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Abstract

Preliminary Investigation of a Flax-Epoxy CompodWaterial for Orthopaedic Applications
Master of Applied Science, 2012
Kamil Shami
Mechanical Engineering
Ryerson University

In this dissertation, a preliminary experimentaldy was done on a flax-epoxy prepreg to
determine its suitability as a composite matemal rhaking bone fixation plates. The research
involved manufacturing, testing, data analysis, dedign and optimizing. The material was
found to have sufficient strength and mechanicaratteristics similar to those of bone, and
could be used for making bone fixation implantswitoper design or in combination with other
reinforcement fibres. The findings of this reseamk useful not only for using flax-epoxy
composites in designing bone fixation plates bsb dbr orthopaedic implants, such as joint

replacement, in general.
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1. Introduction

1.1 Composite Materials

Composite materials have replaced metallic mageiialvarious engineering applications in a
number of industries including transportation, apexe, pressure vessel and others. Some of the
advantages of composite materials are their ligightelow density and high strength to weight
ratio. Most importantly, what makes composite matersuperior to other types of materials is
their flexibility to be manipulated to achieve @nt desired properties that cannot otherwise be
achieved by the elementary constituent materialgher own. The properties of composite
materials are determined by the properties, ratas, orientation of their constituent parts. A
composite martial typically consists of a bondingtemial called the matrix, and one or more
reinforcing materials called the fibres. Examplds common matrices are thermoplastics
(polypropylene, polyester) and thermosetting (pliespepoxies), while examples of common

reinforcement include glass fibres and carbon §ibre

1.2 Natural Composites

One drawback of composite materials is that theylmmmore costly than the materials they are
replacing, often because of the high cost of theef. Environmentally, composite materials
made with synthetic fibres (glass, carbon etc.noaie recycled and have to be disposed with.
Research into reducing the costs associated withposite materials while making them
environmentally friendly has lead to the idea ohgsnatural fibres, taken from plants, as the
reinforcing material. Natural fibres are cheap, elydavailable and come from renewable source.
They include: jute, flax, hemp, ramie, kenaf, sigalf, henequen, cotton, coir, wood and others.
Flax fibres in particular were found to have supequalities suitable for composites and have
been studied both separately and as composites waitious types of thermoplastic and
thermosetting matrices. One type of flax fibre cosifes that has been recently developed is the
flax-epoxy prepreg in which flax fibres are pre-imagnated with epoxy and delivered to the user

in a frozen state.



1.3 Composites as Orthopaedic Implants

One area where there has been growing interesteiruse of composite materials is medical
implants. Traditionally, metals have been used raplants to fix fractured bones or as
orthopaedic replacement of joints. Metals haveditaavbacks of being susceptible to corrosion
in biological environments as well as being heawg having much higher stiffness than human
bones. The use of metallic implants as bone fixaptates affects the healing process of the
fractured bone since the implant, having a muchédngtiffness than the bone, ends up carrying
most of the body weight of the patient. This prdsesufficient formation of the callus since the
bone does need to experience stresses and stmisigmallus to growth and self-reparation.
Research has been done on the use of various ntatliimeomposites to replace metals in
medical implant applications. Examples of thatue carbon-carbon composites, glass-polymer
composites, carbon-polymer composites and othexaieMer, very little research has been done
on the use of natural fibore composites, especitdly composites, which are thought to have
mechanical properties similar to those of longicattones.



2. Research Objective

The purpose of this study is to determine the bilita of flax-epoxy prepreg composites for
making bone fixation plates. Samples of the flagygpprepreg composite material will be
subjected to a variety of mechanical tests inclgdiension, flexural and fatigue in order to
mechanically characterize the material and trydach the most suitable design (number of
layers, thickness, orientation etc) for the comigot be used as a bone fixation implant. The
results can also be useful for applications othantthose intended as the direct purpose of this
research such as the use of flax-epoxy composteméking joint replacements or even parts
for the aerospace or transportation industries.



3. Literature Review
3.1 Flax Fibres

Flax is probably the oldest easily cultivated falfibre known to mankind. It has been used for
centuries in fabrication of fine linens, ropes, snahd carpetsl]. In Modern times, Flax has
been the source of many products in the textilpepaand oil industrie?]. Additionally, flax
straw has been used in the building industry agdifphg material, building board, and
insulating and non-inflammable materid].[The widespread use of flax can be attributedsto

easy production and outstanding mechanical perfoceng].

A number of reports show that a lot of researchideesn done on flax fibres; however, interest in
using flax fibres as reinforcement in plastic mattomposites has risen only in the last few
decades because of their low cost, low density Bjgecific strength and specific modulus, low
corrosiveness, and widespread availability andweabdity in nature in many countries around
the globe I]. However, because of uncertainties and diffiesltin predicting their vastly
variable and scattered properties and the influehdeat on their derived polymeric composites,
flax fibres are often used in low grade applicasianly [4, 5]. For example, the use of flax
composites in the automotive industry has increés@dgreat extent recently as non-woven fibre
mats in interior panels6]. Pre-processed flax fibres, fibres mats, and inaous textile

reinforcement have been used to produce orienteki-gunidirectional flax-polymer composites

[7].

Flax has been found to posses the highest tertsfiegth among natural fibres. Mohanty et al.
provided the following average numbers for flaxé@bnechanical properties: tensile strength of
345-1100 MPa, Young's modulus of 27.6 GPa, andgeliion to break of 2.7-3.298][ Other
researchers have reported different numbers, famele, Baley and Lamy in one of their papers
gave an average Young's Modulus value of 54 GRafnd in another paper they gave a range of
30-110 GPalq]. Charlet et al. from their literature review refgal a tensile strength of 600 -
2000 MPa, Young's modulus of 12-100 GPa and ulertextsile strain of 2%®[. Aslan et al., by

looking at previous research as well as from tlo#n investigation, reported the following



ranges: tensile strength from 621 to 1834 MPa, Y&suModulus from 24 to 76 GPa, and strain
to failure from 1.3 to 3.3%.

Such large variations in mechanical propertiesvadiat by different researchers can be
attributed to the source of the fibres, their tmeatt and method of testing. Research has
uncovered that the properties of flax fibres sushdensity, tensile strength, and Young's
modulus depend on their internal structure and etedrsomposition which is in turn related to
the size the maturity of fibres as well as the mmdthdopted for their extractiod]]. Flax fibres
are made of micro fibrils which in turn are madeceilulose cells, and since each type of
cellulose has its own cell geometry and propertidggrent types of flax coming from different
fields can vary greatly in their propertiet].[ Flax fibres show variability in their cell wall
structure depending on growth conditions, levehwdturity and the effects of the retting and
decortication processes used to extract them fhain plants 4]. In addition, flax fibres are very
delicate and have a variable polygonal cross seatidhe order of micrometers and a length of
few millimetres making them difficult to measuredaadding to the difficulty in characterizing
them H].

Non-uniform geometric characteristics is a genérature of natural fibres. Flax fibres have a
polygonal shape with 5 to 7 sides and a non-cahstansverse diameter where the fibres are
thicker near the root and thinner near the 1i§J.[According to Baley the width of flax fibres lie
in the range of 5 to 76 um and the length in tgeaof 4 to 77 mm. The flax fibre is made of
highly crystalline cellulose fibrils spirally wound a matrix of amorphous hemicelluloses and
lignin, and the fibrils have a title angel of 10-dégrees with respect to the longitudinal axis of
the fibres hence displaying a unidirectional stet[12]. Flax fibres are arranged in small
bundles made of several elementary flax fibrededakchnical fibres, glued together by pectic
cement p]. Rowell et al. reported that elementary flax ébrcan be extracted from technical

fibre bundles and range in length from 5 to 88 nma i diameter from 10 to 40 purhd.

The cell walls of flax fibres contain numerous a#$eknown as kink bands which can be
observed with a scanning electronic microscope (BBiMbptical microscopy with a polarized
light [12]. These defects are a result of natural growtthefcells of flax fibres and the change of

their crystalline orientation, or can be the pradoicthe process of decortication in which the



fibores are separated from the plani®][ In flax fibre composites kink bands are highly
undesirable since it is believed that stress canaon around these defects can act as the

initiator of fibre-matrix debonding as well as ttoemation of micro-cracks in the matrig4].

