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Abstract

Development and Mechanical Characterization of Glass/Flax/Epoxy Hybrid Composite

Plates for Femur Fracture Fixation

Saeed Manteghi
Master of Science (MASC)
Department of Mechanical and Industrial Engineering
Ryerson University
2016

The purpose of this study is to investigate the mechanical feasibility of a hybrid Glass/Flax/Epoxy
composite material for bone fracture fixation such as fracture plates. These hybrid composite plates
have a unique sandwich structure in which the outer layers are made of Glass/Epoxy and the core
from Flax/Epoxy. In order to evaluate the mechanical properties of this hybrid composite, static
and dynamic tests, Rockwell hardness test as well as water absorption tests were performed. This
study confirms that the proposed hybrid composite plates are significantly more flexible axially
compared to conventional metallic plates. Furthermore, they have considerably higher ultimate
strength in tension, compression and flexion. Such high strength will ensure good stability of bone-
implant construct at the fracture site, immobilize adjacent bone fragments and carry clinical-type
forces experienced during daily normal activities. Moreover, this sandwich structure with stronger
and stiffer face sheets and more flexible core can result in a higher stiffness and strength in bending
compared to tension and compression. These qualities make the proposed hybrid composite an
ideal candidate for the design of an optimized fracture fixation system with much closer

mechanical properties to human cortical bone.
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1 Introduction

The term ‘‘advanced engineering composite material’’ refers to the combination of a soft (matrix)
and a strong (reinforcement) constituent that are combined together in order to facilitate the
production process, enhance the properties of the matrix and assist in transferring load between
the stiff and strong reinforcements [1]. Composite materials due to their significant physical,
mechanical and thermal properties, corrosion resistance and dimensional stability are being
extensively used in our day-to-day life as an important category of material properties for
designing structural components in engineering applications such as aerospace, automotive and
biomechanical application [2]. These outstanding mechanical properties depending on the end use
of the composite can be tailored by altering the type of the fibrous reinforcements and their

placement orientation in the composite structure [1, 3].

In recent years, composite materials have been considered for biomedical applications (i.e. fracture
fixation mechanism such as plates and IM nails) since they have mechanical and biological
similarities to the human tissue as well as having the potential to be manipulated to have
combinations of properties that cannot be obtained by conventional materials [4, 5, 6]. Composite
implants have some advantages compared to metal implants such as radiolucency (i.e. they appear
dark on exposed radiographic film), compatibility with modern medical imaging like MRI
(magnetic resonance imaging) and CT (computerized tomography) scans making clinical
monitoring easier [7, 8]. However, there some complications facing composite materials such as
degradation of the properties over time even under low amplitude cyclic loading [1], diminution
of the properties in bodily humid atmosphere, and risk of implant breakage [2, 9] . In addition,
some of these composite materials may generate of wear debris, which will in turn trigger
inflammation (i.e. soft tissue thickening), osteolysis (i.e. bone cell resorption), and cytotoxicity
(i.e. slowed or halted bone cell proliferation), which may eventually lead to implant loosening
and/or failure [10, 11, 12].

The applications of composite materials in orthopaedics can be traced back to the 1980s, when
they were initially used for fracture fixation and joint replacement in cases of trauma [13, 14, 15].

Studies have considered composite materials for various biomedical applications: spinal cage for



degenerative discs [16, 17], filling bone defects for anchoring into bone [18, 19], and orthopaedic

trauma implants [6].

Dental Implant Dental Post
CFIC, 8iGIC CFI/C, CFEpaxy,
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Figure 1: Various applications of composite biomaterials [20]

A fracture of a long bone can be treated using various methods (i.e. surgical or non-surgical)
depending on the location of the fracture and severity of the fracture. According to the American

Academy of Orthopaedic Surgeons, depending on the physical condition of the patient, healing
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can begin to occur as early as 6 weeks. However, an average required time for a fractured femur
to heal fully is about 3 to 6 months [7]. Such a long healing period leads to a high chance of
misalignment. Therefore, the fractured femur requires an aid to enhance its healing process and to
provide proper alignment [21]. An efficient fixation device must have mechanical properties close
to the bone plate [22] in order to allow some levels of axial movements between fracture ends
while stabilizing the fracture site by minimizing the unfavourable fragments' motions [23].
Therefore, the fixation mechanism must fully tolerate the torsional and bending loads (high
bending and torsional stiffness) while being axially flexible [24].

The focus of the present study is to investigate the possibility of using a new composite material
in designing fracture plates commonly used in long bone fractures such as femoral shaft fractures.
Although, the conventional metallic plates made of titanium (Ti)-alloys or stainless steel can
provide appropriate stability at the fracture site because of their high bending and torsional
stiffnesses [25]. However, their axial stiffness are much higher compared to human cortical bone
and they can result in removal of normal stress from the bone, known as “stress shielding” effect
[26], causing the bone to adapt by reducing its density which can slow the healing process or lead
to re-fracture [23, 27]. Therefore, to address these drawbacks, any material that could promote
selective stress shielding would be favorable in order to reduce the axial stiffness while
maintaining the adequate bending and torsional stiffnesses [24]. The composite fixation
mechanism significantly increase the load levels on the surrounding bone while remaining stiff
[14] and strong enough to stabilise the fracture site and withstand physiologic loading [24].
Moreover, due to customizability of the composite material, a composite plate with similar
geometry to conventional plates can be optimized by manipulating fiber orientation or the stacking

sequence of plies to yield desired stiffness and strength in different directions [18, 24].

Significant research have been done to develop polymer based fibre reinforced composite
materials for bone fracture plate applications [18]. Among them, those reinforced with natural
fibers such as Roselle, banana, and sisal [28, 29], or the ones reinforced with synthetic fibers. This
includes, unidirectional lamina [30], discontinuous short fiber [31], glass fiber reinforce composite
implants [18], bio active glass composite [32, 33, 34], Coir/ biopolymers and Coir/Bioepoxy green
natural fiber composites [35], fiber reinforced PEEK [36] and braided fibers [37]. In addition, other

investigations have focused on hybrid composites, which were made from a combination of both



synthetic and natural fibres [38]. Despite all well-known advantages of natural fibres-based
composites, there are still some limitations, which will require further improvement. These
limitations include moisture absorption due to hydrophobicity [39], dimensional stability, poor
wettability, low thermal stability during processing and poor adhesion with synthetic fibres [40].
Therefore, in order to overcome these limitations, a combination of two or more natural and
synthetic fibres into a single matrix has led to the development of hybrid composites [41, 42] which
can provide a desired set of mechanical properties with acceptable performance in different
directions which cannot be achieved by one single type of fiber [41, 43].

Since, limited number of studies have considered hybrid composites for bone fracture plate
applications [7, 42], we propose to develop new and unique hybrid Glass/Flax/Epoxy composite

plates having a sandwich structure with potential use for long bone fracture plate fixation.

1.1 Current thesis outline

The main objective of this research is to characterize the mechanical properties of a new
Glass/Flax/Epoxy composite plate to evaluate its potential for clinical application such as long
bone fracture fixation mechanism (i.e. fracture plates). For that reason, this study was divided into
five main chapters, which provide an inclusive information about the manufacturing

process and experimental procedures used to accomplish the research objectives.

Chapter 1 and chapter 2 include a comprehensive literature review including an introduction to
the anatomy of femoral bone, clinical and biomechanical aspects of femur fracture, commonly
used methods for femur fracture fixation including various type of surgical and non-surgical
methods and a summary of the studies proposed less-rigid materials for manufacturing bone

plates.

Chapter 3 will discuss the material and manufacturing process of the Glass/Flax/Epoxy plates.
The material quality will be determined in terms of void, fiber and matrix fractions. Finally, the

water absorption rate will be examined.

Chapter 4 will focus on the experimental procedures to characterize the static mechanical
properties of the developed composite plate. The mechanical effectiveness of the developed
composite material for fracture plate fixation will be examined considering its mechanical

properties such as modulus of elasticity and ultimate strength when experiencing tension,
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compression and three-point bending loading condition. In addition, Rockwell hardness test is
conducted to evaluate the surface quality of this material in comparison with conventional

material used for biomedical application specifically fracture plate mechanism.

Chapter 5 will analyze the compression-compression fatigue behaviour of the developed
composite material. First, mechanical properties such as longitudinal and transverse modulus of
elasticities, poison ratio, as well as ultimate compression strength (UCS) will be determined. Then
using the calculated UCS, fatigue characterization of the composite plates will be investigated. In
particular, this chapter explores the compression-compression fatigue properties of the composite

plate using conventional fatigue experiments and thermography techniques.

Chapter 6 concludes the important practical implementations of the current study. In addition, it
addresses the main limitations of this work. Finally, future required works and studies related to
this study (i.e., Glass/Flax/Epoxy composite materials for bone fracture plate applications) would
be suggested.

1.2 Research objectives

The main purpose of this thesis is to develop a new Glass/Flax/epoxy hybrid composite material
and to contribute to the existing body of knowledge about this material for long bone fracture
fixation plates. Thus, two configurations of Glass/Flax/Epoxy composites layup namely,
[062/0g6]g and [0g,/+45g] were manufactured using a compression molding facility. The static
and dynamic mechanical properties of these two configurations were investigated in order to
determine the adequate overall stiffness in repairing and healing of bone, while allowing the bone
to absorb greater stresses (i.¢. less “stress shielding”) to achieve strong union at fracture site. These
mechanical properties will be compared to those of conventional clinical metallic plates. To

achieve the main objective, therefore, the following tasks were carried out:

a. An in-depth literature review on previous studies covering bone plate fixation
b. Manufacturing two configurations of Glass/Flax/Epoxy composite plates:
e Configuration #1: [0g,/0g], with unidirectional plies
 Configuration #2: [0g,/+45g¢] With unidirectional outer glass plies and inner

+45° angled flax plies.



Evaluate the void content and water absorption rate
Static evaluation of the mechanical properties of these Glass/Flax/Epoxy composite
plates using:
e Axial tension test
e Axial compression test
e Three-point bending test
e Rockwell hardness test
Dynamic evaluation of the expected failure life of the composite material under various
loading condition and develop the S-N (Stress vs. Number of cycles) curve:
e Step loading compression-compression fatigue test for thermographic study
e Compression-compression fatigue test at various load; 60% - 90% of UCS
using conventional fatigue analysis
e Compression-compression fatigue test at various load; 60% - 90% of UCS
using thermography techniques
Comparing the results obtained from aforementioned tests with results reported by prior

studies.



2 Literature review

2.1 Human femur

The femur, commonly known as thighbone, has a cylindrical shape and is the longest and strongest
bone in the human body (Figure 3).The distal end of the femur forms the femoral part of the knee
joint, and the proximal end forms the femoral part of the hip joint [44]. The hip joint is a ball and

socket joint, which composed of the round femoral head and the acetabular cup (Figure 2).
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Figure 2: A normal hip joint [45]

The approximate diameter and length of a femur in an average healthy adult male are 23.4mm and
480mm respectively. This bone is capable of enduring two times the weight of an adult body. The
width of the pelvis, which separates the knee joints at the distal end of opposing femurs, influence
the degree of femur’s inclination. Hence, the increased inclination in female is due to the greater

length of the pelvis [44].

As illustrated in Figure 3, the proximal end of femur is composed of head, greater trochanter, and
lesser trochanter. The medial and lateral condyles are located at the distal end, which form the
superior part of the knee joint. The ends of the femur are connected through a long bone, known
as femoral shaft [44].



Neck— v —Fovea—
7’“’ o) [ capitis @ L v
3 ‘& * )\ trochanter
| ) Head '

) LT\ \‘
| | Lesser trochanter—__
Intertrochanteric
line
Gluteal tuberosit

Inter-
trochanteric
crest

Apex——= 4

S Y o~

Linea aspera
Anterior
Facet for Facet for lateral ol
: condy]e of femur
medial . Medial and et
condyle lateral suprN y
of femur ,\ condylar lines
| Lateral
Qatellar Posterior Medial condyle
ligament
(a) Patella (kneecap) Adductor
{ tubercle
Lateral epicondyle— \. & Medial
Patellar surface——7 \4’ ' epicondyle \ ~d
Anterior view Posrenor view

Figure 3: Anatomy of human femoral bone [46]

As illustrated in Figure 4, the innermost region of the femur, medullary cavity, is a hollow tube,
which contains the yellow marrow. The distal end is fairly cuboid and larger in comparison with
the proximal region. The shaft of the femur, also known as diaphysis, is made of cortical or
compact bone. The two ends of the femur, epiphysis, are composed of spongy or trabecular bone.
Spongy bone has a porous structure, which results in a softer and weaker structure compared with
cortical bone. The transitional region from cortical bone to epiphysis is known as the metaphysis
[47].



Epiphyseal plates
Spongy bone

Space containing  FEpiphysis
red bone marrow "

Compact bone

Medullary cavity

- Diaphysi
Yellow marrow laphysis

Periosteum ———— l |

1
Epiphysis

Figure 4: Cross sectional illustration of femur [46]
2.1.1 Femoral head

The femoral head is a medially positioned spherical bone that is located at the proximal region of
the femur. This bone is connected to the stem through the femoral neck, which is directed upwards
and slightly forwards. The cartilaginous surface of the head articulates with the hip through the
acetabular cup. The medial-central area of the head’s surface is covered with thicker cartilaginous
layer to endure the increased applied load to the central lunate. Therefore, there are differences in

stiffness and strength throughout the head’s surface. [44, 46]

2.1.2 Femoral neck

Referring to Figure 5, femoral head and neck are mostly made of spongy or trabecular bone.
Trabecular systems arrange in the direction of loading to provide supporting for the applied forces.
The red and green lines in Figure 5 represent the trabecular system the femoral neck, which support

the compressive and tensile loads applied to this region [48].
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Figure 5: Trabecular system of femoral neck [48]

The positioning of femoral neck effects the loading on the knee and hip joints. As shown in Figure
6, the inclination angle between the femoral neck and the femoral axis is approximately 125° in
normal bodies. In coxa vara or coxa valga situations, where the angle is smaller or larger than 125°,

the force applied by the head to the joint is different from normal joint.

A. Normal B. Coxa Valga C. Coxa Vara
[126-139%) [=140°) [«125%)

Figure 6: Femoral neck orientation in the coronal plane [49]

The transverse angle is the angle between the projection of femoral head and the transverse axis

of the femoral condyles. This angle is approximately 12°-15° in normal adults. Referring to Figure
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7, anteversion occurs in conditions where the angle is greater than 12°, and retroversion occurs

when the angle is less than 12°.

e DR B

retroversion normal anteversion
angle decreased angle ~12-15deg  angle increased

Figure 7: Transverse plane deformities [50]

2.1.3 Material properties of femur

Due to the arrangement of trabecular system in the femoral bone, it shows an anisotropic
characteristic and its response is different when the direction of applied load is changed. Therefore,
it is able to withstand higher loads in the longitudinal direction and lower loads applied in
transverse direction. On the other hand, the bone’s response depends on the amount and location

of the applied load due to viscoelastic property of femoral bone.

