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ABSTRACT

NONLINEAR BEHAVIOUR AND STRESS CONCENTRATIONS IN
NATURAL FIBER COMPOS ITES UNDER TRANSVERSE LOADING

¢ a k maGnureée
Master of SciengeMechanical Engineering
SupervisorProf. DrrF.  Suat Kadéoj Il u
Co-SupervisorAssoc. Prof. DrBar ék Sabuncuoj |l u

February 2019143 pages

Natural fiber reinforced polymer composite materials attracted attention of the
researchers recently. Some of them, especially flax fiber composites, do have quite
favorable mechanical properties compared to synthetic fibers lgads. In this
study, micromechanical model of flax fiber reinforced composite under transverse
loading is investigated and compared with conventional synthetic fibers. The study
includes variety of strainand response of the material undknge deformations

Finite element radels employing representative volume elements like single fiber,
hexagon and random are utilized. Fiber volume fractions of 40% and 60% are applied
for the multiple fiber packaging types. According to the results, increasing fiber
volume ratio affected thmagnitude of the stress concentrations proportiorgitigss
concentrationspreadmore unifornty with increasing strain input3he presence of
neighboring fibers affected the stress concentrations of each other. Results of the
comparison case studiesvealed that stiffness contrast between fiber and the matrix
significantly contributes to the high stress concentrations. The maogbrm
transverse stress concentration state

casewwith conventional fibes;
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Doj al el yaf katkelé kompozi't mal zemel er
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CHAPTER 1

INTRODUCTION

Natural fiber reinforced composites have been used in several areas of industry mainly
as secondary structural components. Due to new developments during the last decade,
better understanding of themechanical behavior is required. The idea of using
natural fiber reinforced composites in primary structural applications, demanded
researchers/engineers to explore the material more than ever before. Material behavior
of natural fiber reinforced compossteinder loading conditions depenuh various

factors like fiber type, resin type, adhesion between -fibairix assembly, fiber
volume fraction, manufacturing method, harvesting methods, -gros¢ssing
methods etc. Unlike theynthetic fibers, natural bers exhibit different responses
because of their intrinsic properties. The investigations on this field will allow people

to develop and use this efieendly material in many fields concerning the adverse
effects of synthetic fibers to the environmento To so, various loading aspects,
material modeling and simulation techniques, correlation methods should be
investigated. Tailomade composite materials are quite popular in structural
applications in which they are employed on the direction of loadimricling with

the material s stiffest direction. Howev
material sometimes could unexpectedly yield and fail. In the content of natural fiber
composites, studies mostly focus on longitudinal loading conditidnsansverse
loading study will give an idea about how these materials response to a different

loading cases and how the integrity of the composite is affected at the end.
1.1. Aims and Objectives of the Study

The main aim of this study is to develop a numéncadel in order to investigate

material behaviorwith several differences compared the previoul/ studies



conductedin this field. Computational modeling is performed for the flax fiber
composites by using a similarity based finite element approaetstuily differs from

the previous ones in many aspects. First and the most important is that natural fiber
reinforced composite is investigated under transverse loading conditions with high
strain settingMajority of the studies in the literature wasrformedfor longitudinal

tensile modes for small strains. The number of studies in transverse loading conditions
is quite a few. To be able to fully understand the material, whole behavior should be
examined including the transverse response. Considerirgjrtiatural applications,
material strength apart from the main loading directions is vital due to possible
combined loading cases. Hence, this study is beneficial considering the understanding

of these new materials.

The second aspect is that this stigganducted in micromechanical level with several
representative volume element approaches. Conducted studiiesature generally
focuson macro level responses of a single finite element model. In the content of this
study, natural fiber composite pEmnse is investigated both single and multiple fiber
assemblies to observe the effect of fibers on stress concentrations on the matrix as

well.

Another important benefit of this study is that whole FE models are created
parametrically by using scripts, wh allows conducting more analyses in minor
intervals avoiding using the softwareds gr a|
for each iteration. Hence, this approach can further enhance the modeling of micro

structural behavior.
The additional objdoves of the research are as follows:

1. Understanding thbehavior of natural fiber composites under transverse loading
conditions;
2. Implementing a method to obtain and quantify the stress concentrations in terms

of numerical values;



3. Understanding the paranees of a natural fiber reinforced composite which could
influencehigh stress concentration for prescribed loading;

4. Comparing the natural fibers with conventional synthetic fibers and evaluating the
applicability;

5. Investigating the response of the compmsider high deformations.

The thesis does not cover the damage, failure and fatigue behavior of natural fiber
reinforced composites. Furthermore, the effect environmental conditions like

temperature, pressure, humidity are neglected in the content sfutiis
1.2.Research Methodology

The study starts with introduction to natural fiber reinforced polymer composites
(NFPC). This section focuses on the definition and the concept of the material. Fiber
and matrix of NFPCs are introduced. Then the selectedahdier, flax, and its
composites are investigated. An extensive literature survey is conducted since the
essence of the study originates from this knowledge. After that, a novel finite element
model is created and material models are selected. Thepdescadf these models are
given in related sections. By using these material and finite element models,
simulation studies are carried out with differparametersAt each run, a different
aspect of composite is investigated. Stress concentrations ingcurmatrices are
calculated and plotted via mathematical software. Next, the results are presented
with plots and images. Finally, conclusions are presented. The methodology used in

this thesis is summarized igurel.1.



Definition of the Study

(CHAPTER-1)
INTRODUCTION
Aims & Objectives Research Methodology
Introduction to NFPCs Flax Fiber & its Composites
CHAPTER-2, CHAPTER-2
e o | . e *
. . . Flax Fiber FE and Micromechanical
Fiber Matrix Flax Fiber ; )
Composites Madeling
Material Modeling of Flax the Fiber Composite FEM Description of Flax Fiber Composite
MODELING AND (CHAPTER-4) (CHAPTER-5)
SIMULATION F - 1
STUDIES
Fiber Model Matrix Model Single RVE Hexagon RVE Random RVE
RESULTS & Analysis Results General Conclusions
CONCLUSION (CHAPTER-6) (CHAPTER-7)

Figure 1.1. Research Methodology of the thesis

1.3.Outline of the Study
This thesis consists of 7 chapters. The summary of dagbter is given below:

CHAPTER 1.Introduction Information about the content and the format of the thesis

Is given. Aims, objectives and methodology are mentioned.

CHAPTER 2 Literature ReviewA detailed introduction about NFPCs anade The

constituerg o f NFPCs, . e. fiber and matri x, and
mechanical properties are explained thoroughhechanical and morphological

properties of flax fiber is investigated. Stres$sain behavior is explored thoroughly.

Extensive iterature survey about the composites made of this fiber is presented

CHAPTER 3. Objective of the ThesisPurpose and motivatioof the study is

explained

CHAPTER 4.Material Modeling ofthe Flax Fiber Composite: Material models to be

used in FE analysese given for fiber and the matrix.

CHAPTER 5. FEM Description of the Flax Fiber Composit@ different

representative volume elements are introduced, namely, single fiber, hexagon and



random. Boundary conditions to apply these RVEs are determined.sDetalrding

model discretization are explained.

CHAPTER 6. Analysis Results: Created FE model resultprasgentedSimulations
are carried out in AbaqusE finite el emen
done by using PythonE s@riogtes.s edx twi a it éMch

get stresgoncentratiorplots.

CHAPTER 7. General Conclusions: The summaing outcomes of the conducted

research are presented. The results are discussed.

APPENDI X A: Analysis regarding flax fi bei






CHAPTER 2

LITERATURE REVIEW

2.1.Introduction to Natural Fib er Reinforced Polymer Composites

Natural Fiber Reinforced Polymer Composite (NFPC) is a kind ofmmaahe material

consisting of a high strength natural fiber and a polymer resin matrix. NFPC industry

is currently a growingmaekt due to this type of mater.i
relatively low weight, low cost, neabrasive nature, biodegradability, and relatively

good mechanical propertigs. Reinforcing fibers arextracted from plants, animals,

minerals and subjected to certain chemical processes to be readily used in composite
forms. NFPCs are great candidates to be green materials, which at the end will make
great contribution to environmental sustainability. n®etic fiber reinforced
composites production processes are cumbersome due to energy requiggdents

they also have poor ecycling properties|[2]. NFPCOs are commonl
automobile industry as interior design elements in the present state. Applications of
naural fibers are also common in sports industry, house decoration, furnitureaimus

instruments etc.

Figure 2.1. Industrial use of NFPC examples [3, 4]



2.1.1.Constituents of NFPCs

As in the case of conventional compositas NFPC is made of a stiff and strong
reinforcing fiber and a tough and soft matrix material. In this section, general
properties of fibers and matrices ataborated.

2.1.1.1.Fiber

Natural fibers can be obtained fraarious sources like plants, animals and geological
resources. Plant originated natural fibers contain cellulosic substances, whereas
animal based ones contain proteins. Hard and woody nature of plant fibers make them
preferable for high performance amaltions and they are the most common ones

whereas the animal based ones are utilized in textile industry.

The performance of the composite is related to strength, orientation, physical
properties and interfacial adhesion properties of fiffers-8].

Natural
Fibers

S N P I —
Vegetable Animal Mineral
Fibers Fibers Fibers
— R
l ~ . V e ~
Seed-Hair . Leaf/Hard Wool/Hair .
Fibers Bast Fibers { Fibers l Fibers Silk Asbestos
- ~ re Fe ~ I
Cotton Flax Agave Wool of Mulberry
Kapok Hemp Banana Fibers sheep and Silk .
Akon Jute Grass Fibers Camels Coarse Silk
. ) \ )
Native Seed Ramie | Palm Fibers Goat Hair
Hair Other fibers _ Horse Hair
L ) \from stems { )

Figure 2.2. Classification of Natural Fibers [9]

Reinforcing plant fibers exist in various forms and shapes: bast fibers (jute, flax,

ramie, hemp, kenaf); seed fibers (sisal, pineapple, abaca); grass and reed fibers (rice,



corn, wheat) and core fibers (hemp, kenaf and jui@) World production amount

per 1Gton can be observed Table2.1

Table2.1. Natural fiber production rat¢éReprinted from [10] with permission from Elsevier)

Fiber Source World Production (102 ton)
Cotton Lint 18,450
Jute 2,300
Kenaf 970
Flax 830
Sisal 378
Roselle 250
Hemp 214
Coir 100
Ramie 100
Abaca 70

In general, bast fibers have the highest absolute and specific tensile properties among
the other type of plant fibers. Leaf and seed fibers come afterwards. This is mainly
due to function of fiber in the plant itself. Bast fibers provide rigidity anéhsss to

the plant stems, therefore they should haedighest strength, leaf fibers come across
with winds repetitively so they should have toughness, whereas seed fibers do not
have any structural responsibilityp they lack those properties unlikeetiprevious
ones[11]. A number of mechanical properties of bast, leaf and seed fibers could be

seen inTable2.2



Table2.2. Mechanical Properties of several plant fibers [10; 1<

Fiber Density IVTIC?SSIILes Specific Tensile Tensile Strength Specific Tensile Failu_re
(g/cm’) (GPa) Modulus (GPa/gcm®) (MPa) Strength (MPa/ gcni®) Strain
Bast
Flax 1.451.55 28-100 1965 3431035 237-668 2.7-3.2
Hemp 1.451.55 32-60 22-39 310900 214581 1321
Jute 1.351.45 2555 19-38 393773 291-533 1431
Leaf
Sisal 1.401.45 9-28 6-19 347-700 248483 2.02.9
Pineapple 144156 6-42 4-27 170727 118466 0.81.6
Banana 1.301.35 8-32 6-24 503790 387-585 3.010.0
Seed
Cotton 1.501.60 5-13 3-8 287-597 191-373 6.08.0
Coir 1.101.20 4-6 35 131-175 119146 1530
OilPalm 070155 3-4 2-4 248 160354 25.0

Not all of the natural fiber types are used for reinforcement purposes. As it is
mentioned earlier, bast and some of the leaf fibers are made use of due to their rigid
structures whereas most of the seed fibers are used for toughening purposes. In order
to elaborate on the mechanical properties of a natural fiber, one should first go into
details of basic cell structure. Unit cell of reinforcing natural fibers are composed of
two types: technical and elementary. Given inRigure 2.3, the difference could be
noticed. Technical fibers, also defined as fiber bundles, is a group of fiber consisting

10 to 40 fibers whereas elementary fiber is a singlg20le

Secondary cell wall
(a) Primary cell “1." =

(b)

\@E \(

Elementary _
fiber

@10-30um

S /

Figure2.3. (a) Technical and elementary fiber; (b) SEM image of an elementary@ibpyright (2003)
Wiley. Used with permission from [21]
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Internal structure of an elementary fiber consists cellulose, hemicellulose, lignin,
pectin, waxes and other components. Main constituent, which provide the actual

stiffness, is cellulose in the forcrystalline cellulose.

