate fracture toughﬁess while
tensile strength and young modulus were investigated using ASTM D-3039. The strain fields at
the crack tip of compact tension CT specimens were examined using digital image correlation
technique. The image files obtained during the DIC analysis were analyzed using software Vic-

2D, 2009.

The result shows that fracture toughness, young modulus and strength were decreased with
gamma irradiation. It is recommended that the mechanism of the effect of gamma irradiation

may be investigated.
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Chapter 1

INTRODUCTION

1.1. Bone

Bones gives structural support to the body. It works as connective tissue that has the
potential to repair and regenerate, comprised of a firm medium of calcium salts deposit around
protein fiber. The mineral portion of bone provides rigidity while the proteins provide elasticity.
Bone tissue are categorized mainly into two types, cortical and trabecular bone, have the ability
to withstand considerable stress throughout the actions and tiring activities such .as lifting
weighty stuffs or quick running [1].

At the nano level, bone tissue is formed by combining inorganic, organic phase and
water. On the basis of weight, bone is just about 60 % inorganic, 30 % organic, and 10 % water
[2]. The inorganic portion of bone includes ceramic crystalline type mineral that is a
contaminated form of calcium phosphate in nature, the majority often known as hydroxyapatite
(Cao(PO4)s(OH), ) [3]. Bone hydroxyapatite is not clean hydroxyapatite because tl;e minute
apatite crystals of long plate’s size 2 to 5 nm thick x 15 nm wide x 20 to 50 nm have impurities
such as magnesium potassium, carbonate, sodium, strontium, and fluoride or chloride. The
organic portion of bone consists mainly of type I collagen, some other types III and VI collagen,
and a mixture of noncollagenous proteins such as osteonectin, osteopontin, osteocalcin and bone
sialoprotein [4]. The collagen molecules are prearranged with each other in parallel from top to
end with a opening or “hole zone” of roughly 40 nm between each molecule [5]. The process of
mineralization take place in the hole zone and extend into the spaces between molecules,
resulting in the mineralization of fibril. The 3D collection of collagen molecules inside a fibril is
not sound understood. However, the diameter of collagen fibrils in bone vary from 20 to 40 nm,
suggestive of that there are 200 to 800 collagen molecules in the cross section of a fibril. The
microstructure of bone have four levels comprised of mineralized collagen fibrils, lamellar

woven, primary lamellar woven to cortical and trabecular bone are shown in Figure 1.1 [6].






1.3. Problem statement

Bone allograft is irradiated for sterilization purpose using gamma or X- rays. Irradiation
effects bone properties. The literature review reveals that in the past the behavior of various
bone types has been studied for the assessment of irradiation effect using three point bending
test, compression testing, fatigue and flexural testing. However least work has been worked out
for the effect of gamma irradiation on the hip joint bone. It is a fact that the composition and the
structure of bone varies with its location in the skeleton site. Being an important bone,

investigation of hip joint bone with irradiation effect is of prime importance.

1.4. Motivation of research & its impact on society

Bone banks contribute to broad range of tissue, including massive bone allografts cortical
bone allografts. During bone transplant these products helps to improve patient’s movement and
also it reduces the disability associated with diseases of joints and bones. Whenever bone
allografts are used there is possibility of transferring bacteria, viruses from donor to recipient. To
avoid possible infection, donor screening is important along with surgical sterilization. In the
process of sterilization many bone banks consider it necessary for allografts to be cleaned with
the help of gamma irradiation of source Cobalt 60 in such range that its mechanical properties

remains same after irradiation.

1.5. Objective of the research
The primary objective of this thesis is to examine the effect of gamma irraciiation on
fracture toughness of the bovine hip cortical bone. The secondary objectives are to look into the
effect of gamma irradiation on the following mechanical properties of the hip bone
i.  Young modulus

it.  Ultimate tensile strength

1.6. Research methodology

The research has been carried out experimentally and analytically. The analytical section
includes the investigation of the stress field at the cracks in the bones. Analytical analysis has
been done using fracture mechanics approach. The displacement field or the strain distribution at

the crack tip has been studied using digital image correlation (DIC) while using Vic-2D, 2009.