Table 1: Approximate values for the material properties of the human femur; cortical and

cancellous bones

Bone Direction and load tvpe Density | Ultimate Strength Modulus of
type YPE | (glemd) (MPa) Elasticity (GPa)
Longitudinal tension 1.85 133 17.7
Cortical Longitudinal 1.85 193 17.7
compression
Longitudinal Shear 1.85 68 3
Transverse tension 1.85 51 12.8
cancellous Transverse compression 1.85 33 12.8
Compression 0.31 6 0.76

Table 1 shows, that cortical bone has higher ultimate strength and modulus of elasticity; therefore,
it is more suitable for providing structural support. On the other hand, cancellous bone is less dense
due to its porous structure; thus, it acts as a shock absorber and distributes the load. The
composition of cortical and cancellous bone provides the best support for the applied longitudinal

load. The table shows that the ultimate compressive strength is much larger in longitudinal
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direction. This indicates that the structure of femoral bone provides more support in compression

compared with tension [51].

2.2 Femur fractures

As the femur is one of the strongest bones in body, fracture occurs when a considerable amount of
compressive load is applied to the femur. These fractures lead to hospitalization, and in some cases,
they cause severe blood loss due to disrupted blood supply from the femur [51, 52]. Osteoporosis
is one of the common causes of femoral fracture. This disease is caused by reduced bone mineral
density (BMD) and disruptions in the bone remodelling process due to different factors such as
menopause, aging, malnutrition, lack of exercise, genetics, illnesses or medications. Therefore, the
weak structure of femoral bone in osteoporotic patients leads to a lower ultimate compressive
strength [52].

Generally, femoral fractures are classified into three categories including proximal, shaft and distal
fractures based on the location, pattern, and skin or muscle injuries caused by the fracture. In

addition, femoral fractures could be transverse, oblique, spiral, comminuted, or open [52].

2.2.1 Femoral proximal fractures

Proximal fractures, femoral fractures closer to the hip joint, are very common in osteoporotic
patients. Figure 8 show different types of femoral proximal fractures. Intertrochanteric fracture,
illustrated in Figure 8.a, occurs in between the greater and lesser trochanteric region. Subchanteric
femur fracture, as the least common proximal fracture, occurs below the lesser trochanter and may
sometime extend down to the femoral shaft [53]. Figure 8.b shows three different categories of
femoral neck fracture, which are known as: subcapital, transcervical, and basicervical neck
fracture. Subcapital fracture occurs exactly on the line that connects the femoral head to the neck
and caused by stress riser regions resulted by sharp reduction in the cross sectional area.
Transcervical fracture occurs on the body of the femoral neck where it has smaller cross sectional
area, which results in high mechanical stresses [52]. Finally, basicervical neck fracture takes place

along the plane that connects greater and lesser trochanter.
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Figure 8: Different Types of proximal fractures; a) trochanteric fracture, b) femoral neck

fracture, and c) femoral head fracture [53]

2.2.2 Femoral shaft fractures

Usually, fractures below the lesser trochanter are considered as femoral shaft fracture. These
fractures may occur due to applying sudden amount of high force to the bone or mal-positioning
of orthopedic implants that increase the stress on the bone. Since the shaft is almost cylindrical,
different types of loading result in different forms of fracture. The figure below shows fractures

resulted by possible types of loading, such as tensile, compressive, torsional, bending and a

combination of bending and compressive [54].
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Figure 9: Different types of femoral shaft fracture [55]

Applying the same amount of ultimate tensile force on both ends of the femur cause a transverse
fracture normal to the force’s plane, which is illustrated in the leftmost diagram of Figure 9.
Oblique fractures are usually caused by applying high amount of compressive stress on both ends
of the femur. Applying torsional forces can cause oblique spiral fractures, which initiate on the
surface of the femoral shaft parallel to the axis of the specimen in the plane with the highest
torsional stress and continues to grow through the bone in a spiraling manner within the planes
where tensile stress exists. Bending force applies both compressive and tensile force; thus, the
fracture pattern is a butterfly, which is a combination of bending and compressive force. The
fracture pattern produced by the combination of bending and compressive forces would be
something similar to that for compressive force alone. However, the butterfly fragment would
involve more than 50% of the cortex, thus the contact between distal and proximal fragments
would be less than 50%. In this case, increasing compressive force would produce more than one

butterfly fragments.
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2.2.3 Femoral distal fractures

Fractures at the bottom of the femur are known as distal femur fractures. Receiving a sudden
amount of high stress on this region can lead to fracture. In addition, patients with total knee
replacement are susceptible to distal femur fracture when exposed to low-energy stresses. This is
mainly due to mal-positioning of the knee prosthesis components. Osteoporosis is another factor
that may lead to distal femur fracture, because demineralized bone is less able to provide support
for bearing low energy stresses. Distal femoral fractures are divided to three main types based on
femur’s anatomy: extra-articular, partial articular, and articular fractures. As discussed in previous
sections, the distal and proximal ends of femur are covered with articular cartilage to enhance
lubrication and wear resistance. The first type of fracture does not involve the articular region of
the distal femur. In partial articular fracture, a part of the articular surface is involved in the
fracture. Articular fractures occur when both condyles are detached from the diaphysis. Figure 10

is an illustration of different distal femur fractures.
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Figure 10: Different types of distal femur fracture: A1-A3) extra-articular, B1-B3) partial
articular, C1-C3) articular [56]

2.3 Femur fracture fixation

Currently, there are several methods that are used for the fixation of a fractured femur. Choosing
the best method for the fixation mostly depends on location and the severity of the fracture as well
as the characteristics of the patient (old or young, male or female, etc.). Femur fracture can be
repaired either with non-surgical or surgical techniques, which depends on the maturity degree of
the patients’ skeletal system, the amount of displacement at the fracture site, fracture type and the

existence of the associated injuries [57]. Commonly known non-surgical treatments are casting
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and tracing, whereas external fixations, intramedullary nailing and plating are known as the most

popular methods for surgical treatments.

2.3.1 Non-surgical methods of femur fracture fixation
2.3.1.1 Splinting

A splint is an inexpensive, easy and quick to apply device used for support or immobilization of
a limb or the spine [58]. It can be used in multiple situations, including temporary immobilization
of potentially broken bones or damaged joints and support for joints during activity. For femur
fractures, using a splint that applies consistent traction has several benefits. First, a traction splint
stretches out the powerful muscles of the thigh (and the surrounding fascia), which compresses
blood vessels embedded in the muscles and holds the bone ends in place. This helps to reduce
bleeding. Second, it prevents the broken bone ends from driving further into the surrounding soft
tissue, which helps ease the pain. Third, in conjunction with supporting bands around the leg, the
traction splint tends to align the broken bone ends within the limb [59]. However, it is not possible
to obtain good three-point immobilization of distal femoral fractures with any splint. The conical

shape of the thigh will not allow for close apposition of the splint [58].

Figure 11: A Thomas splint used as traction splint [60]
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2.3.1.2 Casting

Casting is a common non-surgical technique for femur fracture fixation. Patients treated by casting
method should be lighter than 50-60 Ibs, as casting cannot withstand any of the body’s weight of
heavier bodies. This requirement restricted the age of the patients who can be treated by casting
method to 8 years or younger as the elderly people would be heavier than the specified body’s
weight. Moreover, this type of treatment is not applicable for more complicated fractures produced
any comminution because casting cannot remove the fragments from the injured site, thus this can

add more complication due to the infection introduced at the fracture site [1].

Figure 12: A young child in a hip spica cast to immobilize a femoral shaft fracture [61]

2.3.1.3 Traction

This method is a traditional treatment for non-surgically fixing fractures. Traction provides
constant controlled force for initial stabilization of long bone fractures. In more severe cases, which
surgery is required, it helps in reduction process during the operation. The first step of traction is
placing the fractured limb inside a cast. Then, wire or Steinman pins are inserted into the cast
reaching the fractured bone under local anesthesia (Figure 13).
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Figure 13: A) Wire (on the left), B) Steinman pin (on the right) for traction technique [62]

The pins are connected to a series of weight, which may pull up to 20% of body’s weight [62].
This method is highly preferred for lower extremities, such as long bone, pelvic, and acetabular
fractures. Traction is a timely process and requires monitoring consistently. In this method, the
healing process of the bone should be closely monitored to make adjustment necessary for

acceptable alignment. Therefore, surgeons usually prefer to use faster healing methods.

Figure 14: Distal femoral traction [62]

Figure 14 is an example of distal femoral traction [62]. This method is mainly used for acetabular
and proximal femur fractures. Also, in cases where the knee ligament is injured, traction is used

on the distal femur rather than the proximal tibia.
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2.3.2 Surgical treatment methods for femur fracture fixation

External Fixation, intramedullary nailing (IM) and plating are three common surgical methods
used for femur fracture fixation. These surgical approaches are chosen based on the type of fracture
and the implant [56]. Physicians intend to choose nailing or plating unless the patient is expected

to have a serious complication during operation or at non-ambulatory status.

2.3.2.1 External fixation

In this method, a splinting tool such as a bar or a ring-shaped frame is attached to the bone using
a pin or a wire (Figure 15). The fractured pieces of bone are held in position using metal pins or
screws that are entered through small incisions in the skin and muscle. The pins are connected to
the frame, and adjusted in proper locations and positions. Usually, external fixation is used prior
to a major surgery, where temporary treatment is required to hold the fracture in place. In some
cases, this device may be used to keep the fractured pieces in place until the healing process is
complete. This technique does not cause major wounds and is beneficial for patients with soft

tissue injuries and irritations [63].

OMMG 2008

Figure 15: External fixation [64]

Almost all fractures treated with external fixation experience inflammation and infection due to

tissue’s exposure to hardware. Therefore, this process requires adequate preoperative education
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and patient’s compliance. In addition, the ring frames are complicated to assemble and require
professional training. External fixations limit the patients’ movement and restrict their daily
activities. Thus, they may cause stiffness and joint discomforts, which may be solved using
physiotherapy. Another possible problem of this treatment is neurovascular injuries, which may
occur due to misplacement of the pins or growth of nerves in the area due to lengthening of the

procedure [65].

2.3.2.2 Intramedullary nailing fixation

Intramedullary fixation is one of the standard femoral fracture treatments with a high success rate.
This technique has produced more favorable results in diaphyseal portions of the femur compared
to the periarticular region. Therefore, intramedullary fixation of these fractures are less traumatic
and generate a better outcome [66]. This treatment is invasive and involves in carving a canal
through the proximal or distal end of the femur. Then, a rod is placed inside the canal using a
guidewire and fixed using lateral screws. The rate of malunion and infection is very small in
patients with intramedullary femoral fixation [67]. Figure 16 is an illustration of Intramedullary

Nailing femoral fixation surgery.

A B C D

Figure 16: Interamedullary nailing femoral fixation; A and B are antegrade nailing, C and

D are retrograde nailing [68]
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The insertion of intramedullary nail is categorized to two groups of retrograde and antegrade
nailing, depending on the type and location of the fracture. Retrograde nailing is commonly
recommended for patients with proximal or shaft femoral fractures. In this technique, the femur is
reamed from the medial condyle of the distal femur and the canal extends to the proximal femur.
Since the distal femur is more accessible for initiating the canal, this method is used in majority of
the cases. In antegrade nailing, the canal is initiated from the greater trochanter of the proximal
femur. The proximal femur is not as accessible as the distal femur; thus, this method is more
complicated than retrograding. However, both methods have the same infection rate, healing
process, and success rates [69]. Antegrading is used for fixing fractures below the lesser trochanter
and about 7cm above the knee joint. In general, intramedullary nailing is recommended for adults

with mature bones, since nailing process may damage the growth plate of the femur.

Despite having a high rate of success and healing, intramedullary nailing has its own
disadvantages. In rare cases, studies have shown that intramedullary nailing of the femur can cause
embolism. However, cautious clearing of the intramedullary canal diminishes the chance of
embolism. Thus, doctors must be extremely careful to avoid technical or operative errors. Rod
insertion, especially for antegrade nailing, is one of the most complicated steps of this process, and
may cause fracture at the insertion point or the femoral neck. In addition, the diameter of the
medullary cavity is non-uniform; therefore, the narrow regions are reamed in order to provide
unity. Usually, this may cause more damage to the bone, and may result in further fractures or
revascularization failure [70]. Another complication of this technique is rotational deformity,
which occurs as the nail is passed through the cavity to keep contact between the fractured
components. In addition, nailing cannot be used for severe injuries, and it may generate more
fractured bone segments. Furthermore, some cases may require an additional surgery after the

nailing treatment in order to adjust the length of the shortened femur [71].

2.3.2.3 Plating fixation

Plating has been one of the common method used to fix femoral fractures for more than 100 years.
In this technique, the injured area is surgically opened and the plate is laid on the fractured bone.
Screws, cables, or both are used to fix the plate to the bone [72]. There are two types of plating
methods, known as conventional (non-locked) plating and locked plating. In conventional plating,

the plate is stabilized and held in place by the friction created between the screw and bone. Thus,
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the screws must be tight enough in order to avoid alterations in the position of the fractured
segments. Locked screw plating is more advantageous since tightening the screws lock the plate
the stabilized the fractured segments without compressing the bone. Therefore, there will be no
alterations in the position of the fractured segments [73]. Figure 17 and Figure 18 illustrate the
conventional and locked screw plating.
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Figure 17: Conventional plating fixation: the green arrows show that the bone is
compressed [73]

Figure 18: . Locked screw plating fixation: the plate and screw are rigidly held in place and
do not alter the position of bone segments [73]

Mainly, there are two types of bone plate systems known as the neutralization plate and
compression plate. Neutralization is used to fix short oblique fractures (butterfly fractures) and
mild fractures. In this technique, the plate is laterally placed over the fractured region without
applying preload to the site. Lag screws are screws that could also be used to connect the oblique
fractured segments. Figure 19 shows a neutralization plate that is used in combination with lag

screw to connect the oblique fracture [70].
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Figure 19: Neutralization plate used in combination with lag screw [74].

On the other hand, dynamic compression plating (DCP) or compression plating applies
compressive loading to the fractured region (Figure 20). The compressive force prevents the
fractured pieces from loosening and avoids further inter-fragmentary fractures caused by torsional
or shear loading. In this technique, the plate is first fixed to one side of the fracture, and then pulled
to the other side using external tensile loading. The external force is removed after attaching the
plate to the other side of the fracture using screws. In the end, this loading will connect the pieces

of the fractured bone.

Figure 20: Compression plate fixed with screws and pulled by tensioner [74].

Bone plating is a good substitute when intramedullary nailing can not be used to fixed the bone.
For instance, complicated cases such as post-hip arthroplasty fractures at the proximal region of
the femur can be treated using plates. Also, bone plates are suitable for comminuted or severe
fractures with many bone segments. An outstanding advantage of plating is that it maintains the
appropriate distance between the fractured segment; thus, it does not lead to alteration in the size
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of the femur. Unlike IM, plates are directly attached to over the fractured surface and do not cause
any lateral rotation or deformities. Overall, plating is preferred over IM nailing, because is does

not require the removal of the epiphysis and bone tissue.

Fixation plates hold the fracture site in position and reduce the fracture gaps; therefore, the bone
healing process occurs without no interruption. Although the plate and screw system prevent
tensile loadings applied to the fracture site, it provides compressive loading to reduce the fracture
and accelerate healing. Commonly, the fixation plates are made of Stainless Steel, Cobalt Alloys,
Aluminum Alloys, or Titanium Alloys due to their biocompatibility and mechanical properties.
These material are stiffer than the cortical bone; thus, they are able to carry the majority of the load
when they are used in combination with the bone [29]. Table below shows the mechanical

properties of each alloy, as well as the cortical bone.