Table2.3. Chemical Composition of some common natural fibers [10].

Fiber Cellulose ¢0)  Hemicellulose (%) Lignin (%) Waxes(%)
Flax 71 18.620.6 2.2 1.5
Kenaf 72 20.3 9 -
Jute 6171 14-20 12-13 0.5
Hemp 68 15 10 0.8
Ramie 68.676.2 1316 0.6-0.7 0.3
Abaca 56-63 20-25 7-9 3
Sisal 65 12 9.9 2
Coir 32-43 0.150.25 40-45 -

The fiber does have nesrystalline cellulose as well, but in terms of intermolecular
bonds it is inferior compared to crystalline. Cellulose molecules are helically wound
around the cell walls with a certain angle. Tinedix angle is called micro fibriingle

andit affects the tensile properties profounfllyl]. Another parameter affecting the
performance of a natural fiber is the aspect (lemgitiameter) ratio. Long fibers are

better at stress transfer when they are used in a composite laminate. This phenomenon
is explained as an uncut fiber acts like a continuous beam. If the same length is
replaced by bunch of a short fibgat each transition region, a stress concentration
point is created and strengthtbieoverall structure diminishes. Therefore, fibers with

high length and small diameter are preferred to be used in structural applifations

22-24]. Some of thenentioned parameters for natural fibers are listehinle2.4
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Table2.4. Structural Parameters @everal Natural Fibers [11, 18, 229]

Fiber Ce”m((\)/vstetyoc)omem Crysctgllllilrjwli?; ?%) Micr(zdﬁebg;irle/;?gle (Leﬁzit)r?/gigsi?er) Luminal Porosity (%)

Bast

Flax 6471 50-90 5-10 1750 2-11

Hemp 7074 50-90 2-6 900 2-11

Jute 61-72 50-80 8 100 10-16
Leaf

Sisal 6678 50-70 1025 100 1022

Pineapple 70-82 44-60 10-15 450 10-22

Banana 4464 4555 1012 150 3553
Seed

Cotton 8593 50-90 46 1000 5

Coir 3243 2733 3049 35 3050

Oil Palm 40-50 20-30 42-46 100 5-10

2.1.1.2 Matrix

Matrix materials in NFPCs can be thermoplastic, thermoset, rubber or biodegradable.
Molecular structure of the thermoplastic matrix is suitable for becoming softer at
elevated temperatures and return to its original form when it is cooled down. Contrary
to this, thermoset resins have strong chemical bonds, which makes them amenable to
be treated in relatively low temperatures. The most commonly used thermoplastic
matrix types in NFPCs are polypropylene (PP), polyethylene, poly vinyl chloride
(PVC); whereagphenolic, epoxy and polyesters are the thermoset r&n8l].

Shahet. al (2013) explain that natural composites with an aim of utilization in

structural applications generally have thermoset matrices owing to three main reasons

[11]. First, mechanical properties of thermoset matrices are superior due to their

inherent molecular structure compared to thermoplastics. After curing process, they

develop a highly rigid network of covalent molecular structures. Due to that, they

show better péormance in tensile loading. Second reason is easy application potential

because of low processing temperatures and low viscosity. Unlike the thermoplastic

curing, process temperatures typically belowA@ do not damage and de:q
natural reinforcemd at the end; either no or little performance loss is observed. Low

12



viscosity makes the composite manufacturing process more versatile. In such case,
liquid composite molding techniques could be used and high performance material
requirements can be sditegl due to errofree manufacturing. Third reason is the shear
properties caused by chemical interface which is formed with natural fibers.
Thermoset resins are polar in nature like plant fibers. This feature makes them to be

compatible with reinforcingitbers unlike thermoplastics which tend to be nonpolar.

There are other types of matrices used in natural fibers. Rubber matrices are one of
them. Primary rubber matrices are natural rubber-ghi8t common one), styrene
butadiene rubber (SBR), butyl rubb@iR), butadiene rubber (BR), nitrile rubber
(NBR), chloroprene rubber (CR), ethylene propylene diene rubber (EPDM),
polyurethane and silicon rubbdB2]. Use of lin-degradable matrices is a rather new
development in the content of NFPCs. The idea of using a natural resin together with
a natur al reinforcement draw attention
al [33] examinel the plant obased natural composites (acrylated epoxidized soy
bean oil). They successfully achieved to produce laminates with mechanical strengths
enough to be employed in housing and automotiveegins. Oksman et.§84] in

their work, demonstratithe PLA (Poly Lactic Acid) based flax composites have 50%
increased performance compared to thexatic polypropylene matrix and indicated

that PLA based composites could replace conventional thermoplastic composites.
Girones et. gI35] examined corn starch based sisal and hemp composites and reported
promising results in terms of performance increase. In their work, Picletrialy [32]
summarized some of the natural and biodegradable matrices that can belTsds@ in

2.5

Table2.5. Natural and Biodegradable Matrices [32].

Natural Substances Synthetic Substances
Polysaccharides Poly(amides)

Starch Poly(anhydrides)
Cellulose Poly(amideenamines)
Chitin Poly(vinyl alcohol)
Proteins Poly(vinyl acetate)
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Collagen/gelatin Polyesters
Casein, albumin, fibrogen, silks Poly(glycolic acid)

Polyhydroxyalkanoates Poly(lactic acid)
Lignin Poly(caprolactone)
Lipids Poly(orthoesters)
Shellac Poly(ethylene oxides)
Natural Rubber Poly(phosphazines)

The matrices used with natural reinforcing fibers can be enhanced in terms of
mechanical performance by using certain chemical and physical methods, which is

explained in the upcoming sections.
2.1.2.Mechanical Properties of NFPCs

Natural fiber composites draw great interest due to their advantages over conventional
composite materials like low cost, high specific strength, high streogtieight

ratio, relatively good mechanical properties, fadmmasive nature and biodegradability
[30]. However, these materials are not free from problems. In this section, mechanical

properties of NFPCs are explained.

In terms of stratural applications, mechanical properties of NFPCs are driven by
several parameters, such as fiber type;ppoeess of the fiber, fibanatrix interface,

fiber volume fraction, and manufacturing method.

Fiber type is the dominant element, which affelatstensile properties of NFPCs. As

itis indicated in Section 1.1.1, Natural fibers can be classified as bast, leaf, core, grass,
and reed fibers. Bast fibers are the superior in terms of mechanical properties
compared to other types due to their chengoahposition and cellular structuel].

These types of fiber are rich in terms of crystalline cellulose content. Cellulose gives
strength and rigidity to the fiber, therefore tengiteperties of a fiber is proportional

to cellulose content. Other properties related to fiber type are Hfiticiicangle and

aspect ratio.
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Figure 2.4. Schematical representation of plant cell struct(Reprinted from [36] with permission
from Elsevier)

Micro-fibril angle (MFA) is the angle between helically wound mib@lwils at S2
layer and the longitudinal direction of the fiber. As this angle gets smaller, crystalline
cellulose aligns with fibeand the loading direction in the composite which increases

tensile strength at the end.

Aspect ratio is the ratio of fiber lengtb-diameter. High aspect ratio is favorable in
terms of strength of a natural fiber. This is because long fibers with swsslsection

are better at stress transfer. kil al[37] investigated the length effect of kenaf fiber
reinforced plastics under imapt loading and concluded that as the fiber length
increases impact strength of the composite inceaasavell due tancreasingfiber
bridging effect.Bridging effect is a phenomenon that occurs during delamination of
fiber-reinforced composites in whidibers form bridge like structures on the crack
opening and slow down the crack growtherefore, fiber aspect ratio is an important
parameter of a NFPC.

In order to use a natural fiber in a composite application, it must go through an
extraction and pparation process. Fiber quality is highly variable due to this process
and it affects the mechanical properties profoundly. The final product is special to the
applicationthatit will be used. The fibers could be in the forms of mats, unidirectional
prepegs, woven fabrics, nemoven fabrics etc. Retting is theitial operation of

extractingbast fiber from woody substance and cellular tissues where the fibers reside
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in the plant stenf38]. Whole process can beeseinFigure2.5. Process parameters

are effective on mechanical properties of the final product as well. The purpose of the
whole operation is to oain uniform, long, and undamaged fiber bundles to be used
in consolidated composite forms. As it is indicated, process may show some difference
from producer to producer but in order to ensure a consistent quality suppliers use

batch mixing across sever@bps,harvestsandyears [11].

Straw

l Straw
Retting Optional
l Retting
. Scutched
Scutching Tow
l Decortication
Hackling —— Hackled Tow —| I
Linlen ' !
e Carded Yarn Nonwoven
Spinning Spinning Fabric Making
Fabric Carded Yarn
making Spinning
Fine textiles for apparel and Industrial Textiles, including preforms
fine household textiles for composites

Figure 2.5. Bast fiber extraction & production stages [38]

Another performance driving parameter is fipeatrix interface. As it is indicated in
Section 1.1.1,the most commonly used matrix types are thermosets and
thermoplastics. Among them, thermosets are more suitable for structural applications
due to load bearing capacity to be used in high performance composite applications,
low processing temperatures, low aasity for different type of consolidation
methods, and better compatibility with plant fibers. Polymer matrices are nonpolar
and hydrophobic in nature, since the natural fibers consists polar hydrophilic

substances like cellulose, inferior stress transgsues arisg5]. The very first
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performance treatment starts from this interface. Fibatrix adhesion could be
improved using several chemical and physical techniques. These methods focus on
cleaning fitker surface and removing impurities to assure better adhesion. Besides,
some of the techniques abrade the fiber surface in micro level. By doing so, bonding
between matrix and fiber further strengthens. Some of treated and untreated fiber
composite properis can be seen kigure2.6.
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Figure 2.6. Tensile strength of NFPCs with or without treatmenB®, 40] (Reprinted from [5] with
permission from Elsevier)

Haque et. al investigated chemical treatment of palm and coir reinforced
polypropylene composite$41l]. He used benzene diazonium salt to increase
compatibility of fibers with the matrix. Hydroxyl group in the natural fiber, which is
responsible for high water absorption, is converted to dje@ap, by doing so better
mechanical properties are obtained. Cantero used various chemical treatments
including maleic anhydride (MA), maleic anhydrigelypropylene copolymer
(MAPP), vinyl trimethoxy silane (VTMO) to enhance adhesion characterics of flax
fibers to the polypropylene matiji#2]. At the end of his work, he observedttability
characteristics, flexural and tensile strength properties was improved.[&2jh
conducted a study regarding treatment of jute fibers with alkali (NaOH) solution. He

17



dipped the fibers 0.5% alkali solution followed by a 30 ut@ésalkali stream. The
indicated results were quite satisfactory in vhimiaxial tensile strength has been
increased up to 65%. The physicoemical characterization of fibers that he made
revealed that nonellulosic matters that are removed properly with the aid of this
process gave rise to an increase in tensile strefRdgér volume fraction is the next
parameter which affect mechanical properties of NFPCs. Shaiwvalj5] classified

the effect of volume fraction into two categories: theoretical and experimental.
Theoretical models, which include rule of mixtures (ROM), have proportional relation
with volume fraction andensile strength. Real case is not alike. Up to certain limit,
tensile strength of a composite increases with increasing fiber volume fraction. Yet,
excessive amount of fiber in a composite laminate may deteriorate the fiber matrix
interface and diminishethe stress transfer rate, at the end, results in an inferior
structural composite. In their work, Braheh al[44] investigated ifluence of volume
fraction in unidirectional Alfa/Polyester composite. They prepared specimens with 12,
21, 32 and 44 % volume ratios. What they observed was a direct proportion between
increasing volume ratio and longitudinal modulus. Jajet) studied mechanical
properties of Sisal/Oil Palm hybrid natural fiber composite. He found out that increase
of fiber concentratio resulted with an increase in elastic modulus of the composite.
But tensile strength and tear strength diminished after a specific value. Shibata et. al
[24] conveedin their work that volume fraction increase up to 60% in kenaf and 66%
in bagasse increaséhe flexural modulus. After thatlue to insufficient resin, it was
reported that flexural modulus diminighe

Each NFPC systemxhibit different behavior due to highly scattering parameters
related to manufacturing, harvesting, processing and design. The optimum values
could only be reached via theoretical and experimental efforts. Some of the optimum
fiber concentrations that givese to maximum tensile properties can be observed from
Table2.6.
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Table2.6. Optimum fiber volumeatios for different NFPCs [5, 24, 30, 41,-54]

Material Optimum Fiber Concentration (%)
Sisaloil palm/natural rubber & 3 0
Coir/PP a 15
Palm/PP a 15
Hemp/PP a 50
Flax'fHDPE a 20
Rice/HDPE a -1
Kenaf/PP a 40
Jute/PP a 40
Hemp/PLA a 35
Jute/PBS a 20
Alfa/polyester a 44
Sisal/rubber a 30
Oil palm/rubber a 30
Kenaf/cornstarch a 50
Bagase/constarch a 50
Ramie cloth/polyester a 30

Manufacturing method of natural fiber composite systems is quite effective on the
performance. As the fiber content increases, it becomes harder to consolidate the
NFPC [11]. Common nethods for NFPC manufacturing is injection molding,
compression molding, vacuum infusion, hand layup, prepregging and resin transfer
molding (RTM). The system to be used changes mostly according to matrix type as
viscosity and cure temperature are the kKegtors. Among the mentioned
manufacturing methods, compression molding is the most common one which can be
used with both thermoplastic and thermoset resins. Due to mentioned compaction
difficulties, composites with desirable volume fractions and mechhpioperties
sometimes could not be manufactured. Other techniques which utilize liquid resins
could defect the composite because of porosities as well. Therefore, the method to be

used for NFPC production is vital in terms of performance.