3.2 Flax Fibres Composites

Most biocomposites (natural fibore composites) cstnsf a polymer as the matrix and a natural
fibre as the reinforcement and can be divided imto main categories: thermoplastic and
thermosetting composite&][ Thermosetting polymers have mechanical qualf@@superior to
thermoplastic polymers thus most researchers pedfzar composites using thermosetting resins
as the matrix15]. The mechanical properties of natural fibre cosifes depend on a number of
parameters including fibre strength, length anekrddtion and the strength of the interfacial
fibre-matrix bond. Some researchers have foundriwatifications, treatment, and processing of
fibres as well as the addition of small amountscbémicals such as dicumyl peroxide or
benozoul peroxide improve resistance to moistuggattation of the interfacial matrix bond and
significantly improve the mechanical propertiestltd composite16]. Others such as Stuart et
al. in their study of the mechanical propertiestreated and untreated flax reinforced epoxy
composites found that the use of enzyme chelatolog ta good environmentally friendly way of

improving the quality of flax fibres for composag@plications 17].

The tensile strength of flax reinforced compositgesletermined by the tensile strength of the
fibres and to a great extent to the presence @ctlefand weak lateral fibre bond$. [Anderson
and Joffe studied the effect of discontinuity, igganent, and disorder in the fibre spacing in
the matrix, due to the presence of fibre bundlaghe strength of flax fibre-polymer composites
[7]. They produced a theoretical model of a polyneénforced by perfectly aligned, continuous,
and regularly spaced flax fibres and compared tlesults to experimental results from currently
available flax-polymer composites. It was foundtttie current composites are 30% lower in
tensile strength and stiffness from what is thecaély achievable through better processing and
separation of flax fibre bundles into elementatyrds [/]. Similarly, Charlet et al. concluded
from their study that the fact that fibres existtire shape of small bundles in their derived
composites may be responsible for low compositehsugical properties compared with those

expected form the elementary flax fibrég [



Baley et al. have studied the longitudinal anddvanse tensile behaviour of unidirectional flax
composites and found that the failure mode is eemplex: cracks appear not only in the matrix
and the fibre-matrix interface but also within fitees and fibre bundles themselvas][ They
reported an average longitudinal Young's Modulu$®fGPa and a Transverse Modulus of 8
GPa [L8]. In another study, Baley and Lamy reported a itanal modulus of elasticity for
unidirectional flax-epoxy composites that rangednfr18 GPa to 30 GPa based on a fibre
volume fraction ranging from 30% to 50%0]. Similarly, Charlet et al. in their survey of
literature reported that the properties of unidimwl flax composites were 200 MPa for
strength and 20 GPa for Young's Modulus at a fimteme fraction of 40%9].

Van Raemdonck et al. performed three-point flexbeaiding tests on unidirectional flax-epoxy
prepregs and reported the flexural modulus of ieiagto range from 5 and 10 GPa and flexural
strength from 110 to 170 MP&9). They also tested the effect of having an exa&idan layer on

the outsides of the flax composite and found thatrhodulus of elasticity is almost tripled and
the bending strength is more than doubled. Howdteir results had high variations which the

author contributed to insufficient adhesion of taebon fibres to the core flax materiaf].

Aslan et al. found that flax fibres have both linaad non-linear stress-strain behaviour with the
linear behaviour giving a higher tensile strengtid &'oung's modulus, and a lower strain to
failure than the non-linear behaviodi.[They suggested that the two types were cormhaith
defects resultant from processing where the lowlycgssed fibres revealed only the linear
behaviour while the highly processed fibres showeth linear and non-linear behavioud. [
The same study concluded that fibres had a complero-scale fracture mechanism with large
fracture zones governed by surface and internaatiefcausing crack propagation in both the
longitudinal and transverse directiod$. [

Charlet et al. reported that when a flax fibréeissile loaded up to failure, the stress-straiveur
shows a non-linear domain from a strain of aboB8%0until about 1.5% before becoming linear
again p]. The same study showed that when testing thdsesfiin their derived polymer
composites, the shape of the stress-strain cuogd®d like those of the elementary flax fibres
meaning that the adhesion between the fibres amanttrix is of a good quality, and that the

fibres deform within their composites in the saneywhey do individually although they are in



the form of bundles rather than elementary fibfs They also found that the reinforcement
efficiency of flax fibres just before the composiagdure did not exceed 30% meaning that only
one third of initially embedded fibres were actydiearing the load just before fracture. This
may be explained by the development of sliding witthe fibre bundles throughout the test

period and also the thermal damage undergone bibties during processiné].

Romhany et al. observed the failure sequence of filares, using SEM, to follow these
superimposed steps: longitudinal splitting along loundaries of fibres, transverse cracking of
the fibres, and lastly fracture of fibres and thwicro-fibrils [3]. Van Raemdonck et al. in their
study of flax-epoxy prepregs observed from SEM iesathat resin residue can be seen on the
fracture surface which suggests that the fiboreewem apart before the resin had released the

fibres indicating good adhesion between the flare and epoxy resii9].

Moisture absorption is yet another issue that caatty affect the overall performance of flax
composites. Moisture sorption can influence theedisional stability of flax composites and
lead to decomposition and forming of micro-cracksaddition to fungal degradation if the
moisture content is sufficiently highL9]. Chemical treatment of fibres can reduce moisture
absorption by altering the surface chemistry of fibees [2, 6]. Also, stronger intermolecular
fibre matrix bonding through the use of additivesagll the application of insulating coating to

the composite can significantly improve moisturgisence of the flax fibre4].

Van Raemdonk et al. used Dynamic Vapour Sorptio§Panalysis to study the extent of
moisture absorption in samples of hackled long, flaxreated flax fabric, and both uncured and
cured flax-epoxy prepregs. They found that untebfiex fabric had lower moisture uptake than
loose hackled long flax while prepreg fabric hadiéo moisture uptake than both and reported
the following numbers for percentage changes imtass of fibres (from initial dry mass): loose
long hackled flax 15%, untreated flax fabric 12%gcured flax-epoxy prepreg 4%, and cured
flax-epoxy prepreg 2%1P]. European standards specify that a moisture eptdkl0% is the
critical limit for applications under wet and hun@dnditions [L9].

Van Raemdonk et al. also performed Basidiomyceténig to evaluate the resistance of flax

fibres to white and brown rot (biological fungalgdadation). They found that the mass loss of



the treated fabric composite based on a prepregriaatid not exceed 3% when decayed by
either brown or white rot fungus while the compesitmade of untreated flax fibres showed a
mean mass loss of up to 35%9]. Based on European standards, a critical vallB®ofnass loss

due to biological degradation indicates the acd®ptéungal resistance of a material under

humid and wet condition4.9).

One of the most successful flax composite technefodpas been the flax-epoxy prepregs
developed by a European company called Lineo. laradle in the JEC composite magazine in
December 2007 named "Flax-Epoxy Prepregs Leadmgate” the author listed the advantages
of flax fibre composites and prepreg compositeparticular. The properties of flax fibres are
similar to those of standard glass fibre, howe¥lax fibres have a lower density than glass
fibres and even carbon fibres with the added adwpnbdf having vibration absorption qualities
just like natural fibres in gener&é(]. Similarities between flax and carbon fibres sashhaving
almost a zero coefficient of expansion and a bedakgation of about 1.5% is an added value
which allows for the making of high-performancexti@arbon hybrid composite2(]. The two
most significant problems of flax composites are ploor adhesion between flax fibres and the
resin and the tendency of flax fibres to absorbstooe. The use of the prepreg technology helps
overcome these obstacles by creating strong fitatxnbonds and limiting the water uptake of

flax fibres to only 2% which is similar to whatfisund in glass and carbon compositag].|

3.3 Fibre Composites as Orthopaedic Implants

In bone surgery, metallic implants are usually usedix fractures due to their high strength,
toughness and easy machining. However, metal ingplaave two important drawbacks:
susceptibility to corrosion in biological mediunasd over-stiffening due to the large difference
between the Young's modulus of metals and thatarfeb[21, 22] Therefore, search for
alternative materials has occupied the minds ofymasearchers. Fibre reinforced composites
have been studied as a substitute to metallic implaecause of their microstructural similarity
to bone tissue and flexibility of their mechanigabperties[23, 24} The use of composites as
implants in medical application is conditioned I thiofunciontality and biocompatibility of
both the fibre and matrix where biofunciontality ans that the mechanical properties of the

material should as closely as possible match thbsise bone tissue and biocompatibility means



that the chemical properties of the composites Ishba compatible with those of the natural
tissue R5).