Table 2: Mechanical properties of the cortical bone and alloys used in fixation plates

Material Density |  Ultimate Strength Modulus of Elasticity
(g/cm?®) (MPa) (GPa)
Stainless Steel [75] 7.81 870 190
Titanium Alloys [76] 4.5 220 116
Cobalt Alloys [77] 8.80 225 211
Cortical Bone [78] 1.85 133 17.7

Mature bone tissue undergoes bone remodeling, the process of mineral deposition or absorption,
depending on the amount of loading applied to the bone. Regions of the bone that carry a higher
amount of loading undergo more mineral deposition rather than absorption [79]. An ideal fixation
plate should allow the bone to carry enough load. If the loading applied to the bone is less than the
normal amount, the bone will undergo mineral absorption and becomes weaker. Thus, it is
important to use material stiff enough to hold the fracture site in position and allow the bone to
carry the necessary amount load [70]. Failures of the plates and screws can cause further fractures
and misalignments. One of the weaknesses of plating fixation is maintaining the necessary
compression required for bone healing process. Normally, a few days after the surgery the
compressive force is eliminated from the bone. Thus, the healing process will be disrupted and the
fractured region will not receive the required amount of compressive force to be held in place.
Furthermore, this may lead to bone weakness and joint problems. Additionally, studies have shown

that plating method can cause post-operative infections due to the use of external apparatus such
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as plates and screws. Thus, professional have to ensure that the equipment and material are
thoroughly sterilized. In general, long term implant stability and immediate fracture union are the
main purposes of periprosthetic femoral fracture treatment and the ideal surgical repair method
and the most suitable treatment are still controversial. Although, many researchers have tried to
qualitatively and quantitatively investigated the mechanical behaviour of clinically used fixation
mechanism. But, still having high tensile, flexural and torsional stiffness’s to provide maximum
stability at the fracture site and allow the non-fractured sites of bone to be stressed under normal
compressive loading conditions for fracture reduction are the main objectives for designing an

optimal fracture fixation mechanism.

2.4 Stress shielding versus selective stress shielding

As mentioned in the previous sections, prolonged use of stiff fixation plates can lead to bone
injuries such as misalignments or bone loss. Several studies on various plastic plates showed that
this material is not a clinically acceptable choice due to lack of sufficient strength [80]. An ideal
material must be able to shield bending, tensile and torsional stresses, provide sufficient
compression for fracture reduction, and transfer enough stress to the bone in order to maintain
normal loading. The elastic modulus of alloys shown in Table 2 are much greater than that of
cortical bone; thus, this phenomenon causes unfavorable stress shielding by the plate. Furthermore,
the chance of bone fracture due to disrupted bone remodeling will increase [19].

The conventional bone fracture fixation plates are made of metallic materials, which have a 5-10
stiffer than cortical bone. Thus if such a plate is attached to a fractured bone, the plate will be
superior load bearing component compared to the underlying bone, leading to phenomena known
as “stress-shielding”. Consequently, stress shielding result in localized osteopenia of cortex
beneath the plate, changes the diameter of the cortex, prohibits normal bone remodeling, and then
increases the possibility of bone refracture during loading and unloading [19]. Moreover, these
metallic materials appear white in color during the post-surgical monitoring process of the injured
bone using X-ray radiography, which limits the visibility of bone that also appears white in color.
Also, they are not compatible with magnetic resonance imaging (MRI) and obscuring the details
in computerized tomography (CT) scanning by causing streaking line in the images. Finally, in
case of fatigue cracks when protective oxide layers are removed from the surface of the metallic

implant, the rate of repassivating of the unprotected crack regions extensively effect the fatigue
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strength of the materials. The inability of metallic implants to repassivate quickly exposes
unprotected regions to corrosion fatigue, which can lead to a significant drop in fatigue endurance
limit —one of the main reason of the metallic implants failure [81, 82]. As a result, researchers are
focusing on new concepts such as stress-relaxation or less-stiff devices to eliminate “stress
shielding” effect in stimulation of stress at the fracture site [83]. The concept of a stress-relaxation
bone plate was introduced by applying minimal alteration in traditional rigid fixation mechanisms
[84] such as developing sliding plates made of stainless steel [85], insertion of a silicon rubber
between plate and surface of the bone [86, 87], and using coelastic washers capable of creep in the
screw holes [88]. On the other hand, stiffness-graded materials (SGMs) were developed for
manufacturing of the fracture fixation plates and preliminary compression tests were conducted
between stainless steel plates and SGMs plates for bone healing using finite element analysis [39].
These studies reported that bone away from the fracture site were able to take more stress in SGM
plates compared to stainless steel plates. Moreover, new plate consisting of a combination of low-
stiffness metal plate with low Young’s modulus and stainless steel plate with high stiffness were
developed. The finite element analysis showed that the low-stiffness metal plate applied more
compressive load to newly formed callus, as a result accelerating callus formation compared to

titanium alloy plates and stainless steel plates [89].

However, using metallic implant for biomedical application is controversial due to their intrinsic
drawbacks such as corrosion fatigue and radiopaquecy [81, 82] which needs to be addressed in
developing biomaterials. Therefore, a new generation of biomaterials, i.e. composite materials has
been introduced and received substantial attention due to their natural advantageous of flexibility,
non-corrosiveness, tailorability and radiolucency [90, 83]. A composite material can be defined as
a combination of a matrix and a reinforcement (fiber), which when combined gives properties
superior to the properties of the individual components. The reinforcement (fibres) is used to
fortify the matrix (resin) in terms of strength and stiffness. The matrix keeps the reinforcement in
the desired orientation and protects the reinforcement from chemical and environmental attack,
and it bonds the reinforcement so that applied loads can be effectively transferred [20]. By altering
the type, size, orientation and distribution of the reinforcement constituent of the composite, it is
possible to tailor a wide range of mechanical and biological properties to optimize the composite
structure in order to improve their interaction with surrounding ambient regarding to their

application. In addition, using composite materials in orthopaedics promotes other potential
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advantages including the possibility of reinforcing failure-prone conventional materials such as
bone cement and bearing materials to improve their durability, incorporating bioactive phases to
improve the fixation of implants, and the use of resorbable phases that allow incorporation of the
material into the bone [20].

The use of composite materials allows many new design possibilities for various biomedical
applications particularly orthopedics, but this freedom of design requires a clearer understanding
of the objectives and constraints on the design process i.e. biocompatibility. The interaction of
composite materials with the body is more complex than that of the conventional metallic
materials, and the prediction of their long-term mechanical performance presents many intractable
difficulties. Moreover, the testing of composite components also presents many challenging
problems, which are not adequately addressed by existing standards developed for testing
conventional monolithic materials. However, despite all these challenges composite materials are
very attractive solution and likely to prove invaluable for various biomedical applications
particularly in development of orthopaedics [20]. This possibility led to widespread interest in
using composite materials for various non-load bearing and load bearing orthopaedic applications.
This includes spinal cage for degenerative discs [17], filling bone defects for anchoring into bone
for dental implants [18, 91], intramedullary implants for fixing subtrochanteric defects [92], long

bone fracture repair plates [37, 93], high tibial osteotomy [91], and total hip replacements [92].

Woo et al [84] introduced carbon fiber reinforced composite materials for bone fracture fixation
plate. These plates were more flexible than comparable metallic components, and would allow the
bone to take more stress on the fractured site resulting in faster healing process and promote

fracture union without the complication of osteopenia.

As it was mentioned earlier, composite materials can be designed to achieve a wide range of
mechanical and biological properties, and so their design presents far more complex problems than
that of conventional monolithic materials due to the large number of additional design variables
that must be considered. Consequently, in orthopaedic applications, it is essential that the design
of composite components have a firm theoretical basis if it is not to create new problems whilst

attempting to solve existing ones [20].
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Figure 21: Carbon fibre reinforced epoxy fracture plates [20].
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Figure 22: X-ray images of a mid-shaft tibial fracture, after plating with a carbon fibre
reinforced epoxy bone plate for 37 weeks [20].
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There are three interdependent factors that must be considered in the design of a composite
implant. First, the selection of appropriate matrix and reinforcing materials, second, the choice of
appropriate fabrication and processing methods, and third, the internal and external design of the
device itself [20]. The new materials proposed for bone fracture plate applications need to have
proper stiffness with adequate fatigue strength comparable to those of stainless steel material. As
bone would experience high cyclic loading during daily normal activities, the amount of strain
inserted to the fracture site should be minimized by bone plate to avoid subsequent non-union or

misalignment.

Composite materials that have been suggested for bone fracture plate application can be mainly
grouped to non-resorbable, partially-resorbable and fully-resorbable. Non-resorbable composite
materials could be considered either as thermoset and thermoplastic polymer composite. Although
thermoplastic polymer composite showed biocompatibility and durability, it was very difficult to
fabricate long fiber reinforced composite using thermoplastic polymers with sufficient strength for
load-bearing applications earlier. Another benefit of using thermoplastic composite materials for
manufacturing bone fracture plate is that, similar to metallic implants, they could be formed in
certain condition to adopt the curved geometry of femur. Thermosetting polymers such as epoxy
resins have more variable biocompatibility and durability characteristics and so have not been so
popular in orthopaedics, although they have found some successful commercial application in
fracture fixation [6] Some few examples of thermoset polymer composite materials are CF/epoxy
and Glass/epoxy composite [10]. Although some evidence of toxicity exists in composite materials
with partially cured epoxy, composite materials with properly processed epoxy resin showed not
only excellent biocompatibility but also the capability to be manufactured with a very sophisticated
geometry [20].

In general, the mechanical properties, i.e. stiffness, of the thermoset composite biomaterials stay
intact in-vivo condition. It is desired to see a degree of slow stiffness degradation for fracture bone
plate applications as bone heals. Therefore, resorbable materials have gained considerable
attention for use in applications such as fracture fixation. These partially resorbable polymers are
capable of promoting stiffness and strength degradation overtime and accordingly would allow the
underlying bone to carry a greater portion of load during healing process. Several studies have
suggested partially-resorbable composite which was consisted of resorbable polymers reinforced

with non-resorbable fibers including carbon fiber [94], and polyamide fibers [95]. In addition,
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Tormala et al. [96] and Choueka et al. [97] proposed the use of fully resorbable composites
consisting of resorbable polymers such as calcium phosphate based glass fibers and poly L-lactic
acid (PLLA) fibers as reinforcing and polyhydroxybutyrate (PHB) [98, 99], and collagen as matrix
[100]. Although, Resorbable materials have significant potential in designing fracture fixation
mechanism where a fully resorbable implant might eliminate the necessity for a second surgical
operation to remove the device after the fracture has healed [20]. Nevertheless, achieving desirable
mechanical properties especially strength and stiffness was complicated and therefore their
application was limited to non-load bearing purposes. Moreover, they only could retain their
properties only for few weeks which limit their use for certain event requiring short healing period.
On the other hand, it was reported that synchronizing the degradation rate of such composites with

healing rate would not feasible since healing process may vary from one person to another [30].

The strength and durability requirements for loadbearing implants are remarkably high and they
must be determined by the use of applicable test methods. In addition, the use of composite
materials must allow enhanced mechanical compatibility with the neighbouring tissues, and more
stability as long-term fixation. Amongst aforementioned studies, only a few of them reached to
pre-clinical or clinical stages because the developed composites have introduced new problems
while attempting to resolve the existing one. In addition, composite biomaterials may break,
especially in severe bending loading condition normally exists in vicinity of bone gap at the
fracture site. Furthermore, long-term durability under cyclic loading condition is one of the most
challenging aspect in designing and testing of the composite implants. Unlike many metallic
biomaterials, the static strength of most composite materials does not correlate well with their
fatigue performance, and their static strength and stiffness give very limited indication of their
performance under prolonged cyclic loading [101]. It is still hard to convince surgeons to use
composite biomaterials sine there is lack in their clinical data and in-vivo stability, whereas
metallic biomaterials have been used for this purpose for quite long time with sufficiently strong
clinical background. Thus, there is still a need to develop new composite material and optimize
their design for various biomedical applications.
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3 Manufacturing of Glass/Flax/Epoxy composite plates

The purpose of this chapter is to describe the process used in this study in manufacturing of the
composite plates and to evaluate the quality of the developed Glass/Flax/Epoxy plate’s sandwich
structure as per ASTM requirements for mechanical experiments. First, the constituent’s fraction
of plates as well as void contents were measured to ensure they are in acceptable range based on
standards and project hypothesis. Then, scanning electron microscopy (SEM) observation was
conducted on the Glass/Flax layers’ interface to determine the quality of interface bonding between
these two different types of fibers, which is a key factor in propagation of cracks, and initiation of

delamination when the material is mechanically loaded.

3.1 Introduction

Composite materials due to their significant physical, mechanical and thermal, corrosion resistance
and dimensional stability are being extensively used in our day to day life as an important category
of material properties for designing structural components in engineering applications such as
aerospace, automotive and biomechanical application [102]. These outstanding mechanical
properties depending on the end use of the composite can be tailored by altering the type of the
fibrous reinforcements and their placement orientation in the composite structure [1, 103]. Despite
the high performance of synthetic fibers such as glass and carbon, drawbacks including non-
renewability, non-recyclability, and high-energy consumption requirements to manufacture, have
shifted interests towards natural fibers in recent years. When compared to synthetic fibres, natural
fibres present important advantages such as low density, low cost, non-toxicity, availability,
renewability, ease of production, low process energy, non-abrasive, good acoustic properties, and
appropriate stiffness and strength [29, 43]. Moreover, they are recyclable and biodegradable [35].

In recent years, composite materials have been considered for biomedical applications (i.e. fracture
fixation mechanism such as plates and IM nails) since they have mechanical and biological
similarities to the human tissue [5, 6, 19]. Since, only a limited number of studies have considered
hybrid composites for bone fracture plate applications [7, 42], a new and unique hybrid
Glass/Flax/Epoxy composite plate with sandwich structure with potential for long bone fracture
plate application has been developed. The reason of considering sandwich structure, with flexible

flax fibers as the core material and strong carbon fibers at the external faces, was to mimic the
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structure of bone with soft cancellous bone at its core and rigid cortical bone at its surfaces. The
experiments on this composite material were designed in a way to characterize its biological and
mechanical properties as well as its biomechanical performance to figure out how it can act in
comparison with a clinically used metal plate with actual clinical use for the same purpose. The
main purpose of this chapter is to discuss the material and process used in manufacturing of the

Glass/Flax/Epoxy hybrid composite plates.

3.2 Mold preparation

The mold consists of two 375*375 mm aluminum plates, high temperature resistant membrane,
high temperature resistant tape, high temperature resistant sealant silicone tape, and high
temperature resistant peeling membrane. The aluminum plates were wrapped with the high
temperature membrane (green membrane) and sealed with the heat resistant tape to protect it from
potential resin leaking out during the compression process. A 300x300 mm square was then drawn
in the center of the base plate to mark the placement location of the fiber sheets. On the perimeter
of this drawn square, the silicone sealant tape was layered in a basic weave pattern to create a
border (Figure 23).

]

Figure 23: Wrapped base plate with silicone tape borders

This border would serve as a house to keep the Fiber/Matrix in place during the compression
process as well as mitigate resin leakage. The height of this border is dependent upon the number
of layers being used to form the plate. The silicone sealant tape border is then sealed in the corners

using a silicone paste to further increase its stability and resistance to leaking. The final step in
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preparing the mold is to cut two 300*300 mm of the peeling plies (the blue ply shown in Figure
24). This material is utilized so that the finished plate can be easily extracted from the mold.