Natural fiber einforced polymers are not free from problems for sure. To summarize

these merits; water absorption characteristics, poor dimensional stability, poor thermal
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performance, unknown long term properties like fatigue and impact strength can be

counted.
2.1.3.Selection of Natural Fiber and Matrix Assembly

General performance parameters of natural fiber composites are mentioned in the
previous section. As it is indicated, mechanical properties show great scatter
considering consolidated forms of fibers witlsiredue to various reasons. Thinking

of the task in which NFPC will be employed, like structural applications, one shall
have deep knowledge of fiberds properties.

assembly have to be scrutinized profoundly.

Among the H types of natural fibers, bast fibers are known to perform best in loading
applications. Since a structural task will mainly include a loading application, the fiber
to be selected shall be one of them. In this sense, flax fiber comes into prominence
corsidering the literature. Some properties of flax are quite competitive compared to
synthetic fibers which can be observedrable2.7. Especially EGlass is thought to

be replaced by flax fiber in certain structural applications.

Table2.7. Some Properties of flax and synthetic fibers [11, 17, 30]

Fiber Density Elongation Tensile Elastic

(g/cn?) (%) Strength (MPa) Modulus (GPa)
Flax 145155 2.7-3.2 500-1500 28100
E-Glass 2.5 0.5 20063000 70
S-Glass 2.5 2.8 4570 86
Aramid 1.4 3.33.7 30003150 6367
Carbon (PAN

14 1.41.8 400 230240
based)

Due to its superior properties, flax fiber is selected to be investigated in this thesis. Its
mechanical propertiesrefurther explored in Section 2.2.
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Epoxy as a thermoset matrix is quite handy in terms of processing and is very versatile.
Its elastieplastic properties are explored many times by various authors. Available
data in the literature is enough to model it mathematically. Therdf@enatrix is

selected as epoxy to be used in this study.
2.2.Flax Fiber and Its Composites

In this section, natat composites reinforced with flax fibers and the fiber itself are

elaborated
2.2.1.Flax Fiber: an introduction

Flax (Linum usitatissimulnis a member dfinaceaefamily. Its cultivated plants grow

up to 1.2 meters having slender stems. The leaves of the plant are glaucous green,
slender lanceolate, 200 mm long and 3 mm wide. The flowers are blue, about 20
mm in diameter. The plant is known to be used ever sinceent times, even dated

back up to 36,000 years affs2]. It is mainly grown for its seeds to be used in foods

and for its oil apart from reinforogent.

(@) (b)

EUTR R R SR IR P H S SR GO

Figure 2.7. (a) Flax field with flowers; (b) Retting of a flax field [53].

The extraction of flax fiber requires series of operations. The very first operation is

dewretting whichcan be seen iRigure2.7-b. The plant is placed in the field for a
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certain period of time in order to loosen and get the fiber bundles separated from the

stem. During this phase, plant is rotated to be exposed to sun light in both sides. As it

is indicated in section 2.1.2, rmmandet i ng
Upon completion of retting process, the stem and woody core are segmented and some
of the loosened long fibers are extracted. This process is called scotching. The next

step is to clean and form the thick, rough fibers in order to obtain higlycpeahnical

fibers. Long and short fibers are separated for different uses, like prepregs, woven and

nontwoven formg20].
2.2.1.1.Flax Fiber Composition and Morphology

As in the case of other natural fibers, flax is composed of fiber bundles. These bundles
consist of technical fibers and the technical fibers contain elementary fibers as shown
in Figure 2.8. Technical fibers are thin long fibers containing 10 to 40 elementary
fibers; elementary fibers are single plant cells mostly between 103m &5diameter;

20 to 50 mm in lengtfR5].

(b)

(@) nhacking \, T
//:j \
== technical fibre elementary fibre,

breaking \ ©50-100 pm plant cell
scutching \ @ 10-20 ym

bast fibre
G ©0.1-0.3 ym ‘ ,j
&
Sy micro fibril
/ =7 214 nm /—‘/
/ flax stem ==
b

Figure 2.8. (a) Schematic representation of flax fibre [25]; (b) Fiber bundle (Reprinted from [54]
with permission from Elsevier)

Internal structure of flax fiber is no different compared to general natural fiber
structures. It is composed of primary and secondary cell walls. Secondary cell walls
are named as S1, S2, and S3 respectively.-taiéwalls are filled with lumen. The

secondary wall includes high percentage and crystalline cellulose which is responsible
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for stiffness and strength. The cellulose is helically wound around S2 layer at an MFA

about 10 degred®5]. The orientation angle affects the response of the fiber under
loading which is elaborated in upcoming sections thoroughly. The other materials
present in the flax fiberodos KbaTS%)rarcal str
hemicellulose (120.6 %), pectin (1-2.3%), lignin (22.5%), waxes (148.7%),

lipids and asheR0,56] Representation of an el ement a

be obsered inFigure2.9.

(b)

Secondary

cll wall

Crystalline fibrils

__ Non-crystalline regions

Figure 2.9. (a) Internal structure of elementary flax fif@eprinted from [55] with permission from
Elsevier); (b) Representation of crystalline and amorphous cellulose. Copyright (1963) Wiley. Used
with permission from [57]

2.2.1.2 Flax Fiber Mechanical Properties

The characterization of flax fiber is more or lsgwilar to the other natural fibers.
Yet, properties like chemical composition, cellulose content and crystallinity, length,
shape, diameter, strength and stiffness values scatter vastly from fiber to fiber

depending on the growing and harvesting condstion

Tensile properties of flax fibers are superior to other types of natural fibers which
make them great candidates to replagBl&ss in certain applicatiog5, 58] The
major problem regarding th#ax fibers is that strength and stiffness values of

elementary and technical fibers are not alike. As it is defined previous section,
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technical fiber is a group in which certain amount of elementary fibers are resident.
Strength and elastic modulus vadusf elementary fibers are 150800 MPa and 60

80 GPa respectively, yet these properties are aboul 800 MPa and 5%5 GPa in
technical fiberd56, 59] This is mainly due to the fact that layers of low strength
pectin are filled in between elementary fibers inside of the technical fibers. As a result,

load bearing capacity of technical fibers diminishes.

The very first step to understand the mechanical behavior of a material is to perform
testing. Many authors used different techniques to obtain sthess behavior of the

flax fiber like single fiber test (SFT), dry fiber bundle test, and impregnébed f
bundle test (IFBT)[60]. Each test has its own difficulties and advantages. For
example, in SFT, it is cumbersome to obtain and prepare a single fiber. IFBT requires
a decent micromechanical model and several assumptiot o cal cul at e
mechanical properties. Charl¢sl] used MTS type electromechanical testing
equipment to obtain stresgrain curve of an elementary flax fibre. Heifd out that
stressstrain curve had three sections: first linear part until 0.3% of deformation, a
nonlinear part between 0.3 and 1.5%, then a second linear part until the riigfure (
2.10). He explained this duality with the inherent structure of the fiber: in the first part
due to global loading of the fiber each cell wall is deformed, then second nonlinear
zone could be associated with elagigco-plastic deformation of the fiber caused by
the possible rarrangement of the amorphous cell materials like pectins and
hemicellulose, meanwhile microfibrils align with loading direction. Afterwards, in the

final region, linear elastic response ofyaked microfibrils could be observed.
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Figure 2.10. StressStrain curve of an elementary flax fiber (Reprinted from [61] with permission
from Elsevier)

In another study of the author, he obtained messile properties of a set of 90
elementary flax fibers with large scatters. Strength value, ultimate strain, initial
modulus, and final modulus values are found to be @58 MPa, 2.811.1, 54P9

GPa, 62832 GPa respective[$9]. Corolleret. al [62] tested three different originated
elementary fla fibers and an fslass fiber. Theyeported that while glass fiber
exhibitedaquadi i near behavi or-straimduries Wwerealixided intd er s 6
3 sections, two linear and a nonlinear in betw&égure2.11 depicts the behavior of

the fibers.

2000
1500

1000 -| -

Stress (MPa)
N

500 gl

Strain (%)

Figure 2.11. Stressstrain curve of EGlass and elementary flax fibers (Dashed lin€3I&ss; Straight
Line: Her mes FIl ax; Dotted Lines: l'inear part of
(Reprinted from [62] with permission from Elsevier)
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In theirwork, they also calculated the tensile properties of elementary flax sgldds
fibers. From the alues, it is obvious that origin of the plant has tremendous effect on
tensile characteristics which could be observetable2.8.

Table2.8. Tensile properties of elementary fibers [62].

Fiber Youngds Modu Stressathbreak (MPa) Strain at break (%) Fiber Diameter (Om)
Hermes Flax  48.9N12.0 1066N342 2.8N0.8 18.6N3.9

Andrea Flax 483K 13.8 841K300 2.2N0.8 181K 3.9
Marilyn Flax  571f 15. 5 11358 495 248 0. 6 1398 2. 7
E-Glass 7038 5.8 17658 432 200 1.0 1798 1.9

Bensadouret.al [60] tested the elementary flax fibers in accordance with NF EN
10074 standard for advanced technical ceramics and obtained thesste@ssurve.

What they observed was a behavior which includes two linear zones antireear

zone in between. The first elastic modulus of the fiber (8.8 GPa) is measured at
approximately 0.3% strain; whereas secondary modulus is calculated at about 1%
(44.5N 14 GPa). The scatter of the values is not low due to highly variablertiesp

of the plant fiber itself.
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Figure 2.12. Tensile test results on elementary flax fiber. Dotted line represents stir@isscurve,
full line is tangent modulus. [60]
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Since it is quite cumberson@ execute dry fiber bundle test on elementary fibers and
discontinuities of technical fibers creatdficulty on uniform loading, impregnated
fiber bundle tests are utilizg@0]. Arbelaiz et. al[63] investgated short flax fiber
bundle/polypropylene composites. They used different fiber volume fractions in their
specimens. Tensile and thrpeint bending tests were carried out. Stress strain curve
they obtained is presentedkigure2.13. Linear and nonlinear trend can also be seen

in the plot. In this method fiberds tensi
micromechanical theoretical models.
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Figure 2.13. Tensile stress vs strain curve of flax fiber bundle/PP composite with chemical treated
(hollow shape) and untreated (solid shapes) fibers. (Reprinted from [63] with permission from
Elsevier)

Mechanical properties of flax fiber can also be determined via impregnated fiber
bundle testing. The fiber itself is not directly tested in this method; instead,
consolidated composite specimens are employed. Obtained results are utilized in order
to cdculate the single fibers properties making use of micromechanical theoretical
models. In this method calculated values are dependent on the validity and power of
the used micromechanical equations. Bensadud. [60] assertedthat it is not a
blocking factor for stiffness determination but for the strength, local fiber

misorientations, fibematrix adhesion and fiber volume fraction have to be
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considered.They calculated strength and stiffness of the fibers via follgwin

equations:

(Eq.1)

» h y (Eq 2)

whereO is the elastic modulus of the matri®, is the longitudinal modulus) is
the volume fraction ratio,and, i s t he | ongitudinal cedtrength o

subscripted parameters are related to composite specimens wheligasalculated
from the equation below:

, O - ; (Eq.3)

The authosbfindings as the result of the study are initial and secondary longitudinal
modulus whichwerefound to be 59.82.4 GPa; 40.8 3.5 GPa respectively. The

ultimate strength of the flax fibevascalculated as 520138 MPa

The key note to be deduced from these studies is that flax fibers do not exhibit fully
linear behavior up to rupture whélmey areloaded in tensile unlike synthetic fibers.