1.7. Thesis layout

Next chapter describes the bone composition and its types. Chapter 3 describes detail of
radiation, its types and the equipment for gamma irradiation. Chapter 4 is the literature survey of
previous work on gamma irradiation effects on bone properties. Chapter 5 describes the
experimental details. The results of the experiments are discussed in chapter 6. In last chapter

conclusions and further recommendations are summarized.



Chapter 2

BONE STRUCTURE

This chapter contains the details of bone, its structure and types of bone. First section

introduces and discusses the composition of bone, Types of bones are discussed in section two.

2.1. Bone

The bone is responsible for providing both structural supports as well as it protects the
organs of the body. It gives protection to the brain, spinal card. Tt also forms the framework
which supports the body and works as a levers to move the body and its parts [8-9]. The bones
works as a reservoir for some mineral [10-11] e.g. calcium and phosphorous. Bone has the ability

of regeneration and repair [12].

2.2. Composition of bone

Bones are composed of two solid materials [ 13]. Biological tissues such as bone are listed
in the category of natural composite material [14], which are not artificial or manmade
composites materials but appears to be as it is in nature.

Bone 1s compared hierarchically at nano scale to a composite material. Bones are
composed of type | collagen fibers which are toughened with calcium phosphate crystals. Bone
contained water 25% of its weight, located within blood vessels in harversian canals. The
inorganic portion of bone is composed of carbonated apatite i.e. (Cas (PO4)3, (OH)), which are
having crystal type shape. In case of dry bone these crystals are present up to two third of the
weight of bone. The remaining portion of the weight corresponds to organic material, which is
collagen, also lipids and non collagen proteins. Collagens are responsible for absorption of
energy i.e. for toughness, whereas for stiffness the mineral portion is responsible. The collagen,
mostly containing protein in mammals and is formed by molecules that have ‘ a length
approximately of 280 to 300 nm and a diameter of 1.5 nm. The collagen molecule is the

composition of three polypeptide chains, which form a triple helix molecule [15].

The bone is also a brittle material. The brittleness of the bone depends on the mineral
portion that gives it the capability to support compressive loads. The bone tissue is a viscoelastic
material whose mechanical properties are affected by its deformation grade. The collagen

material of the bone provides the flexibility properties to the bone [16].
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Figure 2.1 : Hierarchical structural organization of bone: (a) cortical and cancellous bone; (b)
osteons with Haversian systems; (c) lamellae; (d) collagen fiber assemblies of collagen fibrils;

(e) bone mineral crystals, collagen molecules, and non collagenous proteins [17].

2.3. Types of bone
The bones are classified into four major types of bones and then it is further divided into

sub groups as shown in the Figure 2.2.
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Figure 2.2: Classification of bones.

2.3.1. Cortical or compact bone

Fibrous bene l

Lan}ellar bone

Compact bone tissue forms the external shell of the bone. It is very hard and thick. It

appears solid to unaided eye. This type of bone holds closely packed cylinders of bone harden by

calcium carbonate known as osteons. Osteons mainly comprise of lamellae’s concentric layers,

which are arranged in such a manner that seems to be drinking straws. In the center of the
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Chapter 3

RADIATION

This chapter presents an introduction to ionizing radiation. The chapter discusses the
nature of radiation, how it is produced, and its properties. The use of radiation in bone allograft is

discussed in the last section.

3.1. Introduction

Radiation 1s the form of energy or particulate matter which travels as electromagnetic
waves and composed of atoms and molecules. These atoms are bound into molecules by
electrons. There are two types of atoms stable and unstable. Stable atoms are not radioactive and
unstable atoms have surplus of energy or mass. In order to reach stability these atoms emits the
surplus energy. These emissions are called radiations. As a result of this radiation positive
charged atoms and negative charged atoms are produced. There are two types of ionization
radiations photons i.e. gamma and X-rays, and particles i.e. alpha, beta and neutrons. Unstable
atoms emit photon or sub atomic particles to become stable. This process is known as radioactive
decay. Instead of how ionized atoms are formed chemically these atoms are more active than
neutral atoms. Also the active ions of these atoms form compounds that impede with the
processes of cell separation and metabolism. The severity of damages suffered during contact to
ionizing radiation depends upon the type, intensity, energy, interval, and chemical type of

radiation [26].