Figure 24: Base plate with peeling membrane

3.3 Materials and manufacturing process

Manufacturing of the Glass/Flax/Epoxy composite plates was done using 12 layers of Flax fiber

(Lineo Flax ply) and 4 layers of Glass fiber (two layer in each side) in [0,/0s]g and [0,/%=4 556 ]
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Figure 25: Lineo flax ply sample with yarn strands ratio 0° : 90° equal to 40 : 3
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Figure 26: Unidirectional E-Glass ply sample with randomly distributed yarns to hold the
UD fibers in place

stacking arrangement where mixture of Araldite LY 564 low viscosity epoxy and Aradur 22962
hardener polyamine with weight percentage ratio of 4:1 was used as binding matrix in the
composite as shown in Figure 27.

heated plate

/774

2 layers of Glass ;-.ber/ = 12layersof FlaxFiber —————— peel ply high temperature

\\ =—— — / resistant plastic
|
ﬁ \ heated plate

5 bars = 0.5 MPa

silicone

Figure 27: Mold and plate fabrication set up

In between each layer of fiber, the resin mixture was evenly spread using a brush, and then raked
with a ridged roller to create small ridges to aid in adhesion (Figure 28).
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Figure 28: Spreading the matrix using a brush and then raking of resin using rigid roller
upon fiber Sheets

To close the mold, the second wrapped aluminum plate was placed upon the base which housed
the layered fiber sheets. Before commencing the laminate forming stage of the manufacturing
process, a bag is created using the high temperature resistant membrane and heat resistant tape.
The purpose of this bag is to contain the laminate plate during the compression molding process,
as well as collecting the excess resin that escapes the mold. This protects the machine from the
leaking fluid. The mold was then placed within the bag, which had already been installed inside

the machine and the bag was then sealed using the heat resistant tape (Figure 29).

Figure 29: Mold Inside the membrane bag, loaded into the compression molding machine;
before and after compression
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A compression molding machine was used (Carver Press, Wabash, IN, USA) to cure the material
in a three stage curing cycle was used to cure the sandwich plates in a three stage curing cycle at
elevated temperature (Figure 30).
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Figure 30: The three stage curing cycle used in specimens manufacturing process

Initially, the plates were heated up from room temperature to 150 °C at half load pressure of 2.5
bar (heating stage). Then at this temperature (150 °C), the pressure was increased to 5 bar and
plates were kept in this condition for 2.5 hours to cure fully (curing stage). Finally, the plates were
cooled down from 150 °C to room temperature at 5 bar pressure (cooling stage). The final
manufactured plate in each batch was 300*300 mm in size, and average thickness of 4 mm. These
composite plates were cut using a table saw to fabricate plates with a length of 250 mm and a width
of 25 mm in order to be used in future with required specimen sizes based on the recommended
dimensions from ASTM standards for different test to determine the mechanical properties of

polymer matrix composite materials under different loading conditions.

Several trial and errors in changing manufacturing parameters such as time, pressure and
temperature were conducted in order to achieve a volume fraction of approximately 50% of fiber
in final product with an acceptable void content of less than 3%.
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Figure 31: A 100 X SEM image of the cross section of a sample showing fiber, matrix, voids
and other flaws

The Glass fiber were added to the composite structure in order to enhance the overall axial and
bending mechanical properties of the material as well as reducing the water absorption rate. The
aforementioned stacking arrangement result in a unique sandwich structure composite compared
to previous studies performed for orthopaedic bone plate applications [5, 7, 10, 24, 28, 30, 31, 37,
104, 105].

3.4 SEM observations

3.4.1 Evaluating the void, fiber and matrix contents

The effect of voids on the mechanical properties of composite material has been widely studied.
The matrix-dominated properties such as interlaminar shear strength [106], bending properties
[107], compressive strength and modulus [108], fatigue [109] are influenced by voids, while the
fiber-dominated mechanical properties are not significantly influenced by voids [110]. Although
it is well stablished that mechanical properties decrease as the void content increases, the
magnitude of the effect of void content on the mechanical properties of composites is different
[111]. Moreover, majority of researcher studied the effect of voids in the literature by quantifying
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voids by content (%) but in recent studies it was realized that this approach is too simplistic. The
microstructure (shape and size) and location of voids are important as through their stress effect
they can influence whether or not a crack emanates from voids and propagates and finally result
in failure of the composites.

In this study, the author focused on void content as a limiting measure for validating the results
from conducted mechanical experiments. Therefore, the goal in the manufacturing process was to
achieve void content in the range of < 3% in order to minimize its impact on the overall mechanical
behaviour of the composite material. For each stacking sequence, five samples from five different
plates were cold mounted using fast dry epoxy resin. Then, the mounted samples were etched and
polished for SEM observation.

Figure 32: Polished sample mounts ready for optical observation; left) [0g,/0g¢]s Samples,
right) [0g,/+45k6]s Samples

Three images (Figure 33) from different section of each sample were taken. This resulted in
collecting of fifteen images for each type of plates. Finally, these images were analyzed and

tabulated results are provided in Table 3.
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Figure 33: A SEM image at 100X magnification of [0g,/0ge]s Samples

3.4.2 Evaluating the Glass/Epoxy and Flax/Epoxy layers’ interface bonding

Since the fibers (Glass/Flax) used in the manufacturing of the plates have different mechanical
properties such as moduli of elasticity and ultimate strength, it is anticipated that failure will initiate
with propagation of cracks in matrix at Glass/Flax layers’ interface resulting in further
delamination of these layers. Therefore, it was necessary to examine the quality of Glass/Flax
layers’ interface bonding to assure the results from mechanical testing are valid based on ASTM
standards. In total ten images of the Glass/Flax layers’ interface were taken randomly from each
samples mount (two image from each sample) and were analyzed to evaluate the quality of the

interface bonding.

3.5 Water absorption tests

Considering to the favorable performance characteristics, composite materials have been gaining
wide use in commercial, military, aerospace and biomedical applications. There are some concerns
however; that the mechanical properties of such materials may suffer when exposed to moisture
for long periods of time [112, 113, 114]. Therefore, in order to utilize the full potential of
composite materials, their response to moist environments must be known [115]. The objective of

water absorption tests was to determine the moisture absorption rate as a function of time when
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the material is fully submerged in water (i.e. implant inside the body is in contact with bodily

liquid constantly for relatively long time).

In this study, the standard saturated water absorption tests were conducted in accordance with
ASTM standard (ASTM D570-98) [116]. Five specimens from each stacking sequence (i.e.,
unidirectional and angle ply) were cut. The specimens were dried in an oven for 1 hour at 110 C
and immediately weighed to the nearest 0.001gr using a precision balance (Sartorius M-prove
series, Sartorius Inc., NY, USA). After that, they were entirely immersed in distilled water
maintained at room temperature. At the end of every 24 hours’ period, the specimens were
removed from the water and wiped off one at a time with a low lint cloth and weighed immediately
to the nearest 0.001gr and then placed in the water again. The percentage of the weight increase
during immersion was calculated to the nearest 0.01% as follows [116]

wet weight -conditioned weight
conditioned weight

Increase in weight % = *100 (Eq.1)

3.6 Results and discussion

3.6.1 Evaluating the void, fiber and matrix contents

The SEM images were analyzed using Buehler Omnimet software to evaluate the average
constituent fraction of each types of plates. As it shown in Figure 34, software was utilized in order
to designate specific color/contrast to each element presented in the row image in order to measure

the corresponding area fraction of each constituent.

Figure 34: Constituent fraction evaluation using Buehler Omnimet software
(Unidirectional laminate, image #14)
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Figure 35: A generic results from Buehler Omnimet software for constituents fraction
(Unidirectional laminate, image #14)

The overall average constituent fraction of both stacking arrangements used in this study can be
found in the Table 3. Since, the expected volume average fraction for fibre and matrix were
assumed to be 50 % with an acceptable range of void contents of 3-5 %. As it can be seen in

Table 3, the results are in acceptable range and the manufacturing process was successful.

Table 3: The average constituent fraction for [0, /0gels and [0, /+45E6]s Samples

Sample Void % Fiber % Matrix %
[0G2/0r6ls 2.7 45.9 51.4
[0G2/%45k6]s 21 46.1 51.2

3.6.2 Glass/Epoxy and Flax/Epoxy layers’ interface bonding

SEM images in Figure 36 and Figure 37, showed the strong bonding at the interface of
Glass/Epoxy and Flax/Epoxy adjacent layers for both [0g,/Og¢]ls and [Ogz/+45r¢]s, @S NO
debonding or delamination between these adjacent layers occurred. This ensures that loading
condition will be the only cause for occurrence of the delamination during mechanical testing and

manufacturing process of the plates was successful.
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Figure 36: A typical SEM image from Glass/Flax layers interface of [0g,/0g¢|s Sample at
100X magnification
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Figure 37: A typical SEM image from Glass/Flax layers interface of [0g,/+45k6]s Sample
at 100X magnification

3.6.3 Water absorption test

The results of water absorption tests for unidirectional [0,/0gs ] and angle ply [0g,/+4 5] plates

were shown in Figure 38. The measured weight of the composite plates reached a steady state after
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about 40 days and was found to be 6.03+ 0.174 % for [0g,/+45g] specimens and 4.61+ 0.217 %

for [0G,/0rs ] Unidirectional specimens.
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Figure 38: Average weight increase (%) vs. time for specimens with ply configuration
[0G2/0r6]gand [0G2/+45g6]
For comparison purposes, the results from this study are tabulated along with those from previous
studies in Table 4. It can be seen from these results that the addition of two external layers of glass
fiber significantly improved (by more than 180%) the water absorption of the pure flax/epoxy
composite. Also, changing the orientation of the flax fibers from 0° to +45° considerably increase

the rate of water absorption by more than 30%.

Table 4: Result of water absorption tests performed in curent study accomponied with
results of other composite material reported by prior studies

Material Water Absorption (%) Reference
Flax/Epoxy 17.2 [7]
Current [0g,/+45g¢]¢ 6.035+0.174 -
Current [0, /O] 4.608 + 0.217 -
CF/Flax/Epoxy 8.3 [7]
CF/Epoxy 1.25 [7]
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3.7 Summary

This chapter confirms that the manufacturing process of the Glass/Flax/Epoxy composite plates
successfully result in average volume fraction of fiber close to 50% and void content are in
acceptable range of < 3%. Moreover, the developed Glass/Flax/epoxy composite material has
shown a strong bonding at Glass/Flax layers’ interface which proves that adding the glass layers
as a stronger and stiffer reinforcement fiber in order to enhance the overall mechanical properties
of the composite was successes. Finally, the addition of two external layers of glass fiber
significantly improved (by more than 180%) the water absorption compared to pure flax/epoxy

composite, resulting in a more biocompatible composite.

44



4  Static behavior of Glass/Flax/Epoxy composite

The purpose of this chapter is to investigate the mechanical feasibility of a Glass/Flax/Epoxy
hybrid composite material for long bone fracture fixation mechanism such as fracture plates. These
hybrid composite plates have a ‘‘sandwich structure’” in which two layers of Glass/Epoxy were
attached to each side of Flax/Epoxy core. This resulted in a unique structure compared to prior
structure proposed for similar clinical applications. In order to evaluate the static mechanical
properties of this material, the uniaxial tension, compression, three-point bending and Rockwell
Hardness tests were conducted to simulate the main loads experienced by orthopedic femur

fracture plates.

This chapter confirms that the proposed hybrid composite plates are significantly more flexible
axially compared to conventional metallic plates. Furthermore, they have considerably higher
ultimate strength in tension, compression and flexion. Such high strength will ensure good stability
of bone-implant construct at the fracture site, immobilize adjacent bone fragments and carry
clinical-type forces experienced during daily normal activities. Moreover, this sandwich structure
with stronger and stiffer face sheets and more flexible core can result in a higher stiffness and
strength in bending compared to tension and compression. These qualities make the proposed
hybrid composite an ideal candidate for the design of an optimized fracture fixation system with

much closer mechanical properties to human cortical bone.

4.1 Introduction

The focus of the present study is to investigate the possibility of using a new composite material
in designing fracture plates commonly used in long bone fractures such as femoral shaft fractures.
Although several studies proposed composite materials for bone fracture plates, yet there is not
enough confident to use this material in clinical trial study in human body which indicates there is
a vast opportunity for researcher for further investigation on the composite materials for
biomedical applications. Furthermore, the hybrid composite with “sandwich structure” reinforced
by glass and flax fibers has never been considered for bone fracture plate applications. Therefore,
in the current study, a new Glass/Flax/Epoxy composite plate with potential biomedical application
as a long bone fracture plate was manufactured. The glass fiber was chosen due to its great tensile

and compressive strength. In addition, sandwich structure with stronger and stiffer fibers (glass
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fibers) in outer layers and flexible flax fibers as the core material was considered to mimic the
structure of bone with soft cancellous bone at its core and rigid cortical bone at its surfaces which
will face higher stress (tension/compression) when it is under loading condition. In this chapter, it
was hypothesized that the Glass/Flax/Epoxy composite would have properties similar to that of
human cortical bone and have potential for biomechanical application such as long bone fracture
plate. In order to evaluate the static mechanical properties of this material, uniaxial tension,
uniaxial compression and three-point bending were conducted to simulate the main loads
experienced by orthopaedic femur fracture plates. In addition, Rockwell hardness tests were
performed in order to compare surface hardness of this material with the conventional metal used

for the same application.

4,2 Materials and manufacturing process of Glass/Flax/Epoxy specimens

Manufacturing of the Glass/Flax/Epoxy composite plates was done using 12 layers of Flax fiber
and 4 layers of UD Glass fiber (two layer in each side) (Lineo Flax ply) in [0g,/0g6]g and
[0G,/+455¢]¢ Stacking arrangement where mixture of Araldite® LY 564 low viscosity epoxy and
Aradur® 22962 hardener polyamine was used as binding matrix in the composite as shown in
Figure 39. Several trial and errors in changing manufacturing parameters such as time, pressure
and temperature was conducted in order to achieve a volume fraction of approximately 50% of

fiber in final product with an acceptable void content of less than 3%.

2 layers of UD GL/epoxy .
at outer surface Heat-pressed at Final GL/Flax/epoxy

150C and 5 bar composite plate
Flax/epoxy é

Figure 39: The novel “sandwich structure” of Glass/Flax/Epoxy plate

A compression molding machine was used (Carver Press, Wabash, IN, USA) to cure the material
in a three stage curing cycle was used to cure the sandwich plates. Initially, the plates were heated

up from room temperature to 150 °C at half load pressure of 2.5 bar (heating stage). Then at this
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temperature (150 °C), the pressure was increased to 5 bar and plates were kept in this condition for
2.5 hours to cure fully (curing stage). Finally, the plates were cooled down from 150 °C to room
temperature at 5 bar pressure (cooling stage). The final manufactured plate in each batch was
300*300 mm in size, and average thickness of 4 mm. These composite plates were cut using a
table saw to fabricate plates with a length of 250 mm and a width of 25 mm in order to be used in
future with required specimen sizes based on the recommended dimensions from ASTM standards

for different test to determine the mechanical properties of polymer matrix composite materials.