Due totheir natural cell structureéheyshow elasteviscoplastic material respses.
2.2.2.Flax Fiber Composites Mechanical Properties

Previous section has focused on ststssin behavior of elementary and technical flax
fibers. In this section, mechanical properties of flax fiber and its matrix assembly are

elaborated.
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Flax fiber reinforced composites are not only in the form of monofilament
configurations. These fibers also exist in the forms of mats, rovings, fabrics and yarns.
Each type of architecture form has its own manufacturing methods like film stacking,
hand la-up, compression molding, filament winding, manual winding, resin transfer

molding, injection molding and pultrusi¢&6].

Flax fiber composites in the form of mats are the most primitive examples of
composite formm and they are used with thermoplastic matrices. Garkhaal.[64]
compared the flax fiber mgolypropylene composite with gla mat reinforced
thermoplastics. They also investigated the fiber length and fiber volume ratio effect
on the performance. The conclusion they reached was stiffness of flax fiber
composites were comparable teglss, but strength of the flax fiber reirded
composite was far below the-gtass counterpart. That is mainly due to random
distribution and low aspect ratio of the fibers making the matrix to carry the most of
the load. In order to prevent this, different fiber architectures are introduced.
Unidirectional (UD) fiber composites having high stiffness in longitudinal direction
make possible to design the structure in a more customized fashion. These kinds of
composites are advantageous in terms of strength and stiffness. Yet, limitations in
manufactiring of curved surfaces cause further type of fabric architectures to be

introduced. Examples of different textile architectures could be sdggure2.14

(b)

Figure 2.14. Textile architecture forms used in flax fiber composites, (a) woven, (b) braided, (c)
knitted, (d) norcrimp fabric [20]
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Fabric type reinforcements are good for dimensional stability and easy handling, with
inferior properties compared to UD composi{@f]. Tailorable structure allows
designers to create laminates that are reinforced for more than one principle directions.
But due to crimping effects (bending of the fiber on top of each other) underneath each
and every fiber group, the overall integrity in terms of stiffness and strength
diminishes. Despite manufacturing limitations and difficulties, UD fiber composites
are still favorable considering tensile properties. Besides, anisotfoftgxofiber
structures requirelaminated forms to be balanced and symmetric to have-quasi
isotrgpic properties. Stresstrain curve of several UD and woven fabric composites
are given irFigure2.15. Intrinsic nature of flax fiber is also reflect to the composite
laminates where there exist two linear regions and a nonlinear region in between. From
Figure2.15, it is clear that unidirectional forms have superior stiffness and strength
compared to woven forms.

Unidirectional composites

Weaves and [0,90]
Cross-ply laminates

Stress (MPa)

50

0,00% 0,50% 1,00% 1,50% 2,00%
Strain

Figure 2.15. Stressstrain curves of various flax/epoxy congites with different forms [20]

Apartfrom textile architectures, properties which afféee mechanical performance
of NFPCs are also valid for flax fiber composites like micro fibril angle (MFA), matrix

fiber adhesion, matrix, fiber volume fraction etc. When MFA is oriented in loading
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directon, composite will exhibit superior properties. Slehhal.[65] investigated the
MFA effect on tensile properties of flgpolyester composit&.heyshowed that as the
MFA converges to loading direction, theircase composi teds el ast

improved The stresstrain curves could be seenFigure2.16.

Likewise, when matrix fiber adhesion is properly set up via certain chemical
treatments, macro structure will be more sustainable in terms of mechanical strength.
Considering the matrix itself; either thermoset, thermoplastic or natural resins, the

compatbility with fiber or elastieplastic properties are key parameters for structural
composites.

Stress [MPa]

0.0 0.5 1.0 1.5

2.0 25 3.0 3.5 4.0
Strain [%]

Figure 2.16. Stressstrain curve for various MFAs in flagolyester composite (Copyright (2012)
Wiley. Usedwith permission from [65])

Volume fraction of fiber in the composite laminate is another critical design parameter
as mentioned earlieAs this ratio increases up to a limit, tensile prtaps of the
composites enhanc8ut after this limit, due to &k of resin in the laminate, poor
wetting conditions or voids, structural parameters are badly influenced; consequently,
one ends with an inferior composite assembly.

2.3.Finite Element and Micromechanical Modeling of Flax Fiber Composites

31



Previous sectionfocused on general properties of natural fibers and flax fibers and
their composites. As indicated in section 1.3, flax fiber and epoxy matrix is selected
as compsite assembly. In this sectiomodels developed in the literatuege
examined which are alt prediction of elastic properties, development of finite
element models based on unit cell, and constitutive models. This classification is made

considering the historical development of the studies.
2.3.1.Prediction of Elastic Properties

In order to use material in engineering applications, the very first step is to determine
its mechanical properties | i-$tressaffailure,g 6 s
stress strain plots, fracture toughness etc. Studies conducted within this frame mainly
include an experimental procedure and a basic linear model to correlate. For this
purpose, rule mixtures and reverse rule of mixture equations are vastly used. In this
approach there are several assumptions like fibers are uniformly distributed
throughout the mtrix, matrix is free of voids, perfect bonding is assured between
matrix and fibers, applied loads are either parallel or normal to the fiber direction, no
residual stress in the lamina, and both fiber and matrix behave as linearly elastic

material.

Baley [55] tested flax fiber/epoxy composite under tensile loading then tried to predict
the Youngb6s modul us consider i MBAdurmg u me

testing. He used Halpiisai equations to calculate longitudinal elastic modulus of

flax fiber:
)] p , &
5 5 o (Eq.4)
where
v p
—
-5 (Eq.5)
-'L‘)_ 1
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0 stands foi0,’O or'O ;0 isO, 0 or'O;andd isO or"O. The subscripts
m, f, L, T represent matrix, fiber, longitudinal and transverse respectiwelis
volume fraction of fiber and is the shape factor. After some mathematical
manpulations he obtained modulus of elasticity irdwection loading:

(Eq.6)

. P —
@) o O

For a fiber volume fraction of 73.8%, calculated modulus of elasticity value is 99.940
GPa where the test result was 91.803 ®Riah is quite similar to experimental values

considering an elementary linear model.

Shah et. al[65] investigated flax fiber composites subjected teaxik loadingThey
used conventional rule of mixtures and Chamis formulae to calculate longitudinal and
transverse modulus of el é&estandsf Fax t€b
and loadingirection, respectively:

P P Q¢ P

Or — Al & — Al 6OE}+ —OE+ Eq.7
A or 0 Or Or (Eq.7)

In order to calculate shear modultls®y used HalpiATsai equation:

"0 Oop . @ Eq.8
T o (Ea.8)
where
"0 )
T
- 0 (Eq.9)
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I n order to calculate flax fiberés |l ongitud

used:

Oy, % O, woO (Eq.10)

The resultsthey obtained were stated to be in agreement with experiméhéy.
calcul ated fiberds | ongi t udhemladcaloulatedul us as 4
shear modulus and transverse modulus of flax fiber as 2.0 GPa and 3.9 GPa

respectively.

Kersani et. al[66] studiedthe damage initiation and development in flax/epoxy
composites under quastatic tension.The authors prepared different laminate
configurations  including 1 J, mhomJ, TuJtuJ  and

o mhJt vhJt v Jto obtain tensile properties of flax fiber and its composites. The
specimensveretested in ternke loading in which they exhibit mostly brittle behavior
except for 1 vhJt v J laminate. Bilinear zone was also evident in his results
(Figure2.17) which was attributed to intrinsic change of stiffness of flax fibers with
deformation. In order to model the laminates mathematically, he used classical
|l aminate theory with ply idealizations and C
and transversamoduli values were calculated &8 x nGPa; O (¢ GPa
respectively; whereas Poisson coefficients were found as 0 @ L One of

the most important deductiorisey made was absence of transverse cracks in flax
reinforced compositelhey explaned this phenomenon making use of low stiffness
contrast between epoxy and flax fibers.
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Baiardo et. al. [67] studied composites of flax fiber with polyester ré&diey
investigated change in tensile modulus with fiber confEmy found out that tensile
modulus increases with increasing fiber content then he fitted the results usin

modified rule of mixture:

0O --G0 p ®@0O (Eq.12)

where’Q, 'O, O are moduli of composite, fiber and matrix respectivelyis fibre

volume fraction and and- are fiber fibre orientation and length efficiency factors.
The authos defined length efficiency factor considering Cox Shear Lag m@@!
as:

(Eq.12)
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where

¢'O

—_— s = . E .1
Ol IgYIQ (Ea.13)

wis the aspect ratidQ is the matrix shear modulus, agQ¥ is the distance between
each fiber and its nearest neighbor. Calculated v&@ues¢ xGPa,O @ 1 @Pa,

and’O p ¢ MPa with— 1@ w showed parallelism with experimental values

shown inFigure2.18.
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Figure 218 Var i at i on Modulus Withuchagdging volume fraction ratio (hollow circles:
experimental values; dashed line: equation results) (Reprinted from [67] with permission from Elsevier)

One of the earliest studies made in this field is conducted by eamai/[69]. In their
work, they attempted to predict stiffness of flax fibepoxy composites using a

mathematical formulation based on an averaging technique among 12 class of fibers

with diameters fro’dOm t o 35 Om. Longitudinal el asti

proposed to be calculated via equation below:
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(0 ®O0 p GO (Eq.14)

where'(s class number is fiber volume fraction of diameté&. Authors claimed
@ to be proportional to the cross section of the fiber which at the end leads to
¢ 'Q, wheret is the number of fibers in each class. The1& tookthe form:

€ Q

The results obtained from the mathematical model were compared with experimental
results which could be observed kigure 2.19. Authors, to conclude, made a
correlation in between fiber diameter, fiber volume fraction, and matrix modulus and

stated that as the fiber diameter increases, elastic modulus decreases.
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Figure 2.19. Evolution of stiffness with volume fractiaatio (Reprinted by permission from Springer
Nature [69])

Similar study is conducted by Garkhai. al.[64] which was also mentioned in

previous chapters with a different asp€bey used rule of mixtures and Cox Shear
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Lag model to pedict tensile modulus and strength of the flax/PP and flax/MAPP, as
well. The resultshey obtainedarepresented ifrigure2.20:
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Figure 2.20. (a) Tensile modulus vs fiber length curve, (b) Tensile strength vs fiber length curve hollow
and solid points represent flax/PP and flax/MAPP respectively. (Reprinted by permission from Springer
Nature: [64])

Madseret. al.[70] investigated the effect of porosity unlike all the other studies which
idealize the composite assemlals void freeThey created a theoretical model by
taking the porosities that are caused by production and structurally aspects into
account. The anisotropy of the flax fiber was also taken into account while creating
the modified form of rule of mixtureThe theoretical model usesas derived as
follows:

O 0O O 0 (Eq.16)

where ¢, f, m, p represent composite, fiber, matrix and porosity respectively. Then

Eq.16 could be rewritten using volume and weight fractions:
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G 8 a8

da 4§ a (Eql17)

where m,”, w, w describe mass of composite, density, weight fraction and volume

fraction respectively. Volume fractions for fiber and matrix were evaluated by the
authos as:

. v ,

As it is indicated earlier, the autlsomodeled porosity in two components namely

W andw which indicate porosities caused by manufacturing process and

structural aspects such as fiber type and orientation. Afterwards, a new function based
on fibre weight fractiorwasintroduced:

P w "’
L (Eq.20)
, P : :
W p_l P W 0 (Eq.21)
: p : :
0 p_l P W W (Eq.22)

In order to calculate longitudinalX) and transverse) moduli values, rule of

mixture wasused with fibre anisotropy ratio (fa):
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0O o O p 0O p (Eq.23)

(@) 0040 \ (Eq.29)
w .
o & 006 wo g

Then procss and structural void terms wdoemulated as below:

W T8t @ (Eq.25)
) T Q@ T TEDL T@CU
- (Eq.26)
Qda wQ T

Longitudinal and transverse moduli valwesrecalculated using (Eq.23) and (Eq.24).
The authos fitted theoretical model to the experimental data and the rethays

reachedarepresented in thEigure2.21.
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Figure 2.21. (a) Stiffness and (b) Strength vs fibre volume fraction plots; hollow points: axial
experimental results; full points: transverse experimental results; dotesd uncorrected rule of
mixture data; full lines: corrected rule of mixture and anisotropy included data. (Reprinted from [70]
with permission from Elsevier)

In the content of elastic property prediction, several publications are investigated.
Since hese are the early studies in this field, they mostly contain experiments and
theoretical models to fit the trend of the behavior of flax fiber composites. Again, most

of the studies focuses on longitudinal behavior and lack the transverse properties. One
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vital deduction from this section is done by Kersani implying the transverse moduli
mismatch between matrix and the fiber is low which contradicts with the case in
synthetic fiberg66].