It is very important for biofuncionality that theomposite material is capable of producing
implants with high strength, high fracture energy 0w Young's modulus close to that of the
bone tissue which is about 20 GPa. Chlopek and &pwinted out that this can be achieved by
having composites with two dimensional, three disi@mal or even multi-dimensional fibre
orientation. They gave carbon composites as an jgbeaaf this where a unidirectional carbon
composite has a Young's modulus of 50-300 GPa, diwensional of 20-30 GPa, three-
dimensional of 10-20 GPa, and multidimensional-401GPa 25]. Also, the arrangement of the
fibres affects the porosity of the matrix (poreesiand distribution) which is decisive for

biocompatibility given by both biological reactiand fixation to the bone tissue5].

The selection of an appropriate matrix materiapasticularly important since its properties
affect not only the mechanical properties of thenposite but also its biological ones such the
capability of fixation to the bone tissue; howewée great difficulty in obtaining biocompatible
composites remains finding biocompatible fibr2§|[ Different references suggest a variety of
biocompatible materials that can serve the rolehef matrix: HAP (Hydroxyapatite), TCP
(Tricalcium Phosphate), bioglasses, inert ceramiest and resorbable polymers (PSU, PLA,
GLA, PEEK, Epoxy) and carbon materials while biaftional reinforcing fibres include: HAP,

Alumina, bioglasses, carbon, and polylac{i2e-31].

Chlopek and Kmita observed two mechanisms of foratbetween Carbon-Carbon composite
implants and the bone which depends on the porositye composite material. In unidirectional
composites, which have small pores, mechanical ibgrithppens only at the surface as it is the
case with metallic implants. However, in three-disienal composites, the composite pores are
larger (mean pore diameter is 100 pm) and creat®an system of channels near the surface of
the implant which allows for bone tissue growthoitihe implant 25). This type of bonding is
much stable than sole surface bonding since theposiie implant can undergo gradual

degradation under biological conditior2s].
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Implants can also be made of polymer compositese&eh by Chlopel et al. on developing
polymer implants for hip joint replacement founaitthe best results were obtained when using
carbon-epoxy composite83]. These composites were found to be perfectly bidmanically
compatible with the bone tissue, but at the same tnferior to Carbon-Carbon composites due
to their low porosity which did not allow for therfnation of biological ingrowth bond2%).
Chlopek et al. as well as Stoch et al. suggestithatich a case, the bonding strength can be

increased by coating the composite material byragéa bioactive materif3, 34}

Some researchers have looked into employing nafime composites as bone implants and
fixation plates. Chandramohan and Marimuthu haveedextensive work on designing and
testing sisal, banana, and roselle polymer comgm$ilr bone replacements or bone fixing plates
[35, 36] They applied a variety of tests including moist@bsorption, flexural, tensile and
impact tests on their samples and observed, uskid, Shat the forms of failure of these
composite varied based on the type of fibre orridybf fibres used for reinforcement where
some composites where more brittle while some éxpeed more fibre pull-out than others
[36]. Composites which exhibited more fibre pull-outeve found to be superior at withstanding
impact B6]. They also found that the presence of moisturdaéncomposites weakens the fibre-
matrix interface, leads to poor stress transfed, rauces the flexural strengtB5]. To remedy
this problem, they recommended the use of calcihosphate and hydroxy apatite as external
coating[35, 36] They concluded that by comparison to stainlesslstobalt chrome, titanium,
and zirconium implants, sisal, banana, and roselleposites were suitable as promising implant

materials for both internal and external fixatidrfractured bonef35, 36]

3.4 Challenges in Designing Bone Plates

Bone plates are used to hold fractured bone segmimly in position thus providing
immobilization at the fracture site and allowingnpary bone healing and endosteal callus
formation B7]. Plates made of stainless steel, titanium, aizhk-chromium alloys are suitable
for this purpose. However, studies have shown ftiimathigh Young's modulus of metal plates
results in the majority of the load being born bg metallic plate while very little is taken by the
bone itself which is known as stress shieldiBg].[ Experimental studies such as the one done

done by Tonino et al. showed that the lack of stieghe bone leads to the prevention of callus
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formation, ossification and bone union which causeth the fractured part and the whole bone
to become osteoporosi8g. Tayton and Bradley found that the design andenmlt of bone
plates should allow for at least 2% compressivairstat the fracture site to improve callus
formation at the initial stage of healing9. These recommendations are echoed by Perren who
found in his study that appropriate mechanical slirs such as relative micro-movement at the
fracture site stimulated generation of callus #ssand that interfragmentary strains (strains at
the fracture) ranging from 2% to 10% were the naggbropriate condition for healing bone

fractures 40].

Claes conducted an experimental study in whichdrepared two plates of different stiffness
values but similar dimensions: a stainless steskbphnd a carbon fibre reinforced carbon (C-C)
plate where the C-C plates were 3.2 lower in ggfithan the stainless plates and both were
implanted in adult male foxhounds and left for 2deks f1]. The results of this study showed
that the loss of bone and decrease of mechaniopkpres beneath the plates were significantly
higher with the more rigid stainless steel platempared to the C-C plated4l]. The bones
treated with stainless plates were 7% smaller os<rsectional area and had a modulus of
elasticity 27% lower than those treated with C-@tgd which corresponds to results of studies

done by Uhthoff et al., Comtet et al., Woo etahd Tonino and Klopper as wedl]].

This situation has created the need for finding-#tiffness material that would allow for a
healthy bone healing at the fracture location winilaintaining the two ends of the fractured
bones firmly immobilized. If the bone callus mastis assumed to be isotropic and homogenous
the values of its Young's modulus can be reporseidliows: 20 GPa for intact bone, 15 GPa for
fractured bone at 75% healing, 10 GPa for fracturede at 50% healing, and 0.01 GPa for
fractured bone at 1% healing].

Benli et al calculated that a suitable Young's nhaslof a low-stiffness plate material would be
equal to 7.36 GPa compared to the Young's moddldd® GPa found in titanium alloy plates
and 200 GPa in stainless-steel platgg.[ They performed numerical simulations of a bone
fixation plate with a stiffness of 7.36 GPa undesoanpression stress of 2.5 MPa (for a patient

weighing 80 kg) and found that the low-stiffnesstel is capable of carrying the same
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compressive load as metallic plates while increasie portion of the load transferred to the

fractured area which induces accelerated healiddests to a healthier and stronger b&#. [

It is absolutely important that both the axial drehding stiffness of a low-stiffness composite
plate is high enough to prevent excessive microen@nt at the fracture location which could
jeopardize the healing process while being low gholor interfragmentary strains that would
allow for a healthy healing process. Kim et al.fpened a finite element analysis on the healing
effect of bone plates made of carbon-epoxy (WSN3HKhd glass-polypropylene (Twintex)
composites. They found that Twintex composites bolages ([0]s), whose Young's modulus
was 20 GPa in the axial direction, provided the tmbsneficial interfragmentary strain
distribution and resulted in the highest healinig [d3]. In another study by Kim et al. on the
effect of the flexural stiffness on a variety ofrlman-epoxy composite plates ranging in axial
stiffness from 70 GPa to 240 GPa, it was found iftgrfragmentary strain varied not only with
the bending stiffness but also with the contactddam of the bone platetfl]. This necessitates
that care should be taken in both of the seleatiothe material and the design of the plate to
make sure that the composite plate allow for encughl strain while limiting movement due to

bending loads.
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4. Methodology

The methodology used in this research work was Imaxperimental but included some rough
analytical estimations. The task at hand was tdystbe mechanical suitability of a flax-epoxy
prepreg composite to be used in making implantsbfmm fixing surgery. Literature survey
showed that the properties of flax fibore composutased considerably depending on the type,
source, and degree of processing of the flax fibféss made it necessary to do our own in-
house characterization of the flax-epoxy prepregmusite under study. Besides mechanical
testing, parameters related to manufacturing haldet@onsidered carefully. This included the
parameters of curing cycle such as time, temperatnd pressure which is explained in further
details in the following sections.