3.2. Source of radiation

Solar radiation is the first cause of heat and light. It is source of visible rays, ultra violet
rays and infrared rays. Visible rays are used for light; uitra violet rays provide vitamin D and
infrared rays gives warming effect. Some manmade devices also produce electromagnetic
radiations. Examples of some well known sources are microwave oven, radio and television,

transmitter, fluorescent lamp and X- rays machines [27].
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3.3. Types of radiation
3.3.1. Alpha particle

Alpha particles decomposition occurs whenever an atom ejects a particle from its
nucleus. This particle composed of two neutrons and two protons. By happening this, the atomic
number of atom is decreases by 2 and the mass decreases by 4 as shown in the reaction in Figure
3.1. Examples of alpha sources include radium, radon, uranium and thorium. Alpha particle and
helium nucleus have the same structure. Alpha particles may be written as shown and they have

a double positive charge and a mass of 4 u [28].

ield
02UP* =5 JHe* (alpha particle) + g T2 3.1)

Alpha particles when pass through any matter by colliding with its nuclei lose energy and
causes ionization. Alpha particles are heavier and more highly charged particles that can be

stopped by a thin sheet of paper or plastic. These particles are hazardous to health when inhaled.

Ry

[ ghter

Nucleus

Th-234 q *e
Parent pl--—lg...\\ i
U-238 6

Alpha Particle
(Helium Nucleus)
Figure 3.1: Alpha particle [29].
3.3.2. Beta particle
In case of beta decomposition, the atomic number is increases by one, but the mass only

decreases to some extent when neutron is changed into a proton and an electron is emitted from
the nucleus. Examples of pure beta sources include carbon-14, strontium- 90, sulphur-35 and
tritium. Betas minus particles are electrons as shown in Figure 3.2. Beta minus particles may be
written as [30]

1 yields 1 0
o —p t ¢ (3.2)
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Beta particles have a negative charge and a mass of 1/1800 u. By colliding with the
nuclei of any matter they cause ionization and lose energy when they are passing through beta
particles. The lighter beta particles can be stopped by a thin sheet of metal.

Daughter
MNucleus 0
Calcium-40

\ / Artineutrino

v

Parent Nucleus
Potassium-40 o.p
®

Beta Particle

Figure 3.2: Beta particle [29].

3.3.3. Gamma particle

Gamma particles are not particles and are high energy (low wavelength) electromagnetic
radiations. This type of radiation does not carry any charge or mass as shown in Figure 3.3.
These particles travel with the velocity of light. These are not deflected by electric or magnetic
field. They have the highest penetrating power and they can pass through much thicker
aluminum sheets. They can be stopped by aluminum sheet of 100 ¢m thickness. They ionize the
gases but to the smallest extent. Without inhalation or ingestion these radiation can therefore
carry significant doses to internal organs. To stop gamma radiation and neutrons the thickness of
shielding required varies depending on the energy and intensity, but can be several meters of
concrete. One or more gamma photons can be emitted from the excited states of daughter nuclei
following radioactive decay. When a radioactive nuclide expels alpha or a beta particle in very
high speed, it is often excited to a higher energy level. After some time, nuclide comes back to

the ground state by emitting one photon of a short wavelength radiation called gamma radiation

[31].

1Co% TEE | &0+ ,oNi®™ (2nd excited state) (3.3)
LN )LngNiﬁo* (st excited state) + v photon) 3.4
2sNi®* Yo 2Ni® (ground state} + y photon) (3.5)
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3.4. Radiation effects

Radiation effects may be different types of health effects depends on different part of the
body, doses sizes, delivery rate of dose and time of radiation exposure. When a given total dose
received for a shorter time period it will cause more damage. When the entire body is exposed to
very high dose it can causes death within weeks. For example, an absorbed dose of 5 gray or
more received instantly would most likely be fetal, unless treatment is given, because it causes
damage to the bone marrow and to the gastro intestinal tract. When a person exposed to 5 gray,
the life can be saved with medical treatment, but when the whole body is exposed to a dose of 50

gray then it will be fatal even with medical attention.