2.3.2.Development of Finite Element Models

After determination of elastic properties phase, development of finite element models
to simulae the behavior of flax fiber composites under loading conditions is the next
step. To fulfil this task, various authors crehteicromechanical models based on
reproducibility of a unit cell and solve the problems with the predetermined boundary
conditions In this type of studies, a supplementary theoretical model is sometimes

derived and compared with the results obtained from FEM simulations.

Straumit et. al[71] investigated the flax fiber and flax/epoxy composite moduli
making use of a finite element model. Different from the other works, they took fiber
misalignment im account while creating the FE model. The 3D model was created
using XRay computed tomography images. By doing so, a complete and realistic
geometry was assured which is showrFigure 2.22. 8-node linear brick elements
(C3D8) are used in FE model. The material properties were input to ABEQUS

software in the form of engineering constants.
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(b)

Figure 2.22. (a) X-Ray imaging and (b) FE Model of quddb flax/epoxy composite [71].

Properties of matrix and fiber were taken as follo@s: ¢& GPa,0 ] ¢

Orp p16GPaL 18 vAfter simulations and a series of experimental procedures,
theycal cul at ed f | ax Ni.46lGPa, which isvosisteritwittsthe6 3 . 0
experimental results: 62M42.87 GPa.

Modniks et. al[72] modeled short flax fiber reinforced polymer composite using a
unit cell to reproduce the tensile strssin behaviorThey performed numerical
studies on flax/polypropylene (PP) and flax/malenhydridegrafted polyproglene
(PPM). Orientation averaging approach was used in the model starting from the

equation:

— , L h—Qs —OEFQ— Q- (Eq.27)

where"Qe h— represents fiber orientation distribution density as function afd—

angles.,, TPy f— designates the stress under a prescribed strain in a UD
compositeds unit cel | . The t heoQsgoodi c al
equation:
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- 6p 0 — (Eq.29)

whereOi s t he Yo u mg § and msiatdifor medel parameters. The FE
model was created using-2@de quadratic brick elements (C3D20) with symmetry

boundary conditions which could be seelfrigure2.23.

Figure 2.23. Representative unit cell in uniaxial tension. (Reprinted from [72] with permission from
Elsevier)

Material propertiesvereinput asiO  p®GPa, m&,, p MPa,d> T& O,L

and¢ uv& t1 The autha assumed flax fiber to be linear elastic with a modulus of

69 GPa and 1.21 mm long. The results obtained from FEM were agreeing with the
theoretical model and presented for volume fraction of 0.20 ifrithee 2.24. The

solid lines represent the experimental results whereas dashed lines represents the
theoretical model used in FEMhey concluded that predicted diagrams were found

to be in reasonable agreement with the experimental data up to 1.5 % strain.
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Figure 2.24. Stressstrain diagrams with volume fraction ratio@® for (a) Flax/PP and (b)
Flax/PPM. Reprinted from [72] with permission from Elsevier)

Beakouet. al [73] studied tensile strength flax fiber bundles.their work, hey

modeled the fiber bundles in FE modeling tool. Based on épticaographs, liey

recreatedhebundle geometry. The key pointtbieir study was to investigate middle

lamella which is the zone in between two elementary fibers. Middle lamella was

represented using bilinear cohesive zone model. In orderedoce of the

computational cost, one quer of the bundleRigure2.25) geometry was considered

by the authas. Discretizatiorwas made with elements having 20 nodes and 3 DOF

per node.

Figure 2.25. (a) Staggered geometry of post processed FEM, (b) Discretized fibers, (c) Idealized
schematic lamella representation (Reprinted from [73] with permission from Elsevier)
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Elastic properties were taken &83: 1 @ (GPa,0O p & uGPa, 0O O

(& WGPa, and T Y.After simulations, it was determined that middle lamella
region is critical in terms of load carrying capacity of fiber bundle. The experimental,
simulation, and literature data results regarding bundle strength could be seen in
Figure2.26.

15001
l W literature data
»experimental results

l Asimulation results
10004 X

Bundle strength (MNPa)

so0- + : I‘ +‘ TP _

T T T 1
0 20 40 60 80 100

Gauge length (mm)

Figure 2.26. Bundle strength vs Gauge length plot. (Reprinted from [73] with permission from
Elsevier)

Another numerical modeling study of flax fiber reinforced polymer compeste
performedby Sliseris et. al[74]. They created representative volume elements filled

with short flax fibers having different aspect ratios making use of an &lgorkE

model of flax fibers wasliscretized with tetrahedron elements as showRiguire

2.27. The study included main material models for fibers, defects of fibers, interface

zores in fiber bundles, and matriXhey modeled fiber with linear elastic, isotropy

with a Youngdés modulus of 54 G&kaflberand Po
were modeled with brittle material constitutive law and a transverse modulus of 2 GPa.

In the interface zone, brittle material lavasutilized as well with 1.627 GPa, Poisson

ratio of 0.35 and transverse modulus of 0.3 GPa. Finally, polypropylene masix
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modeled using plasticity with isotropic hardening having a tensile modulus of 1.627
GPa Poissonbds ratio of 0.35 and yield streng

(@) (b)

Figure 2.27. (a) Microstructures with different orientations; (b) Discretization of flax fibers with
tetrahedron element@Reprinted from [74] with permission from Elsevier)

Then, numerical model was compared with experimental data which seemed to be in
fairly good agreement. Strestrain behavior and tensile modulus according to aspect
ratios @nbe seen irfrigure2.28.

@ (b)
40.00 so00
35.00 4500
30,00 gree , 4000
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% 1500 Experiment 2 2000
, 5 1500
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- 1000
500 4 500
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0 0.005 001 0.015 002 0025 003 0035 10 5 26(experiment) 50
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Figure 2.28. (a) StressStrain curve with simulation and experimental values\@njation of tensile
modulus with respect to aspect ratio (Reprinted from [74] with permission from Elsevier)
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Thuault et. al [75] modeled elementary flax fiber and simulated numerically to
explore tensile mechanical behavior using finite element analysg.made use of
experimental data to develaa numerical multilayer model of flax fiber. their
model, flax fiber was assumed to be &20in diameter and 800m long cylinder.
S1, S2, S3 layerweremodeled with hollow cylinders and lumen is modeled in the
central cavity Figure 2.29). Quadratic 3D elementwere used in finite element

modeling. The MFA and S2 layer effects on tensile modulus were tried to be explored

in detail. Youngds mod wlluloseweselinputas 13d&ndc el | L
16 GPa, respectively. Poi ss.onds ratios wt
(a) (b)

Figure 2.29. (a) FE modeling of elementary flax fiber;)(micro fibril arrangement [75]

Finally, simulations showed that fiber mechanical properties are dramatically affected
by S2 layer and MFA, cellulose content has an influence on fiber mechanical
properties, and fiber ultrastructure drastically influence flax fiber longitudinal

modulusvalues.
2.3.3.Constitutive Models

In this section, studies including a constitutive model are mentioned. These types of
studies can be considered as the most advanced and current type of studies made in
this field. Authors make use of a continuum mechanicsoggp to fully represent the

mechanical properties of the flax fibers and compare simulation results with the
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experimental data. For this purpose, rheological models are utilized which are based

on elastic, plastic and viscous aspects.

Andersonset. al.[76] studied the quasiD flax fiber/epoxy compositdased on
orthotropy assumptiorin their work, they used a semi empirical tensbnear model
to describe the nonlinear deformation under combined loadimgy combined the
deformation of UD ply with an elementary laminate theory to characterize-strass
diagrams of laminated composites under tensidre governing theoretical model

used isas follows

- &%, OEME 7n (Eq.29)

wherer) is a nonnegative scalar function of the stress tensoDaad continuous,
strictly increasing function whose inverse functionnod could be expressed in
finite analytical form. For a nonlinear response in both tension and compression,

authosused Lagzdin§77] form forn n  as:

N ® ., (Eq.30)

- and, stand for the strain and stress in the loading directiod b is nonnegative
definitetensor @ is respective compliance which is expressed as:
AT © OEi  p ¢

. C
® 0 0 0 O

The theoretical model was compared with experimental data by the suabhavell
for different loadingdirections:
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Figure2.30. StressSt r ai n di agrams for | oading angles (a) 0
[76] with permission from Elsevier)

The close agreement between dashed and full lines is obvious fronsttagssurves

of Figure2.30that theoretical modeling of the aute@rasaccuate.

P o i let©al[#8] investigated flax fiber reinforced polymers under uniaxial loading
in terms of volume fraction, titration of yarn reinforcement and temperature. In order
to have a full understanding of the specimens in terms of elasticity elasticity,

and viscoplastity, they developed a phenomenological model based on eight
independent parameter3hey claimed that nonlinear behavior could only be
attributed to viscoplastic effects and the modat createdased on two hardening
modes: linear and nonlinear. Matdriand mechanical behavior model could be
explained briefly: the authsrpartitioned the total strain into two parts elastic
(reversible strain) and inelastic (viscoelastic and viscoplastic):

- - - - - - (Eq.32)

Thenstate equations are written as:
” ” TT_[_ (Eq 33)
” ;|—( (Eq.39)



where... and| stand for inelastic parameteis,s density, and i s t he Cauchyos

stress. Then internal variable evolution is:

- — - - (Eq.35)
r_

5 (Eq.36)

—n

Then inelastic parametevgere determined and system of equationsre solved to

get viscoelastic and viscoplastic responses. Finifiéy, obtained a repetitive stress
strain curve from simulations based on developed constitutive model and compared
with experimental data:

300 1
-- experimental data

—— simulation .
250 7

Stress (MPa)

Figure 2.31. Stressstrain plot with experimental data and simulation (Reprinted from [78] with
permission from Elsevier)

Rubio-Lopezet. al [79] studied a rheological model to preiiscoplastic behavior

of NFRCs. Their model was based on utilization of elastic, plastic, and viscous
elements to determine mechanical response of the material under certaiig loadin
conditions. The model consistaaf three branches in parallel: nonlinear elastic
behavior of the materialvas modeled with Yeoh model, viscous behavisas
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modeled with Maxwell model, and plasticisasrepresented by frictional analogy to

the Maxwell model:

@ Yeoh

Tq
| b n K Maxwell
! h) ’ | A /f.\ /a\ o
| i ) VVYV o
i b o=6,+0p+0,
,(‘)7 d K!nclion
AAAN

VVvVy a,

Figure 2.32. Author's philosophy of modeling NFPCs. (Reprinted from [79] with permission from
Elsevier)

Governing equation for nonlinear Yeoh model under uniaxial tension is given below:

gojofi pT7T 06 T of ¢gpf6 d o T6b Eq.3
o (Eq.37)

whered , 6 , 0 are the elastic constants. The viscous behavior was introduced with
Maxwell model as indicated. This analogy inclsdeseries spring damper system of
which stress is the same but strain is the sum of each component. From spring

definition:

, 0D (Eq.38)

whereu is spring constardand from viscous damper definition:

QF

S Eqg.39
. oe (Eq.39

where— is damping constant, strain rate equation takes the form:
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] -9 03 (Eq. 40)

The plasticity was introduced via third branch which is the spring anidt@nal
element in series. This equation is 2 phase, at first model stiffness is dominated by the

spring element up to activation of frictional element whose role is to set up a limit for

the stress:
Q0 - o 0 3
Eq.41
QQ - 0. o (Eq.41)
Then the constitutive equation of the global model becomes:
” ” ” ” (Eq'42)

After derivation of globalmodel, authas calibrated their model for unknown
parameters. Finally, the comparison of experimental (fatiline) and theoretical
model (dotted line) for flax/PLA composite with different strain rates is presented in
Figure2.33.

ess (MPa)

0.01 0015 )02 0.025 003 0035 )04
Strain (-)

Figure 2.33. Comparison of experimental results and theoretical model of Flax/PLA composite for (a)
smalland (b) high strain rates (Reprinted from [79] with permission from Elsevier)
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Studies including constitutive models of flax fiber composites are rather new field.
Since parameters needed to create the models require extensive testing and not readily
found in the literature, there are not many works published by authors. As it is
explained above, most of the models are based on phenomenological models, which
include a constitutive relation simulation on each aspect of the subject.