4.1 Manufacturing

The absence of high quality manufacturing equipnfentcomposite materials posed a real
challenge to optimizing the manufacturing procd9se manufacturing was done using a very
small mould and a small industrial oven modifiedhwa custom made hydraulic pressure
system. This produced plates measuring 3" by 1lithwvere later cut using abrasive water jet
technology to produce the test samples. This psos@s a limiting factor both qualitatively and

guantitatively since it made it hard to produceaé number of samples in a short period of
time or to accurately arrive at the optimal mantifang pressure. For example, the

manufacturer of the flax-epoxy prepreg specifiedliBerent possible curing cycles for the

material, however, only three cycles, at the minimintermediate and maximum temperatures,
were tested due to time limitations. The optima&ssure was decided experimentally by making
a number of composite plates at different pressanelsusing visual inspection to decide which

pressure yielded the most consolidated composate gl

4.2 Testing

Testing of the composite flax-epoxy samples wagdidhto mechanical testing for the purpose of
the characterization of the material. This consdisté tensile, flexural, and fatigue tests of
samples made with different curing cycles and #iewdint fibre orientations: unidirectional and

two-directional. This helped define the basic mateproperties such as longitudinal and

transverse strength, Young's Modulus, transversautas, shear modulus, and Poisson's ratio.
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Most test samples were made of 16 layers whichymed samples with the thickness of 3 mm
except for a few samples which were made of 22rtagad had a thickness of 4 mm. The width
and length of the test samples varied based otigahtesting consideration and ASTM standard
recommendations for polymer matrix composite malteri D3093/D3093M - 08 (tensile),
D7264/D7264M - 07 (flexural) and D3479/D3479M - @&tigue).

4.3 Implant Design and Optimization

Mechanical characterization was used to desigrotofype of a bone fixation plate using rough
analytical estimations. The design variables wdriekhess (number of layers), width and
orientation of layers. Since the fibre-epoxy implaas to be compared with metallic implants it
was decided that its thickness and width (i.e. £ectional area) should be identical to those
made of metals or other composites (carbon etbg.tfickness of the design implant was 4 mm
which was achieved by using 22 layers. It was sy to take into account not only
longitudinal and bending loads but also shear lodtierefore, the composite implants were
designed to be made of about 65% unidirectionae$il{in the direction of the axial load) and
35% fibres oriented at plus and minus 45 degreéss Tonfiguration was found, based on
analytical estimations, to provide suitable resistain the longitudinal direction while providing
some resistance against in-plane shear loads. @signrdneeded to strictly meet the following
criteria: a Young's modulus and flexural modulussel to that of the human bone and
satisfactory strength and stiffness for baring tbth static and dynamic loads. For this purpose
the design was subjected to static tensile andibgridsting as well as dynamic fatigue testing.
The implant design was not found to have sufficilekural strength and an alternative

optimized design was suggested.
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5. Manufacturing
Manufacturing test samples followed two major stéggout and curing. The flax-epoxy prepreg
came in a big roll that had to be maintained imczén state to prevent the epoxy from curing

over time at room temperature.

5.1 Layout

Individual layers were cut out of the prepreg iallthe desired fibre direction. Layout of the
layers followed according to the desired desigridiuectional, transverse, quasi-isotropic etc.).
The mould was cleaned and covered with the relagsat and eventually the composite was
placed in the mould which was put in the oven anmgjexted to the desired pressure. Photos of

the layout process are shown in Figure 1 to Figure

5.2 Curing

Two of the curing cycles specified by the manufeamtu(at the maximum and minimum
temperatures) where tested for the purpose of cosgpa In the first one the curing was done at
110°C for 2 hours and in the second one at 150t¥G@ominutes. In addition, a third curing
cycle was tested were a number of cycle were comebito produce plates cured at an
intermediate temperature. The ramping of tempesatvas done at 2°C degree per minute and
pressure was applied using the custom made sy3teenappropriate pressure was decided by
trial and error were the manufactured samples wespaected visually for the appropriate level of
consolidation and the optimal pressure for 16-lay@nposites (majority of the samples were

made of 16 layers) was found to be in the rang&®to 4 bars.

Figure 1: Mapping and cutting of prepreg Figure 2: Composite role with layers cut out
composite layers 16



Figure 3: Composite layers before lay-up Figure 4: Lay-out of composite layers

Figure 6: Composite plate inside
the mould

Figure 7: Pressure system inside the
oven
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6. Testing

The majority of testing consisted of tensile tegtihowever, flexural tests and fatigues testing
were done as well. All in all 57 samples were wsdad their results were analyzed. Two
different machines were used, one for static tereild bending testing and another for fatigue

testing.

6.1 Tensile Test

Tensile tests were performed on unidirectionahdvarse, and two-directional samples cured at
three different temperatures: 110°C, 150°C andchtarmediate temperature between 110°C and
150°C. The tested samples consisted of 21 unichreadt samples ([Q}), 6 transverse samples
([90]16), 5 symmetrical [0,9QF samples, 5 symmetrical ([+45,-45] samples, 4 isotropic
([0,45,90,-45)s) samples, 2 symmetrical [+45,-45] samples, andrBnsgtrical samples with a
[0,0,0,45,0,-45,0.. 2% configuration. All samples were made of 16 layexsept for the last 3
which consisted of 22 layers. The tensile testsewdone on a UNITED machine linked to
computer system with a DATUM software to collectedt data. The testing speed was 2
mm/min and an extensometer was used to measurgagion. A 50 kN load cell was used in all
the tensile tests. In a few samples, strain gaugése transverse direction were used together
with the extensometer in order to find the Poisseatio and shear modulus. Photos of the tensile

test are given in Figure 8 to Figure 11.

Figure 8: UNITED tensile test Figure 9: A view of the grips
machine 18 used for tensile testing



Figure 10: Tensile test with extensometer - Figure 11: Tensile testing with extensometer
close view

6.2 Bending Test

Three-point bending tests were performed on urstoral and two-directional samples cured at
two different temperatures: 110° C and 150° C. deesamples consisted of 7 unidirectional
samples of 16 layers each and 3 symmetrical samyitflesa [0,0,0,+45,0,-45,0.24

configuration of 22 layers each. The bending tesie also done on the UNITED machine
connected to computer system with the DATUM sofewvdihe testing speed was 0.5 in/min and
a 500 N load cell was used in all the bending té&tstos of the bending test are given in Figure
12 to Figure 15.

Figure 12: Bending test - close view Figure 13: Bending test
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Figure 14: Bending test - near thed of Figure 15: Bending test - near the end of test
test side view

6.3 Fatigue Test

Fatigue testing was done on 3 samples with a [3;85)0,-45,0...}s configuration, made of 22
layers and cured at 110 °C . Dynamics loading weaats33%, 50%, and 65% of the maximum
static failure load found previously from tens#sting. The fatigue test was done in tension-
tension with a frequency of 10 Hz on a hydraulichiae connected to computer

software for control and data collection. Phototheftest are shown in Figures 16 and 17.

Figure 16: Fatigue testing Figure 17: Fatigue testing - close
view
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7. Results

7.1 Tensile Test Results
Summary of tensile test results of unidirecticsehples made of 16 layer and cured at different
temperatures is given in Table 1.