The physiological effects of radiation are also called somatic in which the. radiation
immediately affects the body when it is exposed. Death can occur from damage to bone marrow.
If this type of effect is belated it can causes cancer, cataracts, leukemia, abortion and life

shortening from organ failure {32].

Some genetic effects to off spring if exposed to radiation are harmful and irreversible.
The genetic effect may be extended to many generations includes reduction in the probability of
survival. Radiations having low penetrating power such as particles are not hazardous to the
outside skin if exposed to some radiations, but those radiations that penetrates directly to the
tissue such as X-rays, gamma rays, and neutrons, can damage the bone marrow which is blood
forming tissue and is dangerous to the body. It also effects the lenses of the eyes and the

reproductive organs [33].

Biological effects of non ionizing electromagnetic field on lower organisms have been
established, but research on physiological effects on humans is unconvincing and is continuing.
Recently, some concerns have been arisen about the possibility of brain tumors caused by using
cell phone. The everywhere background radiation originates from a variety of sources including
radon; terrestrial radionuclides such as uranium, thorium, and their progeny e.g. cosmic radiation
and even radionuclides within our own bodies. Human beings are frequently exposed to different
types of radiation e.g. gamma rays, beta particles, and particles from radon and its daughters. The
radon gas is always present as a decay product of natural uranium in homes and other buildings.

Neutrons as a part of cosmic radiation bombard all living things [33].
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3.5. Radiation dose unit
A number of dedicated terms need to be defined to discuss biological effects of radiation.
First is the absorbed dose (D), which is the amount of energy imparted (AE) to the exposed

material mass ().

p=2E (3.4)

m

The energy absorbed appears as ionization energy of the molecules or atoms of the
medium. The SI unit of dose is the gray (Gy), which is 1 J/kg. An older unit of energy absorption
is the rad (radiation absorbed dose), which equals 0.0t J/kg.

3.6. Equipments used for gamma radiation

With the passage and development of the industry, the products to be treated with gamma
radiation for different purposes are also increases. In present era the different types of materials
are irradiated for different purposes and applications. For the designer the main challenge is to
how expose the materials to maximize the utilized energy with dose consistency. The shape,
density and composition of new products need modifications in the design. Frozen and chilled
foods require special requirements. To cope up this requirement the designers have developed

several types of irradiators some of which are described here [32].

3.6.1, Product overlap irradiators

This type of irradiator is used to irradiate the product in metal container. These containers
are sometimes also called as totes. Tote irradiators are used in vast range because of the
treatment of the goods contained in boxes, bags or drums. The product accommodation capacity
of tote is limited to hundreds kg only. These totes are located on roller bed conveyors in four
rows two on either side of the source rack and at two levels and it surrounds source of.radiation.
The totes are shuttles by elevators between consecutive conveyor levels as shown in Figure 3.7.
The total height of the source rack is less than that of two totes, which gives result in product
overlap and also it helps the dose uniformity in the product. The energy utilized in this type of

irradiator is maximum. This irradiator is complex due to the movement of products in two levels
[32].

18












3.7. Use of radiation in bone grafting

Bone banks contribute to broad range of tissue, including massive bone allografts
cortical bone allografts, and powdered bone. During surgery these products helps to improve
patient’s movement and also it reduces the disability associated with diseases of joints and
bones. Whenever bone allografts are used there is possibility of transferring bacteria, viruses
from giver to receiver. To get rid of possible infection, donor screening is important along with
surgical sterilized technique from getting of tissue to its processing and storage [35]. In the
processing phase of tissue, many bone banks consider it necessary for allografts to be cleaned

with the help of gamma irradiation of source Cobalt 60 [36].