To sum up, this sectiomainly focused on material and finite element modeling
studies published on the area of flax fiber composites. Studies are classified according
to their advancemeigvel. In the Section 2.3.1, preliminary studasductedn this

field are illustrated. Eper i ments to determine Youngods
stressstrain behavior of both flax fiber and its composite were the main subjects. After
determination of modulus (mostly longitudinal) then by using a linear
micromechanical model, authorsetli to predict this value without any simulations.
What authors laakd were the transverse moduli, which is quite difficult to measure
through the experiments. In the second part Section 2.3.2, somewhat more advanced
studies are scanned. These studies dela FEM together with a theoretical
micromechanical model. Developed FEMs benefit from the reproducibility of a RVE
(representative volume element). Some of them contain results which were also
correlated using experimental data. The last section addres$ew constitutive
models for flax fiber composites. Investigated studies in this section contain
computationalmechanics models that are thest advanced type found in the
literature. Yet, as indicatgureviously since this is a relatively recent fielone could

not find a wealth of information on many aspects. In general, having recognized the
nonlinear and inelastic nature of deformation, authors created phenomenological
constitutive models and calculdtéhe stresstrain responses of various straate

inputs.
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CHAPTER 3

OBJECTIVE OF THE THESIS

In this chapter, objective and motivation of the thesis is elaborated and literature survey

is summarized.

Use of NFRCs in structural applicationagecent development. As indicated earlier, to

be able to use these materials in dedicated applications, the material itself must be
explored thoroughly. In this content, authors made several investigations to reveal the
mat eri al sd& i nt pertiessAmang thesothdrsaflax fibeadlits cpnnposites
came to the forefront with its superior characteristics. As a first step, experiments to
predict elastic properties are conducted. Many authors tried to predict the mechanical
behavior with a basicifear mathematical expression. Later on, as the Kmow
increased, detailed modeling and siatidn works started. Flax fiband its composites

are modeled with FEM tools and modeling studies supported with experiments.
Furthermore, these models arged to fit a theoretical equation. Afterwards, constitutive
phenomenological models are created wiiobwthe most advanced and recent status of
this field. In the majority of the studies examined, the fiber and composites are explored
under longitudinatensile loading conditions which is the stiffest direction of the fiber.
With its good specific properties, flax fibers are thouglhreplace some synthetic fibers

like E-glass, yet only longitudinal merits are not enough. Glass fibers are isotropic
mateials whoseproperties are directiemdependentWhen used in composites under
transverse loading, due to very high stiffness contrast with resins, probability of crack
formationand a possible following failure is imminej@6]. For this very reason, the
substitute material should overcome this weakness. Transverse stiffness of flax fiber is
not as much as its longitudinal stiffness so ihiaas the potential to be introduced as this
Asubstituteodo material. I n s omat absdncetofhe pu
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transverse crack needs to be investigated in dé%jl66] Transversgroperties and
response under high strain of flax fiber and its composites have to be scrutinized further

to gain this knowhow.

Currently, what existn the literature could be shortly listed as well evaluated elastic
properties of natural fibers including flax; stredgain diagrams, micromechanical RVE
based FE analyses and phenomenological models based on constitutive relations. What
doesnotexigput needed f or t himatefiabmobesandemplete 0 mat er i &
FEA so that stress concentratiamsder transverse loadingth high deformationsan be
examinedSimilar studies are conducted in the literature but for different matanals

focus points In their work Sabuncuoglu and his-awmrkers [80] studied the stress
concentrations in steel fiber composites having a hexagonal cross section under transverse
loading conditions, and compared with conventional materials. Different volume
fractions and multiple fiber packangj types were used in their RVEs. The obtained results
demonstrate how stress concentrations change under transverse loading for different fiber

geometries, volume fractions and packaging types.

Figure 3.1. Max. principal stress distribution in the matrix with (a) circular and (b) hexagonal fiber cross
sections [80]

In this thesis flax/epoxy composite is modeled and subjected to transverse loading
conditions to investigate the stress concentrations imgudiigh strain inputs.
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Comparisons with conventional synthetic fibers, namely carbon and glass fibers is done,

as well. Modeling and material detaéleeexplained in forthcoming sections.

A Short summary of the publications that is reviewed is givélralrle3.1. As indicated
earlier, RVE under transverse loading conditions is not common in literature especially

in the flax fiber composites field.
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Table3.1. Literature review summary
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CHAPTER 4

MATERIAL MODELING OF THE FLAX FIBER COMPOSITE

In this section, material modeling philosophy used in FE analyses in the content of
the thesis is elaborated. Material model for each composite constituent is mentioned
and methods are explained thoroughly. As indicated in previous sections, selected
natual fiber and resin are flax and epoxy, respectively.

4.1.Flax Fiber Material Model

Being one of the stiffest bast fiber, flax fiber is known to have good mechanical
properties. But its stresgtrain behavior under tensile loading is quite different
comparedo classical synthetic fibers such as glass and carbon. In the previous part,
the methods to obtain fiberds elastic pr
flax fiber for FEA, main approaches are observed to be based ondlasacity and
hypeelasticity [20,74,78, 92].

4.1.1.Flax Modeling Using Linear Elastic Approach

The mechanical behavior of solids is driven by constitutive ssteam relations.

These equations express the stress as a function of strain, strain rate, strain history,
tempergéure and material properties. Elastic models do not include rate or history
effects. The models can be defined as deformable continua which retract to their
original shapes when deformation inducing loads are removed. In the linear elastic
approach, congtitive stressstrain law is restricted to be linear. Most of the materials
such as metals, plastics, ceramics, rock, concrete exhibit linear behavior under small
deformationg81]. In linear elastic approach, material is assumed to be either isotropic
or anisotropic. Isotropy is a fundamental material property which is related to

directional independent mechanical behavior.
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Flane of Symmetry

Isotropic materials have infinite number of symmetry planes whereas anisotropic

materials have a limited number of material symmetry. Isotropiti@l@shavior can
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Figure4.1. (a) Plane of symmetry, (b) planes of symmetry of orthotropic materials
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represent material behavior is 9. Elastic compliance can be written as:

Complete representation of flax fiber is assumed to bemakeng use of transversely
isotropic material model which is a special subclass of orthotropy. This case
characterizes plane of isotropy at every point in the material. In order to determine the
material parameters, assuming plane to be the plane @itropy, one can write,
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o (Eq. 46)

O O °© (Eq.47)
o O (Eq.48)

O ° Eq.49
C p ’ ( q' )

wheren and o stand for inplane and transverse, respectively. The resulting tensor
consists of 5 independent elastic constants to characterize the behavior of transversely

isotropic material. Then, elastic compliance takes the form
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In order to model flax fiber as orthotropic material with transvéssgopy, these
constants have to be found. Yet, constants must satisfy the stability requirf88gnts

provided below as well,

ORORORO RO RO  m (Eq.51)

s s oro 7 (Eq.52)

s s oyo 7 (Eq.53)

§ s oro T (Eq.54)

p 7 T T ¢ ) (Eq.59)

where 12 plane is plane of isotropy and 3 is the direction perpendicular to it. (Eq. 55)
is the inequality which assures compressible material behavior. As thateftside
approaches zero, material exhibits incompressible beh®@aprThese constants are
selected from literature, i.e. mostly cited publications in flax fiber field of study. Three
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canddate sets of constants to be used in FE analyses are selected. These parameters
given inTable4.1

Table4.1. Flax fiber orthotropic constants, compiled from literature

Elastic  hataset#1 REF Dataset#2 REF Dataset#3 REF
Constant

0 70.0 GPa [66] 62.3GPa [60] 70.0Ga [66]

0 80GPa [66] 5.8 GPa [60] 8.0GPa [66]
0 46GPa [20] 46GPa [20] 4.6GPa [20]
0 19GPa [83] 1.87GPa [84] 25GPa [85]

025  [66] 0.25 [66] 0.25 [66]

Each set is tested with given stability requirements using equatiebs. She only
dataset that satisfies the stability conditions is number 3. Therefore, these 5
independent material parameters are selected to be used in orthotropic material

modeling offlax fiber under transverse isotropy assumption.
4.1.2.Flax Modeling UsingHyperelastic Approach

Hyperelasticapproach to model flax fiber is an alternative method in the study. As it
is mentioned in literature review section, actual respondeedidxunder loading is
inelastiG viscaelastic plastic. But it is quite complex and cumbersome to model this
material with those mechanical aspects and the readily available knowledge in the
literature. Recalling the stresgrain curve of flax fiber, the bilear and a nonlinear

zone indicate that modeling flax fiber requires a different treatment.
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Figure 4.2. (a) Flax fiber stresstrain curve (Reprinted from [61] with permission from Elsevi€b) ;
representative linear and hyperelastic ststssn curve [86]

FromFigure4.2, behavior of flax fiber subjected to tension shows some resemblance
with hyperelastic material behavior which is isotropic and nonlinear. Yet, although the
stress strain curves are simildre toehavior of flax fiber depicted Fgure4.2 occurs

at much smaller strain values compared to most of the hyperelastic materials. In order
to usethis material model properly in FEA, parameters have to be determined in
advance. To do so, material test data module of ABAB$Sused. In this module,
several types of test data including uniaxial, biaxial, planar, and volumetric need to be
input, thenthese experimental data are fit to a strain energy potential by the software.
Convergence information of input data is presented at the end to select the most
appropriate strain energy potential with its parameters to model the subject as closely
as in thereal case. In this study, particularly for flax fiber, only available test data is
uniaxial test which is in fact not fullgccessibleThe data points to be used in material
modeling are extracted from a frequently cited stetsEn curve taken fromtérature

[61]. An opensource software is used to extract the data p&ions the stresstrain

curve Due to lack of test data regarding biaxial, planar and volumetric, onlyiahia

test data is used.
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Number of field variables: 0l
Data
Nominal Nominal A
General  Mechanical Thermal  Electrical/Magnetic  Other & Stress Strain
1o 0
Hyperelastic 2 1032425182 0.0002641
Material type: @ Isotropic () Anisetropic + TestData 3 273868449 0.0006342
— 4 4484043709 0.0010042
=
Hooptions 5 5863360933 0.0013747
Strain energy potential: | Unknown v 6 7.933761969 00013307
Input source: @) Test data T | 931402032 0.0021680
8 9394911883 0.0025926
If test data are available, but the strain energy potential 9 11.37517924 0.0029099
is unknown, a material may be evaluated to help decide 10 12.40205375 0.0033873
which potentiali=becl; 11 1378047088 0.0037578
After the test data have been entered and the material has 12 1420364404 0.0043416
been crested, select "Material->Evaluate” to evaluate a 13 16.52000425 0.0047116
matenal 14 1626664502 00050203
15 17.55122809 0.0053485
16 1858180304 0.0057195
17 1926638605 0.0060377
18 1995281928 0.0063028
1a 20 QASIAANR N NNRAINR. o
oK Cancel oK Cancel

Figure43.Test data input to ABAQUSE

Since transverse tensile test of a single fiber is very hard to conduct, an assumption is
made using the information on the literature. The obtained data points are staled 1

10 [23] in terms of stress and strestsain curve is reconstructefigure 4.4), and

input to software is done using scaled data goifihe reason of this scaling is that
transverse tensile testing of a single elementary fiber is quite troublesome, and nearly
impossible. Due lack of knowledge in the literature about transverse testing, this

assumption is made based on reviewed pubdicati
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Figure 4.4. Scaled StresStrain curve used for the transverse load application

As explained above, scaled data points are input to software as shbigare4.3.