Table 1: Longitudinal tensile test results of uredtional samples

Sample | Width | Thickness Area Curing Failure | Ultimate | Failure | Young's
Number Temperature Load Tensile Strain | Modulus
Strength
mm mm mm °C kN MPa % GPa
T1 15.5 2.74 42.6 110 11.8 276 1.21 20.6
T2 15.5 3.14 48.8 110 14.2 291 1.28 20.8
T3 15.3 3.06 46.8 110 14.1 301 1.28 21.6
T4 15.6 3.02 47.2 110 14.1 298 1.23 22.1
T5 15.0 3.15 47.4 110 12.6 266 1.10 21.5
T6 15.5 2.66 41.2 110 12.7 308 1.26 21.9
T7 15.5 3.38 52.4 110 11.2 225 1.39 13.5
T8 15.5 3 46.5 150 14.5 312 1.13 25.6
T9 13.8 3.16 43.6 150 12.4 283 1.38 18
T10 15.7 2.88 45.1 150 15.4 342 1.34 23
T11 15.0 3.21 48.1 150 14 291 1.06 21.6
T15 15.4 2.95 45.5 150 13.6 299 1.07 25.9
T16 15.5 3.06 47.3 150 14.3 313 1.12 25.3
T17 15.4 3.03 46.6 150 13.9 306 1.10 25.7
Al 26.1 2.97 77.5 Intermediate 27.7 358 1.47 22.4
A2 24.8 2.92 72.4 Intermediate 25.6 353 1.59 22.6
A3 26.2 2.88 75.3 Intermediate 21.9 291 1.28 21.9
A4 24.8 2.90 71.9 Intermediate 24.2 336 1.39 25.2
A5 24.8 2.90 71.9 Intermediate 25.8 359 1.60 22.2

21



The ultimate tensile strength, maximum strain, ¥odng's modulus of all the unidirectional

samples tested in the longitudinal direction axeegiin Figure 18 to Figure 20. Further

discussion of these results is found in the Didonssection.

(edN) Ybuans sisua L srewn|n

T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T15 T16 T17 Al A2 A3 A4 A5

Sample Number

Figure 18: Ultimate strength of unidirectional saasp
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Figure 19: Maximum strain of unidirectional samples
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Figure 20: Young's modulus values of unidirectioseahples
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Summary of transverse test results of unidirectisamples made of 16 layer and cured at two
different temperatures is given in Table 2.

Table 2: Transverse tensile test results of urstivaal samples

Sample| Width | Thickness Area Curing Failure| Transverse Failure| Transverseg
Number Temperature Load | Strength | Strain | Modulus
mm mm mm °C kN MPa % GPa
T18 19.5 3.06 59.5 150 1.595 26.8 0.866 4.36
T19 19.1 3.07 58.7 150 1.5511 26.4 0.76 4.28
T20 18.9 3.22 60.7 150 1.779 29.3 0.8p4 4.99
T21 18.7 3.00 56.( 110 1.083 19.3 1.16 2.78
T22 20.0 3.03 60.7 110 1.198 19.7 1.12 3.31
T23 18.5 3.02 55.7 110 0.990 16.3 1.13 2.47

Summary of longitudinal test results of two unidirenal samples cured at different
temperatures and aimed at finding the Poisson odilbe material is given in Table 3. Summary
of test results of two plus and minus 45 samplegdiat finding the shear modulus is given in
Table 4.

Table 3: Poisson's ratio at different curing terapges

Sample | Width | Thickness Area Curing Poisson's
Number Temperature Ratio
mm mm mm °C GPa
P1 14.8 3.17 46.9 150 0.31
P2 16.9 3.06 49.2 110 0.36
Table 4: Shear modulus
Sample | Width Thickness Area Numbe Curing Shear
Number of Layers| Temperature | Modulus
mm mm mm °C GPa
S1 25.2 3.65 92.126 20 150 2.27
S2 24.6 3.06 75.3372 16 150 1.67
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The ultimate transverse strength, failure stramg, @ansverse modulus of all the unidirectional
samples tested in the transverse direction arengiv€igure 21 to Figure 23. Further discussion
of the results is found in the Discussion section.
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Figure 21 Transverse strength of unidirectional samples
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Figure 22: Maximum transverse strain of unidirecsiosamples

Young's Modulus (GPa)

T18 T19 T22 T23

T20 T21
Sample Number

Figure 23: Transverse Young's modulus of unidioceal samples
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Summary of tensile test results of unidirectiorrad &wo-directional samples made of 16 layer

and cured at an intermediate temperature betwe@ri &nd 150 °C is given in Table 5. Tensile

test results of design samples made of 22 layeesicat 110 °C is given in Table 6.

Table 5: Tensile test results of unidirectoinal &mnd-directional samples

Sample | Width | Thickness Area Orientation Failurg Ultimate | Maximum| Young's
Number Load Tensile Strain Modulus
Strength

mm mm mm kN MPa % GPa

Al 26.1 2.97 77.5 [Q} 27.7 358 1.47 224
A2 24.8 2.92 72.4 Qb 25.6 353 1.59 22.6
A3 26.2 2.88 75.3 Qb 21.9 291 1.28 21.9
Ad 24.8 2.9 71.9 [Qk 24.2 336 1.39 25.2
A5 24.8 2.9 71.9 [Q} 25.8 359 1.60 22.2
A6 26.2 2.99 78.3 [0,96] 12.4 158 1.03 11.8
A7 24.7 2.92 72.1 [0,9¢] 11.9 165 1.25 10.5
A8 26.2 3.07 80.3 [0,9¢] 13.6 170 1.42 10.0
Al13 26.2 3.07 80.3 [0,99] 14.7 184 1.42 10.3
Al4 24.8 3.04 75.3 [0,90)] 13.6 180 1.47 104
A9 24.8 2.93 72.8 [0,+45,90,-45] 10.4 143 1.38 8.00
Al10 26.1 2.85 74.4 [0,+45,90,-45] 10.8 145 1.40 7.90
Al15 26.2 2.9 76.1 | [0,+45,90,-45] 12.9 170 1.53 9.00
Al6 24.9 3.1 77.2 [0,+45,90,-43] 12.1 156 1.80 7.90
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Table 6: Tensile test results of design samples

Sample| Width | Thicknesg Area Orientation Failure Ultimate | Failure | Young's
Number Load | Tensile | Strain | Modulus
Strength

mm mm mm kN MPa % GPa
[0,0,0,+45,0,-

T12 155 4.2 65.0f 45,0,....... 11s 11.9 186 1.18 8.10
[0,0,0,+45,0,-

T13 15.6 4.11 64.2 45,0,....... 11s 13.6 209 1.26 14.5
[0,0,0,+45,0,-

T14 15.7 4.21 65.9 45,0,....... 11s 13.6 206 1.20 15.0
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The ultimate tensile strength, maximum strain, ¥odng's modulus of all the unidirectional and
two-directional samples cured at an intermediatgerature and tested in the longitudinal
direction are given in Figure 24 to Figure 26. Rartdiscussion of these results is found in the

Discussion section.

Ultimate Tensile Strength (MPa)

A7 A8 Al13 Al4 A9 Al0 Al5 Al6

Sample Number

Al A2 A3 A4 A5 A6

Figure 24: Ultimate tensile strength of composwas different ply orientation
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Figure 25: Maximum strain of composites with diéfiet orientation
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Figure 26: Young's modulus of composites with défe ply orientation
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The ultimate tensile strength, maximum strain, ¥odng's modulus of the three design samples
cured at 110 °C temperature and tested in thetiotigal direction is given in Figure 27 to

Figure 29. Further discussion of these resulteusd in the Discussion section.
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Figure 27: Tensile strength of design samples
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Figure 28: Maximum strain of design samples
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Figure 29: Young's modulus of design samples
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Graphs showing the tensile behaviour of unidire@lsamples T4 (cured at 110 °C) and T17
(150 °C) and design sample T13 are given in Fig0réo Figure 35 in which stress is plotted

against strain. Further discussion of these grapfmind in the Discussion section.
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Figure 30: Tensile behaviour of unidirectional séemp4 cured at 110 °C
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Figure 31: Young's Modulus of unidirectional sampfecured at 110 °C
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Figure 32: Tensile behaviour of unidirectional séampl7 cured at 150 °C
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Graphs showing the tensile transverse behaviounigfirectional samples T22 (cured at 110 °C)
and T18 (150 °C) are given in Figure 36 to Figu®eir3 which stress is plotted against strain.
Further discussion of these graphs is found itiseussion section.
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Figure 36: Transverse behaviour of unidirectiomahple T22 cured at 110 °C
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Figure 38: Transverse behaviour of unidirectiomahple T18 cured at 150 °C
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7.2 Bending Test Results

Summary of bending test results of all 16-layedusictional samples cured at 110 °C and 150

°Cis given in Tables 7 and 8.