Gamma irradiation produced from Cobalt 60 sources has been used for sterilization of
bone allograft for many years. When gamma radiation dose is increased above 25 kGy for
cortical and 60 kGy for cancellous bone, it causes reduction in mechanical properties due to

splitting polypeptide chains [35].
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ultra sound wave propagation rate at a dose of 30 kGy. The results showed detoraition of 2.5% in

the rate measured from non irradiated groups.

Dux et al. [48] examined the effects on yield and elastic properties after irradiation of
bone specimens from bovine proximal tibiae. The results showed that there is no change in yield
strain in irradiated specimens and non irradiated specimen. It was also determined that there is no
variation in elastic modulus and the residual strain of irradiated specimens showed larger, bigger
number of microfractures. Commonly used dosing 30kGy of sterilization does not varies elastic
or yield properties of dense cancellous bone, but it causes modifications in damage processes,

which results in increased permanent deformation.

Salehpour et al. [49] used gamma irradiation to find the effect on mechanical and
material properties of collagen. The specimen was taken from goat patellar tendon bone. Each of
the specimens was freezed and exposed to 40, 60 and 80 kGy of gamma irradiation. The
specimens were tested in tension, and it has been found that at 40 kGy of radiation, maximum

stresses and modulus was reduced by 37% and 8% respectively.

Anderson et al. [S0] used cancellous bone taken from tibiae to find out stress at failure,
strain at failure and elastic modulus irradiated at 10, 31, 51 and 60 kGy of gamma irradiation by
compression test method. It has been determined at 60 kGy that no major variation in failure
stress and normalized elastic modulus was found when these groups were compared with

reference group.

Fidler et al. [51] studied the effect of gamma irradiation on bone of young human of
patellar tendon allografts. These allografts were divided into four test groups, a control fresh
frozen group and three fresh frozen irradiated groups. Three different doses of 20, 30, or 40 kGy
of gamma trradiation were used. The test method used for specimens was tensile test method.
The results were compared with fresh frozen control allografts and it has been found that the
mechanical strength of fresh frozen allografts was reduced up to 15% at 20 kGy of irradiation.
There was also considerable reduction in ultimate force, modulus, and ultimate stress at 20 kGy

of radiation.

Curry et al. [52] studied the effect of ionizing radiation on allogeneic bone grafting

sterilization. Specimens were taken from femora of four donors who received doses of 29.5 kGy,
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94.7 kGy, or 17 kGy of ionizing radiation. The test results showed degradation in work to
fracture but the young's modulus was unaffected by any level of radiation.

The literature survey reveals that different bones have been studied for the effect of X-
rays or gamma radiations on bone properties. There are fewer studies on effect on gamma
irradiation on hip joint bone of bovine’s bones. Being a vital bone, the study of hip bone fracture
behavior with gamma irradiation is essential for the treatment and modeling. Due to the research
gap for the hip bone fracture behavior with effect of gamma irradiation, this study is focused on
the categorization of mechanical properties variation of hip bone with effect of gamma
irradiation. The following chapter describes the experimental set up for testing of the hip bone

specimens after different dose of gamma irradiation.
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Chapter 5

EXPERIMENTAL RESEARCH

This chapter describes the test technique used for the investigation of the effect of gamma
irradiation. The chapter provides detail of test sample collection and preparation. The procedure

of the tests is described in detail.

5.1. Fracture toughness testing
5.1.1. Test specimen

Bone test samples were taken from the hip bone of half calf male three year old bovine
from local slaughter house. The test specimens were categorized into eight groups. Each group
comprising of four specimens from three different bovine bones of same age i.e. three (3) years
old. The bone was machined into 96 specimens using hack saw. Qut of 96 samples, 48
specimens were prepared according to ASTM E-399 Standard [S3] to measure fracture
toughness. The final shape of specimen was obtained using file. Table 5.1 shows test matrix of
machined test specimen for fracture toughness for longitudinal as well as transverse specimen.
The geometry and location of the test specimen location on hip bone, fiber direction i.e.
longitudinal or transverse direction is shown in Figure. 5.1, from where the test specimen‘is cut out
from the bone. Figure 5.2 show the geometry of the test specimen. The specimens were painted
with spackle pattern of white and black paint. In first step the specimen was painted with white
paint with the help of spray and then it was sprayed with mist of black paint to obtain the black
spackles. For the last color the distance of two (2) feet is necessary between spray and specimen

[54-55].