After an evaluation, software suggests different strain energy potentials which could
be used in modeling, yet, with different stability results. The models suggested by the
sdtware are MooneyRivlin, Polynomial, Reduced Polynomial, Ogden, Arrude
Boyce, Van Der Waals and Marlov. Two models showing a good agreement with the
test data is selected, namely, Ogden and Reduced Polynomial strain energy functions.

Stability limit information of these both functions is showrFigure4.5.
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(a.) HYPERELASTICITY - OGDEN STRAIN ENERGY FUNCTICN WITHE N = 3

I MU_I ALPHA I D I

1 -1642855. 60 2.00011336 0.00000000
2 1075069.76 4.00011164 0.00000000
3 568991.065 -1.99988301 0.00000000

STABILITY LIMIT INFORMATION

UNIAXIAL TENSICHN: STABLE FOR ALL STRAINS
UNIAXIAL COMPRESSION: STABLE FOR ALL STRAINS
BIAXTAL TENSION: STABLE FOR ALL STRAINS
BIAXTIAL CCMPRESSICHN: STABLE FOR ALL STRAINS
PLANAR TENSICH: STABLE FOR ALL STRAINS
PLANAR CCMPRESSICN: STABLE FOR ALL STRAINS
VOLUMETRIC TENSICHN: STABLE FCR ALL VOLUME RATIOS

VCLUMETRIC CCMPRESSICN: STABLE FOR ALL VOLUME RATICS

(b) HYPERELASTICITY - POLYNOMIAL STRAIN ENERGY FUNMCTICHN WITH N = 3
D1 c10 co1
D2 c20 ci1 coz
D3 Cc30 cz1 ciz co3
0.00000000 555.808942 0.00000000
0.00000000 -41831.1876 0.00000000 0.00000000
0.00000000 34467917.0 0.00000000 0.00000000 0.00000000

STABILITY LIMIT INFCRMATICN

UNIAXIAL TENSION: STAELE FOR RALL STRAINS
UNIAXIAL COMPRESSION: STABLE FOR ALL STRATINS
BIAXTIAL TENSION: STABLE FOR ALL STRATNS
BIARXIAL COMPRESSION: STRELE FOR RLL STRRINS
PLANAR TENSION: STABLE FOR RLL STRAINS
PLANAR COMPRESSION: STAELE FOR RALL STRAINS
WOLUMETRIC TENSION: STABLE FOR ALL VOLUME RATIOS

VOLUMETRIC COMPRESSION: STABLE FOR ALL VOLUME RATIGCS

Figure 4.5. Output of (a) Ogden(p) Reduced polynomial strain energy functions

The analysis results suggest the Ogden and Reduced Polynomial strain energy
functions are suitable for input data to be used to model the hyperelastic behavior. The
formulation of these models are as follw

1% S o S Lo o (Eq.56)

where _I are the deviatoric principal stretche6 0 ~_ : _ are the principal

stretches; N is strain energy function order; adl HO are the material parameters.
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Yr 6 0 ¢ O o 0 p (Eq.57)

P
(e

where 6 andO are matedal parametersDandOare the first and second deviatoric

strain invariants defined as:

= - = (Eq59)

Parameters calculated via the software is presenteahie4.2 andTable4.3

Tabled2.0gden Strain Energy Function Parameters Calc

H ) H ) H ) T T T
-1642856 2.000113 1075070 4.000112 568991.1 -1.99988 0 0 0
Table4.3. ReduceP ol ynomi al Strain Energy Function Paramet
JL AL L | | |
r r r
555.8089 -41831.2 34467917 0 0 0

Stressstrain curve is reconstructed with literature data points and strain energy

function parameters to see thgreement, whichould be observed iRigure4.6.
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Figure 4.6. Stressstrain plot of evaluated hyperelastic potential functions antiténaturetest data

From the plot it is clear that Ogden strain energy function shows quite similar behavior
compared to the test data. Therefore, it is eligible to be used in FEA as flax fiber
material model. Note that while hyperelastic model gives a stress strain behavior
similar to that of flax fiber, the transverse isotropic nature of fibers is not represented.

4.2.Epoxy Matrix Material Modeling

Epoxy is a commonly used thermoset type resin. In this study epoxy is modeled as
elastoplastic material. Materials elastic praéjgsrand plastic strain data are selected
from literature[87].

Table4.4. Epoxy matrix elastic properties

Material Property Value
Youngob6s ®™od 2 95GPa
Poi ssonds RO04

Isotropic hardening is employed for plastic region. Strain input as material property is

total strain, which is calculated as:
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. - (Eq.59)

where- is the elastic strain, » XO, - is the plastt strain which is taken from
[87]. With all this information, stresstrain diagram of epoxy is constructedrigure
4.7.
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Figure 4.7. Epoxy matrix total stresstrain: (a) the entire curve; (b) zoomed view up to 0.02 strain [87]

4.3. Material Models Used in Thesis

To model the flax fiber, two alternative approaches seem to be appropriate for the
analyses. These are orthotropy with transverse elasticity and hyperlasticity.
Considering nature of the fiber, anisotropic and nonlineaa\beh both models have
deficiencies. In linear elastic approach, material itself does not behave linearly under
high deformations. Yet, for small strains, these nonlinear behavior does not make
much difference. Additionally, directional dependent propsréire better emphasized

and reflected to models via orthotropic elastic approach. On the other hand, since
material response is nonlinear, inelastic approach seems to be more appropriate at first
glance. But, Ogden strain energy function is valid forggmt materials and directien
dependent behavior would be lacked if this model was selected. To reflect anisotropy,
4" order strain potentials are needed which cannot be found in the literature.

Considering the main focus in this study, transverse beh@vnore crucial and is a
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reason of choice in itself. Elastic properties of synthetic fibers used in this study for
comparison also presentedTiable4.5 (L and T represent longitudinal and transverse

respectively):

Table4.5. Elastic properties of synthetic fibers

Glass Carbon

E=72 GPaE. =276 GPa

3=0.25 Er =10.3 GPa
Grr=3.8 GPa
Gt =27.9 GPa
3T =0.26

In summary, considering their advantages and disadvantages, flax fiber is decided to
be modeled using orthotropic elastic approach. However, the validity of this choice
will be checked by analyzing stresses on the flax fibelf iisédppendix A. By doing

so, all five independent elastic constants are selected from literature given in section

4.1.1 onTable4.1, dataset number. As mentioned, epoxy is modeled by elasto

plastic approach.
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CHAPTER 5

FEM DESCRIPTION OF THE FLAX FIBER COMPOSITE

In this chapter, finite element models are created to investigate stress concentrations
in the flax fiber composite. Three types of RVEs (Representative Volume Element)
are used through the evolution of the study, namely; single RVE, hexagon RVE and
random RVE. Analysis models, discretization, mesh structure, material models,
element types, geometric constraints, boundary conditions, anepnposissing
methods are mentioned. All these aspects aeated via Pythda scripts and

calculations are performed Abaqug finite element software.

RVE is a statistical representation of the typical material prop¢88}sin order to
simulate the material properly, there are some criteria tatlsied within the concept

of RVE. RVE should be selected sufficiently large with respect to micromechanical
model. Furthermore, the information it contalvasto well reflect the microstructure,

and shall be a good representation of a contini@@h Elementary flax fiber shape is
assumed to be circular, and diameter is take@r%as determined for the average
value of flax fiberg89]. The bonding between fiber and the matrixasianed perfect.
Several authors also made this assumption as indicated in Section 2.3.1. Most of the
studies including this assumption is based on linear elastic modeling approaches [54,
65, 67, 69].A mesh sensitivity study is also conducted and presentdte results
section Hereinafter, RVEs containing the imfoation of conducted research ased

in FEA.

5.1.Single Fiber RVE of FlaxEpoxy Composite

Initially, single fiber model is constructed to observe stress concentrations on the
vicinity of fiber itself without the effect of other fibers. For this purpose, a square RVE

(Figure5.1) is created with edge dimensions 15 times diameter of the fiber, which is
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375 Om with a thickness of 37.5 Om, t

distribution. With this representation, fiber is assumed to be in an infinite medium.

7 / 37.5um

375 pum
T

375 pum 25 pm 2

Figure 5.1. Single fiber RVE dimensions

After creation of geometry, material properties and boundary conditions are assigned
respectively. As it is explained in previous chapter, flax fiber is modeled as orthotropic
with transverse elasticity and epoxy matrix is modeled elalsistic. Next step is
discretization. The model is meshed considering proper calculation of stresses around
the fibers accurately, meaning that interface regions between fiber and matrix is
modeledwith denser meshes as showirigure5.2. The thickness and width of those
elements are assigned as 0.01 and 0.005 of fiber diameter, respectisehsitdvity
analysis is conducted as well, showing that assigned mesh size is dense enough to
obtain accurate results with reasonable computational $oste the model includes
some nonlinearity thelement type used in analyses is C3D8R for both filmer a
matrix, eightnode with reduced integration. Then, boundary conditions are assigned

to the analysis model.
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Figure 5.2. Single RVE mesh structure

The RVE is exposed to transverse strain from ragid left surfaces, which is-x
direction (directionl). Top and bottom surfaces iadyrection (directior2) are kept
free, whereas front and back surfaces-direction (direction3) are constrained so as

not to move Figure5.3). List of boundary conditions could be seeMable5.1

Table5.1. Single RVE boundary conditions

Surface Displacement Value
Right Y -7 YoOUQQQem

Left Y - YoOUQQOe
Front Y 0

Back Y 0

Top Y Free

Bottom Y Free

After assigning boundary condition, analyses are run with various transverse strain
values. Then, normal and shear stress concentrations around the fiber itself, and
horizontal stress concentrations from the surface of the fiber t®RWte edge is
obtained in the post process stage.

75



1 Back

W5y

e

Front

Left

5™

Figure 5.3. Boundary conditions shown on the RVE

5.2.Hexagon RVE of FlaxEpoxy Composite

After completion of single fiber RVE, hexagon RVE is created as second step. One
reason to use hexagon RVE is that it gives more accurate and credible results
compared to other regular packing types like sq{@0% Just like single fiber RVE,
vicinity of central fiber is properly seeded to obtain 2 layers of finer meshes. Being
different from the previous case, fiber volume ratios are introduced to the analysis
model. Model dimensions are determined with respect to fiber diameter and volume
fraction ratio. Short edge of RVEas long edge i® andi is the fiber radiusKigure

5.4). Making use of fiber volume ratio, geometry and constant thickness, dimensions

of RVE are calculated as:

.n.-

R o o B S
0 — - —ho OUNG © 0O
0O O 00

(Eq.60)

C
S/
ql
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a) b)
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Figure 5.4. Hexagon RVE: a) Dimensions, b) isometric view with 0.4 @r&fiber volume fractions
with the same fiber diameter

Then material properties are assigned to related regions including central fiber, quarter
fibers and the matrix. Boundary conditions are defined as follows: transverse strain is
applied in xdirection and Poisson contraction is applied for the other threctAfter

that, RVE is discretized with C3D8R type elementap8e reduced integration with
hourglass control. Fine mesh density in the vicinity of the central filssisntiato

obtain stresses properly. Boundary conditions are shown and lidteguime5.6 and

Table 5.2 respectively, indicesY stands for transverseyhereas(0 stands for
longitudinal.