Table 7: Bending test results for unidirectionahpées

Sample | Width | Thickness| Area Curing | Failure | Ultimate | Maximum | Max
Number Temperature Load Surface | Deflection| outer
Strength surface
Strain
mm mm mm N MPa mm %
B4 15.4 3.02 46.57 110 203 260 16.1 2.03
B5 15.7 2.98 46.7 110 208 269 13.9 1.73
B6 15.6 3.21 50.1 110 179 200 9.15 1.22
B7 15.3 2.78 42.5 110 87.4 133 5.93 0.687
B8 15.7 3.01 47.3 150 250 316 12.3 1.54
B9 15.0 3.09 46.2 150 223 260 10.5 1.35
B10 15.3 3.02 46.1 150 258 333 12.1 1.%2
Table 8: Regional and average flexural modulusegfor unidirectional samples
Sample | Width Thickness Area Curing Initial Middle Final Average
Number Temperature Flexural | Flexural | Flexural | Flexual
Modulus | Modulus | Modulus | Modulus
mm mm mm GPa GPa GPa GPa
B4 154 3.02 46.57 110 27.2 15.7 6.12 16.5
B5 15.7 2.98 46.7 110 28.5 16.5 6.98 17.3
B6 15.6 3.21 50.1 110 28 16.1 6.95 17
B7 15.3 2.78 42.5 110 23.2 12.3 - -
B8 15.7 3.01 47.3 150 27.1 - 11.5 22.3
B9 15.0 3.09 46.2 150 26.4 - 8.19 23.%
B10 15.3 3.02 46.1 150 28.4 - 12.9 24.1
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Summary of bending test results of 22-layer desanples cured at 110 °C is given in Tables 9

and 10.
Table 9: Bending test results for design samples
Sample | Width | Thickness Area Orientation Failurg Ultimate | Maximum | Max
Number Load Surface | Deflection| outer
Strength surface
Strain
mm mm mm N MPa mm %
[0,0,0,+45,0,-
Bl 15.8 4.1 64.6 45,0,....... 11s 235 219 21.7 1.96
[0,0,0,+45,0,-
B2 15.6 4.12 64.4 45,0,....... 11s 175 163 12.6 1.15
[0,0,0,+45,0,-
B3 15.7 4.37 68.6 45,0,....... 11s 134 111 5.83 0.562
Table 10 Flexural modulus values for design samples
Sample| Width | Thicknesg Area Orientation Initial | Middle Final | Average
Number Flexural | Flexural | Flexural | Flexual
Modulus| Modulus| Modulus | Modulus
mm mm mm GPa GPa GPa GPa
[0,0,0,+45,0,-
Bl 15.8 4.1 64.6 45,0,....... 11s 23 13 5.42 13.8
[0,0,0,+45,0,-
B2 15.6 412 64.4| 45,0,....... 11s 21.6 11.4 4.08 12.4
[0,0,0,+45,0,-
B3 15.7 4.37 68.6| 45,0,....... 11s 20.2 N/A N/A N/A
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The ultimate failure loads, ultimate flexural stgdm maximum deflection, maximum outer-
surface strain and flexural modulus of all the ineictional samples tested in three point bending

are given in Figure 40 to Figure 44. Further discus of these results is found in the Discussion
section.
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Figure 40: Bending failure loads of unidirectiosamples
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Figure 41: Ultimate flexural strength of unidirexstal samples
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Figure 42: Maximum deflection of unidirectional gales
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The ultimate failure loads, ultimate flexural stgdm maximum deflection, maximum outer-
surface strain and flexural modulus of the desmynges tested in three point bending are given
in Figure 45 to Figure 49. Further discussion efthresults is found in the Discussion section.
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Figure 45: Bendindpilure loads of design samples
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Graphs showing the flexural behaviour of unidirecél samples B5 (cured at 110 °C) and B10
(cured at 150 °C) and design sample B1 are givefigare 50 to Figure 53 in which force is

plotted against deflection. Further discussiorhese graphs is found in the Discussion section.
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Figure 50: Flexural behaviour of unidirectional $denB5 cured at 110 °C
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Figure 52: Flexural behaviour of unidirectional $dnB10 cured at 150 °C
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7.3 Fatigue Test Results

Summary of fatigue test results of the four desiamples is given in Table 11.

Table 11: Fatigue test results of design samples

Sample | Number Orientation Load Percentage off Cycles to
Number | of Layers Max Tensile Failure
Strength
° kN %
F1 22 [0,0,0,+45,0,-45,0,....34} 4.5 33 10,000,000
F2 22 [0,0,0,+45,0,-45,0,....34} 6.7 50 816,600
F3 22 [0,0,0,+45,0,-45,0,....34} 8.7 65 3,800

*sample did not break
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8. Discussion

8.1 Longitudinal Properties of Unidirectional Sampks

Unidirectional samples cured at different tempeediand subjected to tensile loading in
the longitudinal direction exhibited similarities their tensile behaviour while showing
differences in their ultimate tensile strength &aitlre strain values. Stress versus strain
plots of samples T4 (cured at 110 °C) and T17 @atel50 °C) are quite representative
of the tensile behaviour of all the tested unidiewl samples. The stress-strain curves
begin as non-linear until a strain of about 0.2% #ren become linear until the failure of
the sample which happens at a strain of 1.0%5% depending on the sample and its
curing temperature. This can be seen clearly imreg 30 and 32. The linear section is
the dominant part of the curve and can be usehtbtiie value of the Young's modulus

of the sample as shown in Figures 31 and 33.

The Young's modulus values of all unidirectionampées shown in Table 1 and
compared in Figure 20 are consistent. Samples catetil0 °C ranged in Young's
modulus from 20.6 to 22.1 GPa (except for sample $@mples cured at 150 °C had
Young's modulus values ranging from 21.6 to 25.@ G&cept for sample T9). However
4 out of the 6 samples cured at 150 °C had a Yeungdulus values between 25.3 and
25.9 GPa. Samples cured at an intermediate tenuperaihibited Young's modulus
values ranging from 21.9 to 22.6 GPa (except fa& sample with a value of 25.2 GPa).
These results, although not showing a great vandtetween samples cured at different
temperatures, are quite logical as higher curingpgratures cause the epoxy matrix, and

thus the whole composite, to have higher stiffness.

The values of ultimate tensile strength and failstains are shown in Table 1 and
compared in Figure 18 and 19. It can be seen #mapkes cured at 150 °C failed at
slightly higher stresses and lower strains thanpsesncured at 110 °C; however, the
samples cured at the intermediate temperaturedfailehigher stresses and strains than
both. This seems inconsistent with previous resulbsmetheless, it can be attributed to
the manufacturing process. Samples cured at tlemetliate temperature were put

through a number of curing cycle ranging from 100ahd 150 °C (thus the exact curing
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temperature is unknown but it can be said to bevdxent 110 °C and 150 °C). This meant
that these samples had more time in the oven whidlkely to have lead to enhanced

consolidation and strengthening of the compositeaddition, these samples had larger
cross sectional areas than the samples cured &ClaAd 150 °C which is likely to have

reduced the effect of impurities, voids and defeots the overall strength of the

composite.

8.2 Transverse Properties of Unidirectional samples

The transverse behaviour of unidirectional sampleed at 110 °C and 150 °C is quite
different as can be seen from stress versus stuares for samples T22 and T18 shown
in Figures 36 and 38. The sample cured at 110 Hibi&d two regions of linearity with
significantly different slops while the sample alirat 150 °C showed mostly a single
linear behaviour. The matrix plays the dominanerwi the transverse behaviour of a
unidirectional composite which explains the pregioesults. Epoxy has higher and more
linear stiffness behaviour when cured at highempematures thus the composite is stiffer
in the transverse direction for the curing tempeebf 150 °C.

The transverse modulus of the samples cured abhititfeer temperature can be found
directly from the dominant linear portion of theests vs. strain curve as shown in Figure
39. For the samples cured at the lower temperdtgréransverse modulus is an average
of the two linear regions as shown in Figure 37.ewlcompared to longitudinal
properties, the transverse strength, failure stesid modulus of samples cured at 150 °C
are considerable higher than for those cured at 10 The transverse tests give
consistent results as can be seen from Table 2Fande 21 and 23 with the stiffer
samples having transverse modulus values rangimg 4.28 to 5 GPa and the less stiffer
samples ranging from 2.47 to 3.31 GPa.