4.3 General study design and experimental methods

The current study is the first to assess the basic static mechanical properties of a new
Glass/Flax/Epoxy hybrid composite for potential biomechanical application as a long bone fracture
plate. This composite material has mechanical properties that make it attractive for bone fracture
plates experiencing clinical-type axial loading or bending. Mechanical testing, include tension,
compression, three-point bending, and Rockwell hardness tests, were performed on Glass/Flax/
Epoxy composite specimens to define its mechanical properties, such as longitudinal strength,
Young's modulus, flexural strength, flexural modulus, and surface hardness. The objective was to
determine the mechanical properties of the composite plate and the strength of bonding at the
interface of Glass/Epoxy and Flax/Epoxy laminae under clinical-type axial and bending loading
conditions. In addition, the failure mechanism of the specimens was characterized using optical

observation and Scanning Electron Microscopy (SEM).

4.3.1 Tension tests

Tensile test experiments were conducted based on ASTM standard (ASTM D3039/D3039M-14,
2008b) [117] from each stacking sequence (SPO1 to SP05). A tensile test machine (STM series,
United Calibration Corp., Huntington Beach, CA), with a testing speed of 2 mm/min and a
maximum 50 kN load cell. An extensometer (United Calibration Corp., Huntington Beach, CA,
USA) placed at the center of the specimens was used to measure elongation. The specimens were
positioned in the grips with the long axis in-line with the force direction (Deluxe-Action Wedge
Grips, United Calibration Corp., Huntington Beach, CA, USA) so that 60 mm of the samples at
each end was gripped. The test specimens were loaded to failure under quasi-static tensile loading

conditions.
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Figure 40: Tension test set up

The ultimate strength and ultimate strain were measured just before the failure. The modulus of
elasticity was determined by applying linear regression to the linear domain of the experimental

stress-vs-strain curve. Mean value and standard deviation of the obtained were then calculated.

4.3.2 Compression tests

Compression tests were performed on specimens in accordance with ASTM standard (ASTM
D695-10, 2010a) for compressive properties of rigid plastics [118]. The experiments were
conducted on a compression machine (MTS 322 Test Frame, MTS Systems Corporation, Eden
Prairie, MN, USA), with a testing speed of 2 mm/min and a maximum 100 kN load cell. Five
specimens from each stacking sequence were cut in 100 mm long and 25 mm wide and were
positioned in the hydraulic grips with the long axis in-line with the force direction so that 40 mm
of the samples at each end was gripped with 100 bar gripping pressure.
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Figure 41: Compression test set up

The test specimens were loaded to failure under quasi-static compressive loading conditions. The
ultimate strength and ultimate strain were measured just before the failure (i.e. occurrence of the
buckling). The modulus of elasticity (i.e. slope of the curve) was obtained by applying linear

regression to the linear domain of the experimental stress-vs-strain curve.
4.3.3 Bending tests

The three-point bending tests were performed on 5 specimens from each stacking sequence with a
length of 250 mm and a width of 25 mm based on the recommended dimensions from the ASTM
standard (ASTM D7264/D7264M- 07, 2015) for bending properties of polymer matrix composite
materials [119]. All specimens were loaded to failure under quasi-static loading conditions. The
experiments were conducted on the same testing machine used for tension tests, in which a fixture

having 200 mm span length was used to support each specimen. A large span-to-thickness ratio
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was chosen in order to minimize the effect of out-of-plane shear in calculation of bending

properties [119].

Figure 42: Bending test set up

Both loading nose and supports had circular contact surfaces of 3 mm radius. The testing speed
was 10 mm/min, and a 50 KN load cell was used in all tests. Using the beam theory, the ultimate
strength and ultimate strain were measured just before the failure. Also, the flexural modulus of
elasticity, which is the ratio of stress to strain at any point on the stress-vs-strain curve, was

calculated using following equations [119],

ML3
Efr= — Eq. 2
£ apn3 (Ea.2)
G 3PL €49
f 2bh2 qg.

Where E; is the flexural modulus of elasticity (MPa), oy is the ultimate flexural stress (MPa), P is
the maximum load (N), L is the support span (mm), b is the width of the beam (mm), h is the
thickness of beam (mm), M is the slope of the force-vs-deflection curve (N/mm).

4.3.4 Rockwell hardness tests

Rockwell E hardness tests were performed on 5 square-shaped specimens from each stacking

arrangement of manufactured plates based on the recommended dimensions in the ASTM standard
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(ASTM D785-08, 2008b) for Rockwell hardness test of plastics and electrical insulating materials
[120] as there is no ASTM standard specifically for testing the hardness of polymer-matrix

composite materials.

Indentor

Specimen

Figure 43: Rockwell hardness test set up

All test specimens were visually examined for parallel flat surfaces to eliminate deflection caused
by poor contact between samples and the anvil of the hardness tester machine. A large steel ball
(rather than a cone-shaped indenter) was chosen in order to distribute the load more evenly, since
fibers may influence the penetration of the indenter and could result in variations in data [120].
Tests were done at ambient room temperature using a Rockwell hardness tester (LR300TD, LECO
Corporation, St. Joseph, MI, USA), which forced a steel sphere with a 1/16-inch diameter at a load
of 100 kg (HRE). The total time taken from the initial indentation, to load dwell time, and finally
to the recording of the measurement was 10 seconds, which was controlled entirely by the hardness
tester. For each sample, 3 readings were made directly from the testing device, and the mean value

of these readings was reported as the hardness of this material.
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44 Results

4.4.1 Tension test

The tensile behavior of the five specimens for each configuration used in this study are shown by
plotting load vs. displacement in Figure 44 and Figure 45 where SP01-05 refers to five specimens
used in this experiment (i.e. SPO1 is specimen #5). All specimens experienced brittle fracture with
linear behavior up until failure. From analysing the data recorded during the test, the mean values
with standard deviations (z SD) for Young’s modulus and ultimate strength were 31.97 £+ 2.97
GPa and 408.25 + 51.36 MPa for [0g,/0g]g unidirectional specimen and 16.51+ 0.68 GPa and

301.87 + 62.77 MPa for [0g,/+4 556 ] specimen respectively (Table 5 and Table 6).

50000 - Primary failure
Premature failure
40000 - \
i Secondary failure
Z 30000 - '
3 o2 \ SPO1
$ 20000 - : / ——SP02
P/ Yeooofort ——sP03
10000 - | ! —— SP04
-~ ——SP05
0 I T T 1
0 5 10 15
Displacement (mm)

Figure 44: Tension test results for five test specimens (SP01-SP05) for [0,/0g]g laminate

Table 5: Overall results of tension tests on unidirectional [0g,/0g]g Glass/Flax/Epoxy
composite specimens

Sample # E (MPa) EA (MN) UTS (MPa)
SP01 35.94 3.65 307.01
SP02 27.00 2.70 429.61
SP03 31.28 2.96 450.08
SP04 33.79 3.25 424.66
SP05 31.83 3.03 429.88
Mean 31.97 3.12 408.25

SD 2.97 0.32 51.36
CV (%) 9.31 10.24 12.58
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Figure 45: Tension test results for five test specimens (SP01-SP05) for [0¢,/+45g]

laminate

Table 6: Overall results of tension tests on [0¢,/+4556]; Glass/Flax/Epoxy composite

specimens

Sample # E (MPa) EA (MN) UTS (MPa)
SP01 16.08 1.66 233.14
SP02 17.63 1.82 246.75
SP03 15.60 1.65 354.32
SP04 16.64 1.75 279.96
SP05 16.62 1.79 395.19
Mean 16.51 1.74 301.87
SD 0.68 0.07 62.77
CV (%) 4.10 3.85 20.79

Catastrophic failure accompanied by an abrupt decrease in the load after reaching a peak value
occurred in all the specimens. All of the specimens showed edge delimitation or long splitting in
their glass layer in both sides of the specimen (Figure 46). The inner bundle of the flax fiber
laminate stayed intact up until final failure. In addition, premature failures have occurred due to
early initiation of cracks in matrix or fiber tearing in few specimens which affected the ultimate
strength drastically. Specimens without presence of premature failure have shown higher ultimate

strength or strain at primary failure.
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Figure 46: Catastrophic failure of specimens in tension test; (a) [0g2/0gs]g laminate, (b)
[0G2/+45p] laminate
The SEM images showed fiber breakage along with fiber bundle and/or fiber pull-out at the
fractured surface (Figure 47). Most fibers exhibited smooth tensile failure surfaces caused by the

propagation of the crack in the composite.

Figure 47: SEM image of failed surface of flax bundle of @) [0g,/0gslg and b) [0G2/+45g]

samples at 20X magnification
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Figure 48: SEM image of failed surface flax bundle of a) [0G,/0gslg and b) [0¢2/+45g]

samples at 100X magnification, fiber pull out and shearing can be seen

L 4

)

ZE kL

Figure 49: SEM image of failed flax fiber of a [0¢,/0g¢]g sample at 2000X magnification;
fiber exhibited smooth tensile failure surfaces after being pulled out
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4.4.2 Compression test

The compressive behaviour of the specimens are shown by plotting force vs. displacement in

Figure 50 and Figure 51 where SP01-05 refers to five specimens used in this experiment (i.e. SP01

is specimen #5). The Young’s modulus and ultimate strength were 18.26 = 1.02 GPa and 261.21
+ 21.93 MPa for [05,/0g]q unidirectional samples and 10.52 + 0.37 GPa and 233.25 +7.89 MPa

for [0,/+=45¢] samples, respectively (Table 7 and Table 8). As it can be seen in Figure 50 and

Figure 51, catastrophic failure accompanied by an abrupt decrease in load after reaching a peak

value occurred in all samples.

Force (N)
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2.5 3

Figure 50: Compression test results for five test specimens (SP01-SP05) for [0g,/0gglg

laminate

Table 7: Overall results of compression tests on unidirectional [0g,/0g6]g Glass/Flax/Epoxy
composite specimens

Sample # E (MPa) EA (MN) UCS (MPa)
SP01 19.73 1.95 -242.74
SP02 17.58 1.80 -238.83
SP03 18.31 1.71 -250.92
SP04 16.78 1.64 -295.45
SP05 18.90 1.79 -278.09
Mean 18.26 1.78 -261.21

SD 1.02 0.10 21.93
CV (%) 5.61 5.83 8.40
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Figure 51: Compression test results for five test specimens (SP01-SP05) for [0¢,/+45g]
laminate

Table 8: Overall results of compression tests on [0,/+45g] Glass/Flax/Epoxy composite

specimens
Sample # E (MPa) EA (MN) UCS (MPa)

SP01 10.34 1.05 -225.54
SP02 11.24 1.16 -245.54
SP03 10.39 1.09 -224.58
SP04 10.28 1.08 -238.26
SP05 10.32 1.06 -232.35
Mean 10.52 1.09 -233.25

SD 0.37 0.04 7.89

CV (%) 3.47 3.66 3.38

As illustrated in Figure 52, all tested specimens experienced a brittle failure due to delimitation in
the adjacent surface of the glass plies and flax plies accompanied with local compressive barreling
of the outermost glass plies. This failure can be referred as primary failure in Figure 50 and Figure
51. The inner flax bundle showed minor delamination but buckled drastically under compressive
load. This happened due to crack initiation and propagation in the matrix and fiber interface
resulting in matrix degradation. Hence, under compression the matrix plays a major roll as load
bearing constituent in the composite, failure of the matrix result in delamination of the flax plies
and buckling of the inner flax bundle which can be seen as secondary failure in Figure 50 and
Figure 51.
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Figure 52: Typical failed specimens in compression: a) [0g,/0pglg, b) [0G2/+45g6]g laminates

4.4.3 Bending test

The behavior of the specimens in the bending test are shown by plotting force vs. displacement in
Figure 53 and Figure 54, where SP01-05 refers to five specimens used in this experiment (i.e. SP01
is specimen #1). All specimens showed linear behavior in the force-vs-displacement curve up until

failure occurrence.
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Figure 53: Bending test results for five test specimens (SP01-SP05) for [0,/0g¢l laminate
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Table 9: Overall results of bending tests on unidirectional [0g,/0]g Glass/Flax/Epoxy
composite specimens

Sample # E (GPa) UFS (MPa) El (N.m?)
SPO1 40.53 589.76 4.10
SP02 39.22 635.94 4.72
SP03 41.45 584.58 4.99
SP04 38.30 564.43 4.68
SP05 39.69 581.55 451
Mean 39.84 591.25 4.60

SD 1.08 23.90 0.29
CV (%) 271 4.0 6.4
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Figure 54: Bending test results for five test specimens (SP01-SP05) [0¢,/+45g¢] laminate

Table 10: Overall results of bending tests on unidirectional [0¢,/+45g¢]( Glass/Flax/Epoxy
composite specimens

Sample # E (GPa) UFS (MPa) El (N.m?2)
SPO1 30.30 490.99 4.50
SP02 29.74 488.81 457
SP03 29.57 519.21 4.45
SP04 30.44 524.45 4.25
SP05 30.11 476.45 475
Mean 30.03 499.98 4.50

SD 0.33 18.59 0.16

CV (%) 1.09 37 3.6
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From analysing the data recorded during the test, the average for flexural modulus and ultimate
flexural strength were 39.84 + 1.08 GPa and 591.25 + 23.9 MPa for [0,/0g¢]q samples and 30.03
+ 0.33 GPa and 499.98 + 18.59 MPa for [0g,/+45g¢]s samples, respectively (Table 9 and Table
10). As can be seen in Figure 53 and Figure 54, a catastrophic failure accompanied by a sudden
decrease in load after reaching a peak value occurred in all the specimens. The inner bundle of the
flax fiber laminate stayed intact until the test reached in to its limit in displacement. A typical failed

specimen in three-point bending is illustrated in Figure 55.

Figure 55: A typical failed specimen from bending test; a side view (left) shows the failure
on the compression surface of the sample. Matrix cracking, fiber breakage and pull out on
the failed surface (right)

In all specimens, failure occurred at the inner surfaces due to matrix cracking and fiber breakage
along the compressed surfaces (primary failure) followed by progressive delamination of the glass

plies and buckling of flax plies (secondary failure).

Figure 56: A specimen in three point bending test loaded until it reached 60 mm
displacement
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Figure 57: A specimen in three point bending test after being unloaded recover its shape

from 60 mm displacement

Comparing the Figure 56 and Figure 57, it can be determined that the specimens did not failed

100% plastically and relatively were able to recover their shape by flattening after being unloaded.
4.4.4 Rockwell hardness test

The overall average for Rockwell hardness of the Glass/Flax/Epoxy composite were 82.17 + 1.18
HRE for [0,/0g¢]q unidirectional samples and 85.09 + 1.07 HRE for [0g,/+45g]4 samples. All
specimens showed circular-shaped indentations at their tested surfaces (molded surfaces),
perpendicular to the testing direction (parallel to the molding pressure). A comparison of some
materials used in biomedical applications particularly those used for femoral fracture fixation is

shown in Table 11.