The specimens were irradiated by insertion the bones in the vicinity of a radiation source
cobalt 60 for a fixed time interval whereby the product is exposed to radiation emanating from
the source. The irradiator was Ob-Servo IGNIS type Self Contained cobalt 60 dry storage
irradiator of dimension 100> 140.4x323.3 cm and 5 liters of volume capacity located at National
Institute of Food & Agriculture (NIFA) in Peshawar. The maximum dose rate of the radiator was
10 kGy/h. Figure. 5.3 show the image of the irradiator. Different bones groups were étacked in
the cylindrical vicinity column wise and were drawn after specific time for specific accumulated

dose keeping gape of 25 kGy between two groups. The irradiator has a mechanism to move the
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12 LT-15 v 0.0254 0.002 0.02
13 LT-16 v "0.0254 0.002 0.02
14 LT-17 123 v 0.0254 0.002 0.02
15 LT-19 v 0.0254 0.002 0.02
16 LT-21 130 v 0.0254 0.002 0.02
17 LT-22 v 0.0254 0.002 0.02
18 LT-24 17 v 0.0254 0.002 0.02

Table 5.3: Test matrix of transverse tensile test specimens.

Width (m) | Thickness (m} | Original Length (m)

S.No. | Specimen Code | Dose (kGy) | TT
1 TT-1 v 0.0254 0.002 0.02
2 TT-3 0 v 0.0254 0.002 0.02
3 TT-5 v 0.0254 0.002 0.02
4 TT-6 2 v 0.0254 0.002 0.02
5 TT-7 v 0.0254 0.002 0.02
6 TT-8 >0 v 0.0254 0.002 0.02
7 TT-10 75 v 0.0254 0.002 0.02
8 TT-15 100 v 0.0254 0.002 0.02
9 TT-16 125 v 0.0254 0.002 0.02
10 TT-20 v 0.0254 0.002 0.02
11 TT-21 130 v 0.0254 0.002 0.02
12 TT-24 175 v 0.0254 0.002 0.02

5.2.2. Test procedure and data analysis

The specimens were tested in same UTM as described in section 5.1.2. The specimen was
gripped in the machine as shown in Figure 5.17. The test was performed at a cross head speed of
0.5 mm/minute. During the test the applied load and the displacement were recorded by PC. The
test was stopped after specimen failure.

The strenpth of the specimen was calculated using the following equation.

5=~ (5.3)

Where F is the force at specimen failure and 4 is the cross sectional area of the specimen. The

strain at failure was calculated using the following equation. .

e=> (5.4)
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Chapter 6

EXPERIMENTAL RESULTS

This chapter presents the experimental results of the current research. The chapter
presents results of fracture toughness variation with gamma radiation dose. In this chapter
variation in young modulus and ultimate strength of the hip joint bone specimen is also

presented. The DIC results are presented in the last section of the chapter.

6.1. Effect of gamma radiation on fracture toughness

The fracture toughness variation with gamma dose for longitudinal specimen is shown in
Figure 6.1. The fracture toughness decreases with gamma dose. The maximum and minimum
value of fracture toughness is 2.6E+06 & 3.3E+04 Nm-3/2 respectively, The percentage
difference in fracture toughness is 13%, 28%, 32%, 51%, 66%, 81%, and 98% respeqtively for

dose range of 25 kGy to 175 kGy. The error bar sizes show that variation among different

samples is slight.
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Figure 6.1: Fracture toughness versus gamma radiation dose for longitudinal specimen.