8.3 Longitudinal Properties of Two-Directional Sampes

In composites, addition of layers that are nothia tirection of the axial load has the
advantage of strengthening the composite materia¢tter carry in-plane shear loads and
torsional loads. Nevertheless, tow-directional cosiigs are weaker and less stiff than
their unidirectional counterparts in the axial dtren. Table 5 and Table 6 together with

Figures 24 and 29 serve to show this. Cross plgsiggotropic, and design samples had
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similar maximum strain values to those found indineictional samples, however, they
had significantly lower ultimate strength and Yolsngodulus values. This means that
two-directional samples are less stiffer than ueidional samples and weaker when it
comes to carrying axial loads. It would also mehat ttwo-directional samples have

lower flexural stiffness and strength when theysargjected to bending loads.

The tensile behaviour of design sample T13 careba fom stress versus strain curves
given in Figure 34 and 35. The tensile behaviowsawhple T13 is not fundamentally
different from unidirectional samples T4 and T1@wever, the initial non-linear section
is larger in sample T13 and extends to around G#&n. This is due to the presence of
layers oriented at plus and minus 45 degrees wdecheases the axial stiffness and

increases the elasticity of the composite.

8.4 Flexural Properties of Unidirectional Samples

The flexural behaviour of unidirectional samplesecuat 110 °C and 150 °C can be
illustrated by looking at the force versus deflestgraphs of samples B5 (cured at 110
°C) and B10 (cured at 150 °C) shown in Figures 5@ 32. Flexural behaviour of both
samples is non-linear, however, the sample cureldeahigher temperature show higher
linearity than the one cured at the lower tempeeatthis is illustrated further in Figures
51 and 53 where the force versus deflection cuavesdivided into regions of linearity.
The curve for sample B5 shows a highly non-lineahdviour, but it can be
approximately divided into an initial, middle, anithal regions of linearity. In
comparison, the curve for sample B10 is much moreal and can be approximately
divided into a dominant initial and a less dominéiteal regions of linearity. This
behaviour can be attributed to the role of the mmais epoxy is stiffer and act more

linearly when cured at higher temperatures.

The previously observed behaviour can be seen oleaely when looking at Table 8 and
Figure 44. All of the seven samples have similé@iahflexural modulus ranging from
26.4 to 28.5 GPa (except for sample B7). HoweVes flexural stiffness of samples B4
to B7 starts declining after this initial regiomesg into a middle region in the range of
15.7 to 16.5 GPa, and finally into a final regiontihe range of 6.12 to 6.98 GPa (except

for sample B7). In contrast, samples B8 to B10 haweuch larger initial linear region
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leading into a final smaller region of a flexur#éffaess ranging from 8.19 to 12.9 GPa.
The average flexural modulus of samples cured @t °f5ranges from 22.3 24.1 GPa
while for the samples cured at150 °C ranges frorb i®17.3 GPa.

This flexural behaviour can be further seen whexkilog at Table 7 and Figures 40 to 43.
It is clear that the samples cured at 150°C affeisthan those cured at 110°C as they
have higher ultimate flexural strength and lowexmmam outer surface strain. The test
results are quite consistent for samples B8 to Bhé stiffer samples) and mostly

consistent for samples B4 to B7 except for samglevBich had an early failure.

8.5 Flexural Properties of Two-Directional Samples

The flexural behaviour of two-dimensional desigmpées can be seen from the force
versus deflection curve of sample B1 given in Fegub4 and 55. The behaviour of
sample B1 is very similar to the behaviour of uredtional sample B5 in showing three
different regions of linearity. This is no surprige both samples are cured at 110 °C thus
having similar matrix properties. However, the aggr flexural modulus for B1 is 13.8
GPa compared to 17.3 for B5. This is also no ssepais the presence of layers oriented

at plus and minus 45 degrees lowers the flexuifdhass of the design composite.

Results in Table 10, compared Figure 49, show stersty in the values of the flexural
modulus among the three tested samples (B1 toB®).initial flexural modulus ranged
from 20.2 to 23 GPa, middle modulus from 11.4 tdGF%a, and final modulus from 4.08
to 5.42 GPa (except for sample B3 which had no haiddd final regions because of
early failure). Table 9 and Figures 45 and 49lmamsed to compare the performance of
the three samples which failed at considerablyedifiit loads and deflections. The
premature failure of samples is indicative of fauthanufacturing and confirms the
previous notion that the manufacturing equipment @iocess were far from ideal.

8.6 Flax-Epoxy Composites for Bone Fixation Plates

Results from previous tests can be used to deterthi@a mechanical suitability of this
flax-epoxy composite material for making bone fi@atplates. Unidirectional samples
tested in the longitudinal direction yielded Youwmnilodulus values ranging from 20.6 to

25.9 GPa (which largely depended on the curing &zatpre of the sample). On the one
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hand, this range can be considered absolutely idealrthopaedic applications, as the
average Young's modulus for cortical bone is 20.GPathe other hand, it can be a
limiting factor as the use of two-directional capfrations will cause the value of the
Young's modulus to drop below that of bone whicmpoomises the suitability of the
material for the intended application. For examfilem Table 5, the Young's modulus

can be as low 8 GPa when the quasi-isotropic [Q9%515] configuration is used.

A low Young's modulus also means a low flexural mad which is quite problematic.
Bending test of samples cured at 110 °C and 150e%€aled initial flexural modulus
(secant flexural modulus) values ranging from 2&428.5. However, the average
flexural modulus of 110 °C samples was around 12a @Rile that of 150 °C samples
was around 23 GPa. The curing temperature becomiés ignportant when flexion is
concerned as higher curing temperatures increasstiffness of the matrix, and thus the
whole composite, and enhances flexural linearityriaking the initial flexural region the
largest and most dominant region of the flexuralveuResults demonstrate that 110 °C
samples deflected by as much as 16 mm under 0fo200 N while 150 °C samples by
as much as 12 mm under a load of 250 N. Sample=d catr the higher temperature
obviously performed better than those cured atltwesr temperature, however, their

level of deflection under such small loads was &td high for a bone fixation plate.

The design configuration in which approximatel\/65f plies were oriented in the zero
direction and 35% in the plus and minus 45 directwas chosen as an attempt to
strengthen the implant for in-plan shear loads emsional loads while maintaining a
Young's modulus close to that of the bone. Tenisgéing of design samples (which had
dimensions identical to those of metallic implantsyealed a Young's modulus of 15
GPa, ultimate tensile strength of 200 MPa (Failoesls of around 13.6 kN), and failure
strain of 1.2%. These values are quite satisfacésryar as axial loading is concerned
since the tensile strength is high enough to creybody load (which is about 2.5 to 3
kN), and the Young's modulus is close enough to dfighe bone to allow for stress

transfer to the fracture location and thus indubealthy healing process.
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The difficulty arises when flexion is taken intocaant. Bending test of the design
samples yielded initial flexural modulus valuestiie range of 20 to 23 GPa and much
lower average flexural modulus values of 13.8 G&tashmple B1 and 12.4 GPa for
sample B2 (Sample B3 failed prematurely and newsss@d the initial region). This
meant that sample B1 deflected by 21.7 mm undead bf 235 N and sample B2 by
12.6 mm under a load of 175 N. These low averagaifl modulus values can partially
be attributed to the fact that the design sampl®wured at 110 °C. Flexural testing had
not yet been preformed when the design configuratras chosen and the lower curing
temperature was thought to be beneficial in pragdmore flexibility in the axial
direction. However, even at a higher curing temippeea the design samples would still
be unsatisfactory since its flexural stiffness makened by the presence of plies oriented
at plus and minus 45 degrees. Besides, even ddkign samples were unidirectional, it
is unlikely that they would be stiff enough for tilg the two sides of a fractured bone

sufficiently immobilized when subjected to bending.