Table 11: Comparison of the surface hardness for some material

Material Surface Hardness Reference
Current [0g,/+45g6]g 85.09 + 1.07 HRE -
Current [0G2/0s]g 82.17 + 1.18 HRE -
CF/Flax/ Epoxy 72.43 £ 3.87 HRE [7]
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4.5 Discussion

45.1 General findings

The current study is the first to investigate the mechanical properties of the Glass/Flax/Epoxy
hybrid composite for structural application specifically orthopedic application such as bone plating
for femoral bone fracture fixation. A strong bonding has been observed at the interface of
Glass/Epoxy and Flax/Epoxy adjacent layers, as no de-bonding or delamination has occurred
between these adjacent layers prior to failure. As shown in the static tests, the majority of the tested
specimens have exhibited primary failure with abrupt change in the load level after reaching a peak
value occurred due to matrix crack propagation followed by delamination at glass/epoxy and
flax/epoxy adjacent interface followed by glass fiber rupture. The initiation of glass fiber tearing
was followed secondary failure due to completion of the glass fibers breakage and flax fiber bundle
tearing/buckling. In the case of tension test, the flax plies bundle has shown sudden rupture at the
very end of the experiment. Fiber breakage along with fiber bundle and/or fiber pull-out at the
fractured surface were observed in the SEM images of failed specimen from tension test (Figure
47). Most fibers exhibited smooth tensile failure surfaces caused by propagation of the crack in
the composite (Figure 48). In the case of compression test, due to matrix degradation, the inner
flax fiber bundles have shown interface delamination between flax plies and buckling as
secondary. In the case of three-point bending test, the inner flax fiber bundles stayed intact until
the test reached in to its limit in displacement and have shown minor interface delamination and
buckling as secondary failure; these bundles had enough elasticity to recover their shape to
relatively flat after being unloaded. In general considering the overall results from different
experiments shown in Table 12 and Table 13, this new hybrid composite material have shown
significant mechanical properties that make it very attractive for several structural applications,

especially for bone fracture plates which are experiencing clinical-type axial loading and bending.

4.5.2 Comparison to prior studies

There are scattered results in the literature on the mechanical properties of composites reinforced
by natural fibers and carbon fiber. The results of some prior studies on fiber composites, flax fiber
composites, and hybrid composites reinforced by natural fibers and carbon fiber are summarized
in comparison to the present study (Table 12 and Table 13). The results of the current study are

within the range reported in the literature; however, they do not correlate perfectly due to different
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orientation of the fibers used, dissimilar fiber or matrix volume fraction, and various
manufacturing methods. Our results compare favorably with those reported by Moritz et al. [121]
using glass fiber composite with respect to flexural strength. However, the flexural modulus is 2
times higher in the current study. When compared to human cortical bone, the current hybrid
composite material matches the elastic modulus of the cortical bone, yet 2 to 3 times stronger.
Compared to pure Flax/Epoxy, the present hybrid composite is much stronger and stiffer. This
confirms that the addition of layers of glass fibers in the outer surface will enhance the mechanical
properties of the flexible Flax/epoxy core, which was one of the main objectives of this study.
Moreover, the proposed Glass/Flax/Epoxy is less stiff but comparably strong when compared to
Carbon/Flax/Epoxy composites (Bagheri et al., 2013) [122]. This quality makes this material a
more attractive candidate for an optimized structure for bone fracture fixation systems.
Table 12: Elastic modulus of the current Glass/Flax/Epoxy composite along with some

previously studied material, Eit is tensile Young’s modulus, Eic is compressive Young’s
modulus and Et is flexural modulus

Material Eir (GPa) Eic (GPa) Es (GPa) Reference
Current [0g,/0r]s 31.97 +2.97 18.26+1.02 | 39.84 +1.08 -
Current [0g4/+45z6]s 16.51 + 0.68 10.52+0.37 | 30.03+0.33 -
Flax/Epoxy 20 - - [123]
Flax/Epoxy 20-30 - - [124]
Flax/Epoxy 12.98 - - [125]
Carbon/Flax/Epoxy 41.7+1.6 - 574+18 [7]
Human Cortical Bone 7-25 - [90]
UD CF/Epoxy 50-300 - - [9]
CF/Flax/Epoxy 5.09-6.48 - 14.41-23.84 [126]
Sisal/CF/polyester 1.99-2.78 - 6.52-11.33 [38]
géiff]/ (Bdsgg/'é)‘/ TEGDMA . - 17.0+33 [115]
Sgﬁ’ (BGSSSMB%/; EGDMA . - 153+ 1.8 [115]
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Table 13: Ultimate strength of the current Glass/Flax/Epoxy composite along with some
previously studied material, 6'T uis ultimate tensile strength, ¢'° uis ultimate compressive
strength and o™ uiis ultimate flexural strength

Material o!Ty (MPa) ¢, (MPa) oy (MPa) | Reference

Current [0g5/0r6]s 408.25 +51.36 | 261.21 +21.93 | 591.25 + 23.9 -

Current [0g,/+45p6]s 301.87 £62.77 | 233.25+7.89 | 499.98 + 18.59 -

Flax/Epoxy 200 - - [123]
Flax/Epoxy 148.1 - - [125]
Carbon/Flax/Epoxy 399.8+8.2 - 510.6 £ 66.3 [7]
Human Cortical Bone 50-150 - - [90]
CF/Flax/Epoxy 172.4-288.3 - 85-160.42 [126]
Sisal/CF/polyester 84.44-107.51 - 140.89-169.14 |  [38]
ngﬁ/ (Bl'JSFC_;'E\;"GA)/ TEGDMA . . 802.0+112.7 | [115]
olas/ ?L'JSF%'Y'BA(‘;/)T EGDMA . : 602.0+81.6 | [115]

As can be seen in above tables, the composite material used in this study shows higher mechanical
properties compared to the previously studied Flax/Epoxy composites, which means improvement
of the structure by adding the layers of the Glass fiber was successful. However, more
improvement and optimization still is required in order to reach to a confident ground for clinical

application of this new hybrid composite.

4.5.3 Practical implications

As indicated before, metallic implants promote negative “stress shielding” and reduce fracture
healing due to high axial stiffness of the metallic materials used [30, 37, 126]. Therefore, an
improved fracture healing can be obtained by designing of fracture fixation mechanism with lower
axial stiffness to allow the underlying bone to carry a considerable amount of applied load, while
having sufficient bending stiffness to prevent gross motion at the fracture site [26]. As shown in
Table 12 and Table 13, the current Glass/Flax/Epoxy composite, with axial tensile modulus of
elasticity 31.97 GPa and axial compressive modulus of elasticity 18.26 GPa for

[0,/0g¢]gunidirectional specimens and axial tensile modulus of elasticity 16.5 GPa and axial
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compressive modulus of elasticity 10.52 GPa for [0g,/+45¢]g Specimens, give the hope of

achieving an optimal design much closer to that of cortical bone (7-25 GPa) [26, 90]. This material
will allow more load sharing compared to titanium (E = 110 GPa) [127] and stainless-steel (E =

220 GPa) [128] plates and will help to minimize the stress shielding effect.

The present ultimate tensile strength (408.25 MPa), ultimate compressive strength (261.21 MPa)

and ultimate flexural strength (510.6 MPa) for [0g,/0gs]q unidirectional laminates and ultimate

tensile strength (301.87 MPa), ultimate compressive strength (233.25 MPa) and ultimate flexural
strength (499.98 MPa) for [0g,/+45]¢ laminates are high enough to avoid poor stability on

fracture site, immobilize adjacent bone fragments and carry clinical-type loads, for example, on
the human femur (2.5 to 3 times body weight) [26].

Theoretically, if the effects of geometry were fully accounted for using the current ASTM
standards, it is expected that the material used in this study should have yielded same values for
flexural and tensile properties, however, these value are not the same in this study. It is known that
flexural properties of composite materials depend on the stacking-sequences of each lamina and
overall symmetry of the structure, while the tensile properties are more instinct of the material and
independent of stacking-sequence [117, 119]. Thus, superior flexural properties compared to
tensile and compressive properties of the current Glass/Flax/Epoxy composite were caused by the
“sandwich structure effect”, where the flexible core material of Flax/Epoxy were embedded
between two stronger and stiffer Glass/Epoxy layers on each side of the structure. These outer
layers mainly experienced tension and compression during bending tests, whereas the entire
composite structure (inner and outer layers) uniformly experienced almost the same stress load
during uniaxial tension/compression tests. Therefore, it can be concluded that a hybrid composite
sandwich structure containing stronger and stiffer fiber in outer layers and more flexible fiber in
the inner layers can result in an optimal stiffness and strength (Axial, Shear and Bending). Such
sandwich structure is an ideal candidate for designing of long bone fracture fixation mechanism
such as plates, as they can provide selective stress shielding and demonstrate lower axial stiffness

and adequate shearing and bending stiffnesses concurrently.
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4.6 Summary

This chapter confirms that the developed composite material used in this study shows higher
mechanical properties compared to the previously studied Flax/Epoxy composites, which means
improvement of the structure by adding the layers of the Glass fiber was successful. In addition,
the proposed composite structure has higher stiffness in bending compared to tension. This
phenomenon can be explained due to “sandwich structure effect”. In fact, using the stronger
Glass/Epoxy laminae as outer layers and more flexible Flax/Epoxy laminae as the inner core of
the structure resulted in advanced bending properties. Moreover, this material has shown high
enough ultimate strength in tension, compression and bending to carry clinical-type forces as occur
on femur bone during daily normal activities. Therefore, the proposed composite in this study is
an ideal candidate for specific applications where selective stress shielding is required such as long

bone fracture plates.
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5 Fatigue behavior of Glass/Flax/Epoxy composite

The purpose of this chapter was to investigate the fatigue damage and fatigue behaviour of the
developed Glass/Flax/Epoxy composite with both infrared (IR) thermography analysis and
conventional experimental fatigue analysis under compression-compression cyclic loading
condition. Two configurations of Glass/Flax/Epoxy composites layup were studied namely,

[0G2/0pe]g unidirectional ply orientation and [0g,/+=45k¢]. First, using Digital Image Correlation

(DIC) analysis the static compressive modulus of elasticities and ultimate compressive strength
for both sacking configurations were obtained. These results were in accordance to the results of
compression test obtained in previous chapter. Also, the average poison ratios were measured to

be 0.37 for [0g,/0rs]q unidirectional sample and 0.58 for [0g,/+45¢]g samples. The high cycle

fatigue strength was determined using a thermographic criterion developed in a previous study
[129, 130]. The fatigue strength obtained by the thermographic criterion measured to be around
55% of UCS and was confirmed by the results obtained through conventional experimental fatigue

methods (i.e., Stress level versus Number of cycles to failure).

5.1 Introduction

Fatigue failure occurs due to the application of fluctuating stresses that are much lower than the
stress required to cause failure during a single application of stress (Static ultimate stress). It has
been estimated that fatigue contributes to approximately 90% of all mechanical service failures
[131]. Most engineering materials exhibit a safe zone for the stress below which failure never
occurs, even for an indefinitely large number of loading cycles. This safe stress is called the
endurance limit or the fatigue limit. For metallic materials, this stress level can be clearly defined
[132]. However, fiber-reinforced polymer matrix composites do not typically have a fatigue limit.
It is known that the complex damage patterns observed in composite materials consist of matrix
cracks, fiber fractures, fiber-matrix interface de-bonding, inter-ply delamination cracks as well as
the various interactions between these damage patterns. This has caused a number of researchers
to focus on relating the observed damage or a damage parameter to the mechanical properties of
the laminates [133]. This damage accumulation process takes place during the entire life of the
material and eventually leads to failure even at low applied stresses (Figure 58) [1, 134], therefore
the concept of high cycle fatigue strength (HCFS) in composites is used instead of fatigue limit.
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Figure 58: Schematic of fatigue damage developing for a cross-ply laminate [135]

Conventional methods for evaluating the fatigue limit or HCFS are very expensive as the case may
require the use of a large number of samples. As a consequence of recent progress in the
development of high-resolution infrared detectors for infrared (IR) thermographic cameras, the
application of theoretical concepts of thermo-elasticity has been made possible [136, 137].
Thermoelastic stress measurements are based on small temperature variations of the order of
0.001°C that occur when a material is subject to a change in elastic strain. The IR thermography
technique has been proven to be a reliable non-destructive and nonintrusive technique for the rapid

evaluation of fatigue damage and fatigue limit of metallic materials [137, 145, 146].

In studies related to composite materials, the IR thermography technique has been extensively used
as a tool for qualitative monitoring of damage evolution. For instance, researchers have used this
technique to investigate the notch sensitivity of various glass fiber reinforced polymers(GFRP)

laminates [138]. Also, this technique was used to determine the glue infiltration, water ingress,
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and disbands on a blade of a wind turbine made of composite materials [139]. On the other hand,
limited number of studies have used this method for rapid evaluation of fatigue limit of fiber-
reinforced composite materials. Montesano et al. [129] have successfully applied the IR techniques
for the identification of the fatigue limit of a braided carbon fiber polyimide composite. El Sawi
et al. investigate the damage mechanism and fatigue life of flax fiber reinforced composites.
Kamara et al. studied the damage evolution and determined the fatigue limit of a woven carbon
fiber-reinforced polymer material using IR thermography technique [140].

In addition, compared to the abundance of studies on fatigue behaviour of synthetic fiber-
reinforced polymers, the limited number of studies on the fatigue behaviour of natural fiber or
hybrid of natural and synthetic fiber reinforced polymers result in a lack of information and
understanding about these materials [141, 142, 143]. Furthermore, limited amount of research was
done on flax fibers; only a single piece of work was found to deal with the fatigue behaviour and
endurance of this type of plant fiber [19, 137, 153] and no research has investigated the application
of IR thermography for the determination of the fatigue limit of Glass/Flax reinforced polymer
composites. Therefore, the aim of this study is to investigate the fatigue performance of Glass/Flax
fiber-reinforced composites using IR thermography techniques for characterization of damage and

fatigue life prediction of this material during mechanical testing under cyclic loading condition.

5.2 Materials and methods
5.2.1 General approach

The application of thermography analysis has been proven as a reliable non-destructive technique
for quick determination of the fatigue strength for metals [144, 145, 146]. However, only a few
studies considered this technique for composite materials, and not one has utilized this method to
determine the fatigue life of composite materials for medical application [19, 136, 157]. It should
be noted that composite materials, unlike most metallic materials, do not have a clear fatigue limit
or endurance limit. Thus, the concept of high cycle fatigue strength (HCFS) in composite materials
conveys the same meaning as the fatigue limit in metallic materials, but while also considering the

damage accumulation process during the entire fatigue life of the composite material.

In this study, fatigue tests were performed on Glass/Flax/epoxy composite plates to determine the
fatigue strength using both the conventional S-N (Stress-Number of Cycles) approach and

thermography analysis. The purpose was to evaluate the fatigue strength of the composite plate
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under cyclic loading conditions which simulates the clinical loading conditions. It was
hypothesized that the composite plate would have a high cycle fatigue strength (HCFS) much
higher than the main loads experienced by a femur bone fracture plate during normal daily

activities, such as running and walking.

5.2.2 Composite materials structure

Manufacturing of the Glass/Flax/Epoxy composite plates was done using 12 layers of Flax fiber

and 4 layers of UD Glass fiber (two layer in each side) (Lineo Flax ply) in [0,/0g]g and
[0G2/%45g6] configuration where mixture of Araldite® LY 564 low viscosity epoxy and Aradur®

22962 hardener polyamine was used as binding matrix in the composite as shown in Figure 59.

2 layers of UD GL/epoxy

at outer surface Heat-pressed at
150C and 5 bar

12 layers of for 150 min
Flax/epoxy é

Figure 59: The novel “sandwich structure” of Glass/Flax/Epoxy plate.