The effect of gamma radiation on fracture toughness on transverse specimen of hip bone
is shown in Figure 6.2. The figure shows that the fracture toughness decreases as the gamma
radiation dose increases. The maximum and minimum value of fracture toughness is 4.3E+06 &

.9E+05 Nm-3/2 respectively. The fracture toughness decrease is steeper up to 50 kGy. The
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reduction of the fracture toughness is slight between 50 kGy and 100 kGy. The percentage
difference in fracture toughness is 84%, 92% and 96 % respectively for the gamma radiation
dose range of 125 kGy to175 kGy. The error bar sizes show that variation among different

samples is slight.

1.26+06 ¥
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Figure 6.2: Fracture toughness versus gamma radiation dose for transverse specimen.

The values of fracture toughness in the longitudinal direction are generally lower than
those in the transverse direction. This is due to the presence of the cement lines in the
microstructure, These are narrow regions around the outermost lamellae in the osteons, and they
usually form the weakest component of bone. Crack propagation parallel to the osteons can
occur much more easily through these regions and thus decreases the fracture toughness in the
longitudinal direction. When a crack is propagating perpendicular to an osteon its direction is

changes whenever it reaches a cement line, thus resulting in blunting of the crack.

Figure 6.3 and Figure 6.4 illustrate images of compact tension specimen for longitudinal
and transverse specimen respectively. Figure 6.3 shows that crack path is parallel to the osteons,
thus facing least resistant. Figure 6.4 shows the transverse CT specimen fracture. The crack path
is perpendicular to the osteons and so the resistance is higher in this case resulting in higher

fracture toughness values.
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Figure 6.5: Young modulus versus gamma radiation dose for longitudinal specimen.

The young modulus variation with gamma radiation doses for transverse specimen is
shown in the Figure 6.6. The figure shows overall decrease in young modulus with gamma
irradiation. The maximum and minimum value of modulus of elasticity is 1.4E+10 & 1.5E+07
N/m? respectively. The young modulus is steeper for all doses of gamma radiation and it is more
than for longitudinal compact specimen. The modulus of elasticity is reduces by 78%, 92%,
95%, 97%, 98%, 99%, and 100% respectively for the dose range of 25 kGy to 175. The error bar

sizes show that variation among different samples is slight.
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Figure 6.6: Young modulus versus gamma radiation dose for transverse specimen.
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6.3. Effect of gamma radiation on ultimate strength

The wvariation of ultimate strength with different doses of gamma rad‘iation on
longitudinal specimen is shown in the Figure 6.7. The figure shows that the reduction is steeper
from 0-50 kGy. The maximum and minimum value of ultimate strength is 2.1E+07 & 2.8E+06
N/m? respectively. The percentage difference in ultimate strength for longitudinal specimen is 68

%, 74 %, 79 % 85 % and 86% respectively for dose range of 75 kGy to 175 kGy.
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Maximum Strength [Pa]
L
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Figure 6.7: Ultimate strength versus gamma radiation dose for longitudinal specimen.

The effect of gamma irradiation on the Ultimate strength on transverse specimens is
shown in the Figure 6.8. The figure shows steeper decrease for doses 0 kGy to 50 kGy. The
maximum and minimum value of ultimate strength is 4.6E+07 & 2.7E+06 N/m?* respectively.
The percentage difference in ultimate strength for transverse compact tension specimen is 59 %
and 70 % for 75 kGy and 100 kGy of gamma doses respectively. The reduction of th;e ultimate
strength is slight for the dose range of 125 kGy and 175 kGy.
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There is sharp decrease in e, but for e, the decrease is slow with respect to gamma
irradiation. The trend of variation for both longitudinal and transverse specimens is same and at

175 kGy the strain is nearly equal to zero for both types of specimen.

6.5. Discussion of the test results

The trend of the variation of fracture toughness, young modulus and ultimate strength of
longitudinal specimen was evaluated by fittings curves to the experimental data. The trend can
be best represented by fitting exponential function to the data as shown in Figure 6.11. The

fracture toughness, young modulus and ultimate strength decease exponentially with gamma

radiation dose,
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Figure 6.11: Trend line fitting of (a) Fracture toughness, (b} Young modulus and (c)

Ultimate strength versus gamma radiation dose for longitudinal specimens.
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The Figure 6.11 shows that the young modulus variation is more sensitive to gamma
radiation dose than that of fracture toughness and ultimate strength. The variation in the fracture
toughness is moderate and the variation is severe for ultimate strength to gamma radiation.