8.7 Optimization of Plate Design

The limitations arising from the high flexural fiexity of the flax-epoxy composite can
be overcome by manipulating design parameter ssdheanumber of plies, orientation
of plies, cross sectional area and the curing teatpes of the composite. If this proves
unsatisfactory or impractical, the desired flexwiEfness can be achieved by reinforcing

the outer surfaces of the flax-epoxy composite ili&s of carbon or other stiffer fibres.

From the previous investigation it can be seendhagh curing temperature is beneficial
for a bone fixation implant since it considerabigrease both the transverse and flexural
stiffness and strength of the implant. The use ahiirectional design is necessary to
maximize the flexural stiffness if carbon fibres ather stiffer fibres are not to be
introduced into the implant. The low flexural stiéfss of the flax-epoxy composite
compared to other materials that have been tradillyp used for bone fixation plates,
such as titanium of Carbon-Carbon composites, eatoimpensated for by increasing the

cross sectional area of the implant.
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This can be best achieved by increasing the thgkifiee. the number of layers) of the
flax-epoxy implant. In beam bending theory, the mmaxn deflection of a beam with a
rectangular cross-sectional area is inversely ptapw@l to the cube of its thickness. This
relation can be used to find the necessary thickonéthe flax-epoxy implant that would
have a similar bending deflection to what is foumditanium or C-C implants. A simple
calculation shows that a flax-epoxy implant witttheckness of 6.5 mm would have the
same maximum deflection as a titanium implant 4 rimck given that all other
dimensions are equal and the two implant are stdgeto the same load. A similar
calculation shows that a flax-epoxy implant witthaeckness of 5.5 would have the same
maximum deflection as a C-C implant 4 mm thick giubat all other dimensions are
equal. A Summary of the flax-epoxy implant desigrgmeter optimized to match the
performance of traditional materials is given inbleal2. A bar chart comparing the
Young's Modulus values of traditional implant makland flax-epoxy composites is
given in Figure 56.

Table 12: Summary of optimized design parameters

Material to be Width Thickness Number of, Orientation Curing
Matched Layers Temperature
mm mm ° °C
Stainless Stee 15 8.0 44 ub 150
Titanium 15 6.5 36 ub 150
Cc-C 15 55 30 ub 150
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Cortical Bone

Flax-epoxy @ 150 C *

Flax-epoxy @ 110 C *

Flax-epoxy [Charlet]**

Flax-epoxy [Baily]**

Carbon-Carbon ***

Titanium

Stainless steel
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Figure 56: Comparison of Young's modulus valuediitéérent materials

* Flax-epoxy composite with 60% fibre volume
** Flax-epoxy composite with 40% fibre volume. Qugitemperature unreported.
*** Most common value for C-C composites
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9. Conclusions

In this research work, a flax-epoxy prepreg waseexpentally investigated as a potential
composite material for making orthopaedic implantgeneral, and bone fixation plates
in particular. The work involved manufacturing, rhanical testing, data analysis, and
designing and optimizing of potential bone fixatiomplants. Overall, the material was
found suitable for bone fixation plates if desigmedrectly or combined with other types

of fibre reinforcement.

The manufacturing process was a limiting factaierms of both the quality and quantity
of samples that could be produced. This was coefirhy the premature failure of a
number of samples in both tensile and bending tewdsthe superiority of samples cured
at multiple stages and had larger cross sectiaeasaover those cured at a single cure
cycle and had smaller cross sectional areas. litiauldtesting of a larger number and
variety of samples would have been possible hatetbetanufacturing facilities been

available.

Mechanical testing yielded largely consistent ressdespite the premature failure of a
number of samples as mentioned above. Throughleéeasd flexural testing it was
possible to do the mechanical characterizationhef composite material and find its
Young's modulus, transverse modulus, shear modulmsl, Poisson's ratio. This
information is quite useful for researchers andigiess looking to use flax-epoxy

composites whether in orthopaedics or other fields.

The test results coincided quite well with datanfdun the literature and listed in the
literature review. Results also showed the infleenf the curing temperature on the
overall stiffness of the matrix. Young's modulusues for unidirectional samples ranged
from 20 to 25 GPa, ultimate strength from 275 t@ B&Pa, and maximum strain from
1.10 to 1.60 percent.

The flax-epoxy prepreg has a Young's modulus alnaesttical to that of bone while at
the same time posing high strength which makessitiitable material for orthopaedic

applications. Therefore, flax-epoxy composite canan ideal candidate to make joint
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replacements or bone fixation plates. The onlylehgk is that with low stiffness comes
large flexural deflections. This is not permissilbe bone fixation plates which are
supposed to maintain the two sides of the fradbaree immobilized. This challenge can
be overcome by manipulating the design paramewadih(, thickness, number of plies,
orientation of plies) so that flexural deflectiooed not exceed what is acceptable for this
application. Another option would be to reinforée tflax-epoxy composite with stiffer

fibres such as carbon fibres.

If the flax-epoxy composite is not to be reinforaeith other fibres then it is necessary to
make the bone fixation implant out of a unidirecibcomposite in order to maximize its
flexural stiffness. However, this in itself is irfBdient to prevent excessive flexural
deflection. The low stiffness of the flax-epoxy quusite has to be compensated for by
increasing the cross sectional area of the impkspecially its thickness i.e. number of
plies. This is not a problem form a weight pointvadw since the material is very light;
however, increased cross sectional area may cdiféitailties from a surgical point of

view. This needs to be further investigated.

Beam bending theory can be used to find what tleiskas of the flax-epoxy composite
would be necessary to match the flexural stren@timetallic or carbon implants given

that all other dimensions (width and length) araagA simple calculations shows that
to have a maximum bending deflection similar tot tbha stainless steel implant, a
unidirectional flax-epoxy implant must be 8 mm thitco match a titanium implant, it

must be 6.5 mm thick, and to match a carbon-canpfant, it must be 5.5 mm thick.

These theoretical calculation and estimation aretgebe proven in experiment or
numerical simulation. Building on the results oistiwork, the following future work is

recommended:

» Manufacturing unidirectional samples of thicknessegying from 5.5 to 6.5 mm and
testing them in tension and flexion.
* Manufacturing unidirectional samples 4 mm in thieks reinforced with carbon

fibres and testing them in tension and flexion.
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Subjecting satisfactory designs to compressiomgsince compression is the main
type of stress which an implant would be subjetbeid the human body.

Subjecting satisfactory designs to torsional tgstio decided whether an implant
made of a unidirectional composite is capable sisteng in-plane shear and torsional
loads. If not, it would be necessary to come u wito-dimensional designs.
Manufacturing design implants with screw holes e and subjecting them to
tension, flexural, compression and torsional tgstifhis is absolutely necessary to
determine whether the design is satisfactory sthegpresence of holes significantly
weakens the implant.

Studying the suitability of the flax-epoxy compesifor making artificial joint

replacements and synthetic bones.
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11. Appendix A

In this appendix, photos of some of the testedodasrare shown for the purpose of
illustrating how they fractured. Figure 57 and 58w the types of failures resultant from
tensile loading. The majority of samples brokehia transverse direction, however, some
sample had a combined failure in both the longitatland transverse direction combined
with partial delamination. In Figure 59 to Figur2 the types of failures resultant from
flexural loads are shown. Some samples simplydailge to tensional failure of the outer

surface layers while others had more complex faipatterns including compressive

failures of inner surface layers the and delamamati

Figure 57: Failure of samples under tensile Figure 58: Failure of samples under tensile load -
load - vertical view horizontal view

Figure 59: Simple outer-surface failure under Figure 60: Simple outer-surface failure under
flexural load flexural load - close view
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Figure 61: Combined outer-surface tensional Figure 62: Complex outer-surface tensional
failure and inner-surface compressive failure failure, innersurface compressive failure, a
under flexural load delamination under flexural load

70



12. Appendix B

In this appendix, equations that were used in ¢aioms are listed.

Tensile Relations:

. P
Tensile stresss = x

Young's Modulus: E -%

Flexural Relations:

R 3PL
Maximum flexural stresss = P

) . 65h
Maximum straing = na

seeant_ L°m
Flexural (secant) Modulus{E2"= yec

Beam Deflection:

-pL3

Maximum deflection: ¥ax = 285

Area moment of inertia: lizbh3
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