Final GL/Flax/epoxy

composite plate

Several trials were conducted, changing manufacturing parameters such as time, pressure and
temperature, in order to achieve a volume fraction of approximately 50% of fiber in final product
with an acceptable void content of <3%. A compression molding machine was used (Carver Press,
Wabash, IN, USA) to cure the sandwich material in a three stage curing cycle. Initially, the plates
were heated up from room temperature to 150 °C at half load pressure of 2.5 bar (heating stage).
Then at this temperature (150 °C), the pressure was increased to 5 bar and plates were kept in this
condition for 2.5 hours to cure fully (curing stage). Finally, the plates were cooled down from
150°C to room temperature at 5 bar pressure (cooling stage). The final manufactured plate in each
batch was 300 x 300 mm in size, and average thickness of 4 mm. These plates were cut using a
table saw to fabricate specimens with a length of 250 mm and a width of 25 mm, in compliance
with ASTM standards for testing. The combination of two types of natural and synthetic fibers

(i.e. Flax and Glass) for the fabrication of the current composite, as well as its “sandwich
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structure”, make this composite unique compared to what has been done previously for

orthopaedic bone plate applications.

5.3 Experimental procedures

5.3.1 Static compression tests using digital image correlation (DIC)

Compression tests were performed on specimens in accordance with ASTM standard (ASTM
D695-10, 2010a) for compressive properties of rigid plastics [118]. The experiments were
conducted on a compression machine (MTS 322 Test Frame, MTS Systems Corporation. Eden
Prairie, MN, USA), with a testing speed of 2 mm/min and a maximum 100 kN load cell. Five
specimens from each stacking sequences were cut measuring 100 mm x 25 mm. As shown in
Figure 60, , a speckled pattern was imprinted on each specimen using three different color spray

paint (white, black and gray) to facilitate accurate displacement measurement using DIC camera.

Figure 60: A 100mm x 25mm speckled specimen for compression test

The specimens were positioned in the hydraulic grips with the long axis in-line with the force
direction so that 37.5mm at each end was gripped with 100 bar gripping pressure (Figure 61). The
static tests were performed in accordance with ASTM standard, at a displacement rate of 2mm/min
on the specimens, to failure, under compressive loading conditions. The ultimate strength and
ultimate strain were measured just before the failure (i.e. prior to occurrence of the buckling). Both
longitudinal and transverse elongation of material were evaluated using the data from DIC camera.
Finally, the Poisson’s ratio for both ply configurations were determined using the following
equation,

_ 8Trans.

V= (Eq. 4)

SLong.
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Figure 61: Compression test set up; left) a speckled specimen gripped between hydrolic
heads, right) compression test set up with DIC camera capturing images

5.3.2 Conventional compression-compression fatigue tests

The compression-compression fatigue tests were conducted on a servo-hydraulic testing system
(Model 322.21, MTS System Corporation, Eden Prairie, MN USA), with 100 kN load cell
capacity. The specimens were mounted in the hydraulic grips (Model 2743-402, Illinois Tool
Works Inc (ITW), Norwood, MA, USA) with the long axis in-line along the force direction such
that 37.5mm at each end was gripped with a 100 bar gripping pressure. Cyclic loading levels
ranging from 60% to 90% of UCS with 5% incremental increase were applied up until failure or
at one million cycles. Minimum of three specimens with dimensions 100mm by 25mm were tested
as shown in Figure 62. The testing span was considered to be 25mm in order to minimize buckling
and avoid out of plane deflection under compressive load. All fatigue tests were conducted in
accordance with the ASTM standard ASTM D695-10 [118] at room temperature (25 °C) and under
load control with a minimum to maximum stress ratio of R =0.1 (R = Smin/ Smax) and with a
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constant sinusoidal wave form at a frequency of 5 Hz. The results were used to develop the S-N

curve corresponding to each stacking sequence.

Figure 62: Compression-compression fatigue test set up; IR camera used in this study is
shown in left figure.

5.3.3 Thermography analysis

The thermographic approach is a non-destructive technique based on thermoelasticity, in which
thermal stresses are induced by small variations of temperature. When a material is in its elastic
region, this technique can be used to more rapidly determine the fatigue strength. This non-
destructive method represents a substitute for conventional fatigue tests, which are time consuming
and require a large number of specimens [129, 130, 147].

Three samples from each stacking configuration were tested starting from 20% of UCS (Ultimate
Compression Strength) as the minimum applied stress amplitude. The plates were subjected to
cyclic loading for 5000 cycles in order to reach the steady state temperature [129, 130]. The applied
stress amplitude was incremented stepwise with 5% of UCS load interval, up until failure. The

overall rise in the specimen’s surface temperature was recorded for each cyclic load level using an
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infrared thermography camera (Silver 420, FLIR Systems Canada, Burlington, ON, Canada) with
a spatial resolution of 320 x 240 pixels and a temperature resolution of 20 m°C. The camera was
synchronized to the controller of the test machine in order to capture 5 frames per second, to
eliminate the effect of temperature fluctuations due to any possible reversible thermoelastic
heating [129, 130]. The temperature versus applied cyclic load curves were constructed in order
to determine HCFS for each ply configuration and the results were compared with conventional

fatigue tests.

Fargione et al. [146] used IR thermography to determine the fatigue S—N curve of metallic
materials. The author’s hypothesis permits to establish a direct correlation between the temperature
increase during a certain stress level and the number of cycles to failure at the same level of stress

as shown in equation 5.
Q= ATI * Nf (Eq5)

Where Nt is the total number of cycle until failure at stress level oi, and AT; is the corresponding
temperature difference between the room temperature and the stabilized temperature at that stress
level. The parameter @ is a constant that is directly proportional to heat dissipation of the material
and was defined to be the integral of the function AT; = f(N) extended over the entire number of
cycles Nr.

It is hypothesized that IR thermography can provide relatively enough information to develop the
S—N curve of composite laminates. Montesano et al. [129] found that the integration function @ is
only a constant when multiplying the thermal change (AT;) by the logarithm of the number of
cycles (Nf). Consequently, the aforementioned equation (Eq.5) was modified to fit their thermal
and fatigue experimental data on carbon fiber-reinforced polyimide composite.

@ = AT; * Log N¢ (Eq.6)

The thermal variations data (AT;) from thermographic tests and fatigue data (Nr) from conventional
fatigue tests for each corresponding stress level are used to calculate the integration parameter @

using equation 6.
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5.4 Results

5.4.1 Quasi static compression test using DIC technique

The compressive behaviour of the composite specimens is shown in Figure 63 and Figure 65
catastrophic failure accompanied by an abrupt decrease in load after reaching a peak value was
observed in most of the specimens. As shown in Table 14, the average Young’s modulus for
[06,/0g¢]q laminates were calculated to be 24.37 + 1.18 GPa and ultimate compression was
determined to be 261.73 + 23.81 MPa. Respectively, Table 15 presents the average Young’s

modulus to be 14.73 + 0.75 GPa and ultimate compression strength to be 231 + 7.56 MP for
[0G2/%45g6] laminates.

30000

20000

10000

Load (N)

0 1 2 3

Displacement (mm)

Figure 63: Force vs. displacement of five tested specimens (SP 1 to SP 5) of [0g,/0gs]

unidirectional laminates
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Figure 64: Typical stress vs. strain curve of [0¢,/0g¢|g Unidirectional laminates

Table 14: Overall results of Compression tests on five specimens [0,/0g¢]s laminates

Sample # ELong. (GPa) v UCS (MPa)
SP1 25.305 0.37 242.13
SP2 23.23 0.37 238.21
SP3 25.23 0.34 250.22
SP4 25.42 0.40 300.73
SP5 22.66 0.36 277.36
Mean 24.37 0.37 261.73

SD 1.18 0.02 23.81
CV (%) 4.84 5.12 9.10
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Figure 65: Force vs. displacement of five tested specimens (SP 1 to SP 5) of [0g,/+45g]
laminates
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Figure 66: Typical stress vs. strain for curve [0g,/+45g¢] laminates
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Table 15: Overall results of compression test on five specimens of [0g,/+45g4]slaminates

Sample # ELong. (GPa) v UCS (MPa)
SP1 15.046 0.57 224.76
SP2 16.02 0.65 244.92
SP3 14.11 0.56 224.02
SP4 14.48 0.59 233.62
SP5 13.98 0.54 232.04
Mean 14.73 0.58 231.87

SD 0.75 0.04 7.56
CV (%) 5.06 6.40 3.26

Brittle failure due to delamination in the adjacent surface of the glass plies and flax plies
accompanied with local compressive barreling of the outermost glass plies were observed in all
the specimens. This failure can be referred to as primary failures shown in Figure 63 and Figure
65. The inner flax bundle showed minor delamination but buckled drastically under compressive
load. This happened due to crack initiation and propagation in the matrix and fiber interfaces
resulting in matrix degradation. It is well known that under compression, the matrix plays a major
roll as a load bearing constituent in composite materials. Failure of the matrix resulted in
delamination of the flax plies and buckling of the inner flax bundle which can be seen as a
secondary failure Figure 63 and Figure 65. Analysing the DIC images reveals that the maximum

strain accumulation occurs perpendicular to the [0g,/0g¢] laminate (Figure 67) ), whereas, it
shows a +45 angle in the [0g,/+455¢] laminate (Figure 68). Therefore, it can be concluded that

the formation and propagation of micro-damages initiated orthogonally in the matrix, result in a
strain profile perpendicular to the fiber direction. The stronger unidirectional glass plies, act like a
transparent layer which illuminates the strain profile of the weaker inner flax bundle. In the case
of the [0g,/+45k¢]¢ laminate, since the +45 degree plies are perpendicular to -45 degree plies, the
maximum strain is accumulated along the structurally weaker plies and failures occur in the +45

degree angle.
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Figure 67: Strain profile (€x) in longitudinal direction of a DIC image of a [0g,/0g]
sample; purple represent lower starin level and red represent a higher starin level.
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Figure 68: Strain (€xx) profile in +45 direction of a DIC image of a [0g,/+45g¢]g sample;
purple represent lower starin level and red represent a higher starin level.

5.4.2 Determination of S-N curve and the HCFS using conventional compression-
compression fatigue tests

At first, using the results from quasi static compression test, the average ultimate compression
strength (UCS) for each ply configuration were 261.73 MPa for [0,/0g¢] and 231.87 MPa for

[0G2/%45g6]5, respectively. Minimum of three test specimens were used for each applied maximum
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stress amplitude. These stresses were defined as a percentage (60% to 90%) of the average value
of the UCS. The S-N curve was generated using fatigue life values versus the different applied

stress amplitudes from each experiment.
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Figure 69: S-N curve for the [0g,/0g6] laminates; load ratio R=0.1, frequency=5 Hz, and
UCS=261.73 MPa
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Figure 70: S-N curve for the [0g,/+45g¢]4 laminates; load ratio R=0.1, frequency=5 Hz, and
UCS=231.87 MPa

Both composite laminates exhibit a linear profile when the S—N curves are plotted in a semi-log
scale. As can be seen in Figure 69 and Figure 70, the current composites do not have a true fatigue
limit, since the S-N curves do not become horizontal. Based on the standard ASTM F382 [148],
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one million cycles are considered conservative for evaluating bone plate fatigue strength. Hence,
five million cycles were chosen as an upper limit for number of cycles in this study as a more
conservative estimate. The high cyclic fatigue strength was found to be in the range of 53-58 % of
the UCS for the [06,/0rs]4 laminate and in the range of 50-55 % for the [0g,/+4 556 ] laminate. It
is hypothesized that no failure will be observed until 5 million cycles in any plate loaded at an

applied stress amplitude smaller than HCFS.

In addition, the pick-valley data set of each load cycle from each fatigue experiment was used to
determine the fatigue characteristics of the composites. As an example, the stress-vs-strain
behaviour of the composite for a typical test (70% of UCS) is given in Figure 71. The slope of

each individual line at each cycle was used to calculate the dynamic modulus (E*).
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Figure 71: Typical stress (6) versus strain (¢) curve for one plate loaded at 70% of UCS.

Figure 72 and Figure 73 illustrate that the dynamic modulus of elasticity stayed almost constant
with the number of cycles and remained close to its initial value (region B) up until failure, where

it drastically decreased (region C).
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Figure 73: : Dynamic elastic modulus E* versus normalized number of cycles (N/Nr) in
[0G2/+45p]¢ laminates. N = number of cycles. Nr = number of cycles at failure
The corresponding values of the dynamic moduli (E*) for each cycle are smaller than the static
moduli (E) calculated in the quasi-static compression experiment due to using the pick-valley
(maximum and minimum load level) of each load cycle to determine E*. A slight increase (region

A) in E* was observed in Figure 72 and Figure 73 for both [0g,/0gs]qand [0g,/+45g¢] laminates
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until a specific steady value was reached, prior to sudden decrease due to failure. This increasing
behaviour can be described as a hardening phenomenon occurring due to the progressive
reorientation of the cellulose micro-fibrils towards the loading direction. Plant-based fibers are
known to have such hardening behaviour, for instance, Baley [149], Spatz et al. [150] and Silva et
al. [141] have observed an increase in the stiffness of single plant-based fibers (Sisal and Flax)
when investigating their behaviour under cyclic loading. Furthermore, similar hardening
behaviors were reported by EI Sawi et al. [130] and Liang et al. [151] for flax/epoxy composite
laminates.

5.4.3 Thermography tests

Using the IR camera, the temperature increase of both laminates were recorded during stepwise
loading fatigue tests. The applied stress amplitude was incremented stepwise with 5% load
intervals ranging from 20% to 85% of UCS and the procedure was continued until failure. Figure
74 shows how each specimen was subjected to cyclic loading for 5000 cycles for each step, in
order to reach the steady state temperature.
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Figure 74: A typical graph of thermal variation vs. number of cycles of a [0¢,/0g¢] plate
under stepwise fatigue loading test; every 5000 cycles load increases to next step

It was observed that the temperature distribution at the surface of the plates was almost uniform

and around room temperature (25 °C) until 25000 cycles (40% of UCS). However, for stress
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amplitudes above 40% of UCS, hot zones were spotted and the temperature was no longer uniform

across the surface.

Figure 75: Temperature distributions at the surface of a [0,/0g6]g laminate as a function

of number of cycles at 75% of UCS; a) sample at 1000 cycles, b) sample at 2500 cycles an
temperature stabilized at 61 °C.

1]

Figure 76: Temperature distributions at the surface of a [0g,/+45g¢| laminate as a

function of number of cycles at 75% of UCS; a) sample at 1000 cycles, b) sample at 2500
cycles an temperature stabilized at 34 °C.

For each stress level, the corresponding temperature variations, as a function of the number of
cycles, are plotted in Figure 77 and Figure 78. Furthermore, the temperature versus the applied

stress amplitude are also plotted using each matching stabilized temperatures (Figure 79 and Figure

80).
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Figure 77: Average thermal variations versus number of cycles for stepwised applied stress
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Figure 78: Average thermal variations versus number of cycles for stepwised applied stress
as a fraction (%) of UCS on the [0¢,/+45g]¢ laminates
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Figure 79 and Figure 80 display a bilinear behaviour, i.e. the slope of the graph clearly increases
at the specific stress amplitude. Applying linear regression for each linear part of the plots, the
fatigue strength can be determined at the intersection of the two linear regions. The HCFS
determined by the IR thermography method was found to be approximately 53% of UCS for both
[0G2/0s]g and [0,/+45g] laminates. These estimated values are in accordance with the HCFS
evaluated by the conventional methods which was 56.3% of UCS for [0g,/0s]slaminates and
51.2% of UCS for [0g,/+45g] laminates corresponding with 5 million cycles before failure (N

> 5 *10).

The thermal variations data (AT) from thermographic tests and the fatigue data (Nf) from
conventional fatigue tests for each corresponding stress level was used to calculate the integration

parameter @ using equation 6 and the results are presented in Table 16.