For transverse specimen the trend of variation of fracture toughness, young modulus and
ultimate strength can be also represented by exponential function as shown in Figure 6.12. The
figure shows that the young modulus variation is more sensitive to gamma radiation dose than
that of fracture toughness and ultimate strength. The variation in the fracture toughness is

moderate and the variation is severe for ultimate strength.
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Figure 6.12: Trend line fitting of (a) Fracture toughness, (b) Young modulus and (¢) Ultimate

strength versus gamma radiation dose for transverse specimens.
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Comparing results with literature, a small dose response reduction was observed to
ultimate stress up to 23 kGy, but a large decrease was observed at 60 kGy [58]. Similar trends
have been observed from bone tendon bone allografts in which the maximum stress decreased by
37% for those irradiated at 40 kGy, 68% at 60 kGy and 76% at 80 kGy [49], whereas lower
doses of 20 and 30 kGy reduced the ultimate strength by 11-27% [43, 59]. Increasing the gamma
dose with numerous small increments shows that this relationship is non linear with a dose of 27
kGy causing a reduction in strength of 20%, but a dose of 37 kGy causing a reduction of 65%
[60].

Comparing test results with Barth [37] there is severe degradation of ductility fracture
toughness and strength at high dose of 630 kGy for human cortical bone. Russell et al. [39]
reported similar behavior of results of degradation of fracture toughness and mechanical
properties for a dose of 25 kGy for bovine cortical bone. Balsly [45] use two allograft and
conventional testing method for testing and it was found that there are no changes in modulus of

elasticity but the strength decrease for one allograft and vice versa for second graft.

Similarly Burton et al. [41] studied the cortical bone at 33 kGy and used three point
bending testing. It was reported that there is a decrease in the ultimate stress and work of fracture
as similar to the current research. The initial mechanical properties were also analyzed by
Gibbons et al. [43] with optical strain analysis on goat patellar tendon bone and it was reported
that there is no effect on other mechanical properties but the ultimate stress is decreases after 30

kGy of dose.

Tu"fekei [44] used 30 kGy of dose and found decrease of 9% in ultimate strength which
is in our case is same in both longitudinal as well as in transverse direction. The results of
fracture toughness and modulus of elasticity are different in the previous and current research.
The results of Vastel et al. [47] also are similar with current research at 30 kGy of dose. Also the
study of Salehpour et al. [49] have similar results for ultimate stress and modulus of elasticity

with different dose range.
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Chapter 7

CONCLUSIONS AND FUTURE RECOMMENDATIONS

In this thesis the effect of gamma irradiation on fracture toughness, strength and young

modulus of bovine’s hip bone specimens has been investigated. Fracture toughness was tested

using CT specimens; tensile strength and young modulus were tested using flat specimens.

Specimens were irradiated from 0 kGy to 175 kGy. The strain fields at the crack tip of CT

specimens were examined using digital image correlation technique. The conclusions of the

research are summarized in section 7.1 and future recommendations are presented in section 7.2

respectively.

7.1.

7.2.

Conclusions

The fracture toughness, young modulus and strength were observed to be decreased due
to gamma irradiation.

The trend of the decrease was exponential however the exponent value is small and the
trend can be also represented by linear decreasing curve.

The strain value at the crack tip of the CT specimens were observed using DIC. It was
also observed that the strain at failure was also decreasing with respect to gamma
irradiation.

The values of fracture toughness in the longitudinal direction was observed to ‘be lower
than those in the transverse direction due to the crack path which is parallel to the osteons

and so the resistance is lower in longitudinal CT specimen.

Future recommendations

This research may be extended in future considering the following recommendations.

X-rays are also utilized for the sterilization of bone grafts. In similar research the effect of
X-rays on hip bone may be also investigated.
Mechanism of the effect on the decrease of mechanical properties w.r.t gamma irradiation

may be investigated.
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