Table 16: Integration parameter ® for the [0g,/0gg]and [0,/+45g¢] laminates

Load [0G2/0rs]5 Samples [0G2/%45g6]5 Samples
(% 0of UCS) | Log (Nf) | AT; (°C) | @ (°C) | Log (Nf) | AT; (°C) | @ (°C)
85 2.281 48.09 109.69 1.934 11.83 22.88
80 2.848 40.61 115.66 2.758 8.82 24.33
75 3.631 32.43 117.75 3.396 7.56 25.67
70 4.527 26.34 119.24 4.066 6.63 26.96
65 5.318 20.05 106.63 4.761 5.08 24.19

Table 17: Average, standard deviation and coefficient of variation of @

® (°C) [062/0s]g SaMples [0G2/+4556] samples
Average 113.8 24.8
S.D. 4.8 1.4
C.V. (%) 4.3 5.6

As shown in above tables, the average value of ® =+ standard deviation was calculated to be
approximately 113.8 + 4.8 °C for the [0g,/0rs ] laminates and 24.8 + 1.4 °C for the [0g,/+45g¢]¢

laminates. With S.D.< 5, the integration parameters can be considered constant regardless of the

applied maximum stress. Therefore, the number of cycles at failure (Ny;) and the corresponding

thermal variation (AT;) for a stabilized temperature at a specific stress value is deterministic of the
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integration constant (®), and subsequently, the S—N curve. Since the laminates showed bilinear
behaviour in both ply configurations, the result of the conventional fatigue tests and the
thermography study, conclude that the integration formula is valid only for loads above the fatigue
limit. However, below the fatigue limit, the result can not be correlated to the S-N curve
determined from conventional fatigue test. For example, in the case of [0,/0g¢]q at 55% of UCS,
the steady state temperature in stepwise fatigue test, AT was measured to be 10.9 (°C) and
considering @ = 113.8 (°C), using the integration equation (Eg. 6), the corresponding number of
cycles to failure is equal to 10%° cycles. But for the same material at the same load level, the linear
interpolation of the S-N curve results in Nfequal to 6.5 *10° cycles, which is not comparable to

the results from the integration formula.

5.5 Discussion
55.1 General findings

This is the first study which assessed the fatigue properties of this new Glass/Flax/epoxy
composite material using conventional fatigue tests and thermographic analysis. Based on the
current preliminarily results, the composite showed fatigue properties that make it a potential
candidate for long bone fracture plates, where the cyclic loading would be experienced during
daily activities. Furthermore, for both stacking sequences, the laminate was able to retain its
mechanical stiffness during its entire fatigue life. The fatigue strength obtained from thermography
and conventional fatigue tests were in accordance, suggesting that the thermography technique can
be used for rapid determination of HCFS for fiber reinforced polymer composite materials. Finally,
the thermography method can be a great non-destructive tool to determine the fatigue life of the

polymer composite when the applied load is above the HCFS.
5.5.2 Comparison to prior studies

Current data is compared to the results of prior studies on the fatigue properties of carbon fiber-
based composites, natural fiber-based composites, and human femoral cortical bone, as displayed
in Table 18.
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Table 18: Fatigue properties of the current Glass/Flax/Epoxy materials, human femur
cortical bone, carbon fiber composite, and flax fiber composites from prior studies

. Applied Changes in .
Materials c-(l)-ﬁtsjtilt?gn Stress stiffness L);F:jeinOf F"::alcrllgsrrltlif; 2l
amplitude (%) g Y f
Current .
o 0,
Glass/Flax/Epoxy at'?nncjsplligtre GOU%OSA) 10% rise | Compression 50-1.35x10"6
[0G2/0gs g
Current .
u 0,
Glass/Flax/Epoxy Ambient AL 13.5% loss | Compression 10-3x10"5
atmosphere UCS
[0G2/+45k6]g
Ambient .
CF/Flax/Epoxy [152] atmosphere 50-80% UTS 0% Tension 3x10"4-6x10"6
Human femur Physiological 40-80 MPa - Tension 101¢°
- - H 106
cortical bone [153] condition 6105 13200|\|>I/IPPaa Corr;r;reeasrsmn 11000 1102
CF-PEEK [70] Room >60% UTS - Bending 106
Temperature
Compact Bovine o i 0 . i
Bone [154] 37 °C 65-108 MPa 20% loss Tension
CF/epoxy [10] - 6 Nm - Bending 106
CF/polyamide [129] Terﬁ;:r’:ture 50-80% UTS - Tension 2x1073-6x10°
Flax/epoxy [151] 23°C 40-80% UTS 2% rise Tension 2x1073-1.15x10"6

While present results are comparable with previous studies, it should be considered that not all of
these studies addressed orthopaedic applications. Any differences can be explained by the various
composite structures, fiber orientations, fiber/matrix volume fractions, diverse manufacturing

processes, and dissimilar tests methods.

5.5.3 Practical implications

According to ASTM F382 [148] for evaluating bone plate fatigue strength, 1 million cycles seems
to be conservative, as no bone plate is supposed to withstand more than 1 million high stress fatigue
cycles in clinical conditions [148]. Considering that an average patient in his post-surgical period
with a very conservative assumption walks an average of one-step every second for 4 hours per
day, it is reasonable to estimate that this patient with an orthopaedic implant would experience
around five million cycles annually. As discussed in previous sections, the current composite

showed an HCFS at 5 million cycles around 53% to 58% of UCS for [0g,/0s]¢ laminates and

between 50% to 55% of UCS for [0g,/+45ks]¢ laminates. These HCFS corresponding to stress
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values ranging from 145 to 155 MPa or 15.5 kN force for [0g,/0g]¢ laminates, and 115 to 130
MPaor 11.5 kN force for [0G,/%45g] laminates. Such load levels are extremely higher compared

physiological loads (i.e, 2.5 to 3 times body weight [26]) experienced by human femurs during
daily activities. In addition, these stress levels in the hybrid composite laminates are comparable
to that of clinical 316L stainless steel (roughly 150 MPa) [82]. The dynamic modulus E* obtained
for the current Glass/Flax/epoxy composite was almost constant versus the number of cycles and
stayed around its initial value for entire of its fatigue life. For most other composites (e.g.,
CF/epoxy and glass/epoxy laminates), E* usually decreases gradually with the number of cycles
[129, 151]. This can be explained by the hardening behaviour of Flax/epoxy laminae caused by
progressive reorientation of the cellulose micro-fibrils towards the loading direction. This
hardening effect of flax/epoxy composites was reported previously [151]. The contribution of both
Flax/Epoxy and Glass/Epoxy laminae of the composite during the fatigue loading helped to

maintain an almost constant level of stiffness up until failure.

Moreover, the stiffness degradation during fatigue life is considered as a measure of microscopic
fatigue damage even though the polymer matrix composite may appear to be structurally intact
physically. For any application and engineering design, estimating the material fatigue life at a
given service load is highly essential. Also, one of the main reported complications of using
composite biomaterials is the gradual loss of mechanical properties, i.e. stiffness, during cyclic
loading caused by fatigue damage. This eventually generates wear debris which requires an
immunological response via blood clotting, macrophages, and leukocytes [10, 11, 12]. Hence, the
current composite is able to maintain its stiffness constant around its initial value during its entire
fatigue life, without any stiffness degradation, its fatigue life can be determined at any given
service load and aforementioned biological disorders will not arise since the loss of mechanical
properties is not sufficient. This suggests that the current composite may be a potential candidate
for fabrication of a long bone fracture plate because it can retain its stiffness for more than 1 million
cycles at 50-60% of UCS with negligible fatigue damage, which is enough time for bone

regeneration to produce complete union of fracture site.

Additionally, current thermographic analysis has been shown to be a successful tool for the rapid
determination of high cyclic fatigue strength of a composite biomaterial. The HCFS from

thermographic analysis was determined by intersecting two linear regions and was in a good
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accordance with the range obtained for the HCFS using the conventional test methods. As
illustrated in Figure 79 and Figure 80 the temperature variation versus applied stress graph shows
bilinear behaviour. Some microscopic changes may occur in the structure of the specimen during
cyclic loading and cause this bilinear behaviour of the graph. Although the plates were loaded in
the elastic region, at the microscopic level and in the vicinity of defects, some stress fluctuation
may have happened. This may eventually initiate matrix deformation, debonding at matrix and
fiber interfaces, and fiber breakage. This microscopic phenomenon can develop and finally cause
heat emanation, which can cause temperature rise in a material [129, 155]. However, when a
material reaches its fatigue strength (HCFS) the temperature rises significantly since the

microscopic phenomenon could be accelerated in both initiation and growth.

5.6 Summary

This chapter confirms that the fatigue behaviour of proposed composite material is suitable for
withstanding clinical-type cyclic loads occurring on femoral bone during normal daily activities.
Hence, the current composite is able to maintain its stiffness without any degradation. The fatigue
life of the material can be determined at any given service load. This suggests that the current
composite may be a potential candidate for applications that require specific mechanical properties
in a given period of time such as long bone fracture plate fixation. Moreover, thermographic
analysis has been shown to be a successful tool for the rapid determination of fatigue strength of a

composite biomaterial.
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6 Conclusions, limitations and future work

As previously discussed, in this study a new “sandwich structure” of Glass/Flax/Epoxy has been
developed and both static and dynamic mechanical properties were characterized. A strong
bonding at Glass/Epoxy and Flax/Epoxy laminae interface was observed and the overall proposed
composite plate exhibited mechanical properties suitable for bone fracture fixation plates.
Although the glass layers at the surfaces of the composite plate reduce the water absorption rate
considerably, the exposure of flax fibers at the sides and screw holes may cause moisture uptake
as a long-term effect. Therefore, special coating techniques at the edges as well as screw holes

with should be considered in future studies.

As per detail discussed in chapter 3, the manufacturing process of the Glass/Flax/Epoxy composite
plates used in this study successfully result in an average volume fraction of fiber close to 50%
and void content are in acceptable range of less than 3%. Moreover, SEM analysis verified that
the developed Glass/Flax/epoxy composite material has shown a strong bonding at Glass/Epoxy
and Flax/Epoxy layers’ interface. Finally, adding the external layers of glass fiber significantly
improved the water absorption rate by almost 180% compared to pure flax/epoxy composite,
increasing biocompatibility.

As discussed in chapter 4, the results from the mechanical experiments confirmed that the
developed composite material used in this study shows higher mechanical properties compared to
the previously studied Flax/Epoxy composites, which means improvement of the structure by
adding the layers of the Glass fiber was successful. In addition, the proposed composite structure
has higher stiffness in bending compared to tension and compression. This phenomenon can be
explained by the so called “sandwich structure effect”. In fact, using the stronger Glass/Epoxy
laminae as outer layers and more flexible Flax/Epoxy laminae as the inner core of the structure
resulted in advanced bending properties. Therefore, the proposed composite in this study
represents an ideal candidate for specific applications where selective stress shielding is required
such as long bone fracture plates. If the designed implant adequately counters bending, torsional,
and shear stresses while only fractionally resisting compressive stress, it can thereby be beneficial
in fracture healing and help to better stimulate remodelling of the callus at the fracture site.
Moreover, this material has shown high enough ultimate strength in tension, compression and

bending to carry clinical-type forces as occur on femur bone during daily normal activities.
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However, more improvement and optimization still is required in order to reach to a confident

ground for clinical application of this new hybrid composite.

The fatigue properties of the proposed Glass/Flax/Epoxy composite in this study were evaluated
in chapter 5 of this thesis. The determined high cyclic fatigue strength (HCFS) was adequate to
withstand clinical-type cyclic loads occurring on femoral bone during normal daily activities.
Additionally, the dynamic modulus E* obtained for the current Glass/Flax/epoxy composite was
almost constant versus the number of cycles and stayed around its initial value for entire of its
fatigue life. Hence, the current composite is able to maintain its stiffness without any degradation,
the fatigue life of the material can be determined at any given service load. Furthermore, since the
loss of mechanical properties is not significant, it may result in less debris formation and prevent
subsequent immune system response due to biological disorders caused by debris formation. This
suggests that the current composite may be a potential candidate for applications that require
specific mechanical properties in a given period such as long bone fracture plate fixation. As per
results obtained in this chapter, the developed structure can retain its stiffness for more than five
million cycles at 50-60% of UCS with negligible fatigue damage, which is enough time for bone
remodeling and regeneration to provide a complete union at fracture site. Moreover, thermographic
analysis has been shown to be a successful tool for the rapid determination of fatigue strength of a
composite biomaterial. The HCFS from thermographic analysis was determined by intersecting
two linear regions and was in a good accordance with the range obtained for the HCFS using the
conventional test methods.

Although, two Glass/Flax/Epoxy structures used in this study provide enough information which
can be used as a base line for future comprehensive studies on this material. However, it is
necessary to determine the effect of other variables on mechanical properties, such as fiber volume
fraction, fiber orientation, type of resin, and manufacturing process such as curing cycle. The
unidirectional fiber orientation was adequate enough to obtain the present material’s maximum
axial and bending properties. Also, the results of experiments on [0g,/+45g¢]g laminate provide
good understanding to anticipate the behavior of changing fiber orientation on overall mechanical
properties of the overall structure. It has been observed that slanted fiber orientation compromises
the axial and bending mechanical properties but possibly, it could enhance the shearing and
torsional properties [156].
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Furthermore, in biomechanical studies the clinical loading regimes include axial compression,
flexural bending and torsional dynamic loading in order to simulate a more realistic loading
condition for a femur fracture fixation system [157]. For example, physical activities such as stair
climbing or raising from a chair induce high torsional and bending loads. Thus, it is recommended
for a future investigation to conduct torsion tests. Furthermore, investigating the performance of
this composite material under impact, cyclic tension, cyclic bending, and cyclic torsion can further
expand the body of knowledge of this material compare to CF/Epoxy or Glass/Epoxy composites
, and also will help other industries to adopt it for structural applications confidently [156].

Another limitation of this work is the curvature of the plate which plays an important role in the
stabilization of the bone fragments at the fracture site [158, 159, 160]. All specimens used in the
current study were straight rather than curved which may affect the overall stiffness and the
ultimate strength of the composite plates. For example, the compressive load-to-failure can be
reduced due to curvature since the curved specimen will more prone to buckling [24]. Therefore,
further mechanical testing is required on curved composite specimens to consider the overall

lateral effect of curvature on the mechanical performance.

Finally, one important aspect to be considered in future work is biocompatibility. Bagheri et al.
[157], conducted a comparative biocompatibility study including cytotoxicity and osteogenesis
tests on a very similar sandwich structure consisting same flax fiber and epoxy hybrid with a layer
of carbon fiber ply on each side. The CF/Flax/epoxy specimens showed comparable cell viability
with no cytotoxicity at all incubation times to that of medical grade stainless steel. In addition,
osteogenesis test results showed that bone formation genes’ expression levels induced by
CF/Flax/Epoxy were significantly higher than those induced by the control. This shows the
potential of the hybrid structure to promote bone growth. Also, Ballo et al. [18] investigated the
bone tissue response to glass fiber reinforced composite implants to evaluate in vivo bone-to-
implant contact and the osteoconductive capacity of bioactive fiber-reinforced composite implant
(FRC). The results suggested that the FRC implant is biocompatible with bone. The biological
behavior of FRC was comparable to that of Ti after 4 and 12 weeks of implantation. Furthermore,
the addition of bioactive glass to the FRC implant increased peri-implant osteogenesis and bone
maturation [33, 34, 161].
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