Figure 5.5. Mesh structure of hexagon RVE
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Figure 5.6. Boundary conditions shown in hexagon RVE

Table5.2. Boundary conditions for hexagon RVE

Side Displacement Value
X1 Y% o—
C
X2 Y 0—
C
Y1 Y 65—’
C
Y2 Y 65—
C
Z1 Y o—’
C
Z2 Y o—’
C

5.3.RandomRVE of Flax-Epoxy Composite

Random is the third and final type of RVE that is investigated in the content of the
thesis. Due to inherent nature of the flax fibers, whether they are used in UD forms or
others, random distribution is quite appropriate for simulations. As in the case of

previous ones, RVE is created with calculated dimensions, but since multiple fibers
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are modeled, a distribution technique is required. For this purpose, a randomization
algorithm is taken from literature that is developed by Madto al. [91] and
implemented to the model. The code randomly distributes fibers in a certain RVE
according to the fiber diameter and requested fiber volume ratio. Fiber volutiefra

is also introduced to analysis models. Assigned boundary conditions are the same with

hexagon RVEas shown in figure below:

Side Displacement  Value
€0
X1 U, A >
X2 U A
* 2
&
Y1 U, B 5" Vrr
€o
Y2 Uy -B v
€o
Z1 UZ t ? vrL
€o
72 UZ —t ? vVrL
€0 —_—
_B Svrr PBC

Figure 5.7. Boundary conditions for random RVE

Being different fromhexagon RVE, periodic boundary conditions (PBC)applied

to random distributioras wellin order to simulate a large systdiy usingthe unit

cell. In the PBC, each nodes on sides of the RVE is connected to a symmetric
hypothetical counter node. By doig so, computational coss avoided and the
response of the large model is representatively calculated

The mathematical explanation of PBGasfollowing The displacement field for the

periodic structure can be written as
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6 ol - & 6 whoho (Eq.61)

where- is the global strain tensor and w is the linear distributed displacement
field, and 6° & ho is the periodic function from one unit cell to the another one
which stands for a modification to the linear displacement field due to the
heterogeneous structure of the compodiecause theeriodic array of the repeated

unit cells representa continuous body;onditions of continuous displacements and
same traction distributions at the opposite parallel boundaries, have to be satisfied at
the neighboring unit cell boundaries. Eq. 61 could satisfy the continuous displacement
related requirement but it cannot hold for the latter since thedermhi o is not

known. Each unit cell boundary surface have to be seen in parallel gairshe

displacement of thesmpposite boundaries can be written as:

6 -o 6 (Eq.62)

6 - @ 0 (Eq.63)

where™Q andQ depict theQ couple of two opposite parallel boundary surfaces of
a repeated unit cell. Taking into accouit® fo fro  is the same at two parallel

boundaries due to periodicity, the difference betweer6E@nd Eq63 becomes

6 0 - ® - Yo (Eq.64)

Y6 is constant for each pair of the parallel boundary surfaces with specifieight

hand side of the equation becomes consta3jt [Ehe statement given in Eq. 64 is
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defined to the finite element solver via tying node function and it specifies
displacement difference between two opposite boundaries. Yet, Eq. 64 does not
guarantee traction continuity conditions. The traction congnecdndition can be

written as

, , mh . T (Eq.65)

where ¢ and 0 stand for normal and shear stresses at the corresponding parallel

boundary surfaces. For general periodic boundary value problems, equations 64 and
65 are a complete set of boundary conditidm@rder toreflect PBCdefined in (Eq.

64)to theFEM, the neshing at each two paired boundary surfaces have to be the same.
At each pairing node, only two displacement components coming from constraint

equation (Eq. 64) is stored. Then it is reflected to FEM via a code.

In the RVE numerical analyses, average strand stress over all elements are
computed by taking the stress and strain from each and every element and multiplying
them with the volume of that very element. The average stress and strain components
are defined as:

. Q® (Eq.66)

- Qw (Eq.67)

elo glo

The strain energies calculated by different boundary conditions have to satisfy the

following inequality for the same value of
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YOV Y (Eq.698)

where o) and'Q superscripts stand for homogens traction boundary conditions,
periodic boundary conditions and displacement boundary conditions respectively
[93]. It is obvious that homogeneous displacement bounctargiitions overestimate

the effective moduli which is calculated as:

5 = (EqQ.69)

On the contraryhomogeneous traction boundary conditions underestimaldet.

PBCillustrationis depicted irFigure5.8.

@ @ @
.. . .. ; .. ; =)
@ ( @
.. () [ )
. RVE

® O
Defined PBC . .
O

Figure 5.8. Representation PBC afthndomRVE

Analysis models of 0.6 and Ofiher volume fraction can be observed fréigure5.9.
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(@)

175Am x 175Am

Figure 5.9. Random RVESs with fiber volume fraction @) 0.6 andb) 0.4

Then, model is discretized with C3D8R elements considering the close vicinity of

each fiber to obtain a proper stress distribution.
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(@)

(b)

Figure 5.10. Mesh structures of random RVEs with fiber volume ratio@pD.6 andb) 0.4

5.4.Evaluation Method of Stress Outputs

After running the analyses with different paraméateuts, which is explained in next
chapterthe stress outputs are obtained. In piaig, methodology to evaluate the stress

concentrations is explained.

At the end of each run maximum stress values, radial, shear stresses around the fiber
within a predefined path are extracted and printed via Ptrsmmipt. Then, these
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values are nornlized with average composite stress iadalirection as given in (Eq.
70).

v — (Eq.70)

The schematical representations of radial, shear stresses around the fiber are given in
Figure5.11.

@ (b)

© | d

Figure5.11. Calculated stress components for the thesis: (a) radial stress; (b) shear stiesgpftial

stressconcentration measuremetfitection along RVE; (d) Path around the fiber from which stress
concentration isneasured
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Bringing together all the outputs, stress concentrations around a single fiber starting
fromOAto180A ( f or single and hexagon RVE) and 360;/

results are presented @hapter 6.
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CHAPTER 6

ANALYSIS RESULTS

In this chapter, analysis results regarding single, hexagon and random RVEs are
presented. All the pogirocess tasks are carried out via scripts. Upon completion of
analyses, the output files are processed with MBtlah o p r e s wdsregarding at o U |
stress concentrationShe analysis durations for different type of RVEs are presented

in the table below. Random RVE cases are solvedsupercomputer with 48 CPUs

and64 GB of memory whereas single and hexagon RVESs are solved in 4v@RUs

6 GBof memory computer.

Table6.1. Flax Fiber RVE analyses solution times

RVE CPU Time (Sec)
Single Fiber RVE 363.50
Hexagon RVE (v= 0.4) 296.50
Hexagon RVE (v= 0.6) 129.50
Random RVE (= 0.4) 384.40
Random RVE (= 0.6) 202.30

As indicated previously, a mesh sensitivity analysis is conducted to observe if it the
results converge or not. The configuration is selected as hexagon RVE, maximum
stress vs number of element curve is plotted. From the results of the analysis which is
shown inFigure6.1, it is apparent that results do converge. It is possible to state that
the size and the configuration of the elements are proper armhdheses based on

this mesh is reliable.
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Figure 6.1. Mesh sensitivity analysis results

6.1.Single Fiber RVE Results

Section 6.1 focuses on stress concentration results of single RVE under prescribed

boundarc ondi ti ons that i s mentioned in part 5.1
effect is investigated. Then material modeling approaches are compared (Section

6.1.2). Thirdly, the fiber is subjected to different transverse strains (Section 6.1.3) and

laststep is comparison with synthetic fibers like glass and carbon (Section 6.1.4).

6.1.1.Youngd6s Modul us Duality Case Study

As explained in section 3, flax fiber strestsain behavior is bilinear meaning that it
doeshave two val ues .dbnsidérmgthe gnaterial modelimd u s
approach in this study, that is orthotropic (Section 4, 1B effect of this duality
should be further investigated. For this purpose, a comparison study is conducted.
Bensadoun et. d60] studial this duality of elementary flax fiber. According to their

test results, two elastic moduli are obsernved: v Bt GPa, andO T ® GPa

for strain intervals of 0 to 0.001 and 0.003 to 0.00&vertheless, the problem here is
that they are all in longitudinal direction. Since the focus point in this study is the
transverse property;tb-10 scaling assumption is usg8] and moduli are taken as,

0O v& GPa andO 18 uGPa. Additionally, since it is a comparison study,
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material is assumed as isotropic for the sake of simpli€dy.an input strain 0d.2

%, the obtained results are presente#igure6.2, Figure6.3 andFigure6.4.

1.2 T T T T T 1

0.8

0.6

x
0.4 _ET1=5'7 GPa
_ET2=4'45 GPa
0.2 .
0 - -
_0.2 | | | 1 | | 1 |
0 20 40 60 80 100 120 140 160 180

f(deg)

Figure 6.2. Single Fiber RVERadial stress concentratioofalong flaxmatrix interface with dual
transverse modufor 0.2% strain input.

0.8 | | |

0.6

0.4

= 0
X —E_,=5.7GPa
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Figure 6.3. Single Fiber RVEShear stress concentration along fiber matrix interface with dual
transverse modu@.2% strain input.

1.2 T T T T T T
_ET1=5'7 GPa
_ET2=4.{5 GPa
1.15 .
v 1.1
1.05+ *
1 1 | 1 1 1 T T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

x/R

Figure 6.4. Single Fiber RVE ftrizontal stress concentration along the path between fiber and the
model edge with dual transverse moduR% strain input.

Since the study is performed to have an idea about the effego dlifferent elastic

moduli on stress concentrationsetflax material is assumed to be fully isotropic for

the sake of simplicity. Two separate analyses are run and results are presented
consecutively. In terms of radial stress concentrations around thenfdigx
interface, the difference between reached maximum values is quite low. The model
having transverse moduli@ v& GPa has maximum radial stress concentration,

0 p® o whereas the one with second modulus valu®of 18 uGPa reaches

0 P8t @ fFigure6.2). The case in shear stress concentration is also similar. The
difference between maximum shear stress concentrations is aboutfldi6ég.3).
Considering the horizontal stress concentrations fFigure 6.4, the variation is

minimal as well. The difference between these two values is small enough to justify

the wutilization of a single Youngds modul

of stress concentrations
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6.1.2.Comparison Case Study with Orthotropic and Hyperelastic Flax Fiber

Although selected material model to be used in analyses is orthotropic, in order to
compare the stress concentrations in terms of order of magnitude and have a general
idea, a comparison study is conducted. The inelastic modeling approach which uses
Ogdenstrain energy function and the orthotropic elastic modeling appraseh
compared with respect to radial, shear and horizontal stress concentrations as
presented ifrigure6.5, Figure6.6 andFigure6.7 for an input strain of 0.2 %.

1.4 T T T T T T T

%Orthotropic Flax | |
—Hyperelastic Flax

-0.2 | | 1 J | | l J
0 20 40 60 80 100 120 140 160 180

0(deg)

Figure 6.5. Single Fiber RVERadial stress concentrations along ftaatrix interface for orthotropic
(blue) and hyperelastic (red) modeling approadbes.2% strain input
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Figure 6.6. Single Fiber RVE IBear stress concentrations along fiaatrix interface for orthotropic
(blue) and hyperelastic (red) modeling approadbe8.2% strain input.
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Figure 6.7. Single Fiber RVE brizontal stress concentration along the path between fiber and the

0.5
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0.7

0.8 0.9 1

model edge for orthotropic (blue) and hyperelastic (red) modeling apprdacie®% strain input.
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Since thefocal point in this study is the transverse aspects of the composite,
hyperelastic approach is insufficient to characterize those features. The modeling
approachas mentioned in section 4.1i2 based on scaling assumption due to lack of
information tocharacterize transverse propertesnpletely Yet, in order to see the
difference between two approachtee comparison study is conducted. Considering
radial stress concentration around the fitvextrix interface Figure6.5), at the starting

point of the radial path, i.eADthe stress concentration difference is not so much. But,
between 88and 10@ the difference is about 0.2 which could be seem the plot.

By checking the shear stress concentration pligiufe6.6), one can see that towards

to 45Aand 133, difference between two casesrieases which is expected since the
principle direction for the shear stress is highest iA #nally, horizontal stress
concentrations can be observed frBigure 6.7, which has the largest difference in
terms of stress concentrations compared to others. Considering the results,
hyperelastic and orthotropic modeling approaches do not give very different results,
but due to mentioned reasons using hglasstic approach may results with misleading

outcomes.

6.1.3.Stress Concentrations for Varying Strains

Single fiber RVE model is subject to various strain values, starting frooQp to
5%. Contour plot of two strain values are presentedrigure 6.8 and stress
concentration distributions in the fiber/matrix interface are givénguare6.9, Figure
6.10andFigure6.11.
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Figure 6.8. Distribution of maximum principle stress for the input strains values of (&p0(8) 2%
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Figure 6.9. Single Fiber RVE adial stress concentrations along flaatrix interface for various
transverse strain inputs starting fr@m.% to 5%.
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strain inputs starting froi.1%to 5%.
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Figure 6.11. Single Fiber RVE ftrizontal stress concentration along the path between fiber and the
model edge for various transverse strain inputs starting &dfb to 5%.
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This case study is conducted to see the effect of strains from 0.1 % to 5%. In this
analysis, the fiber is orthapic flax and the matrix is elastoplastic epoxy. Starting
from Figure 6.8, that color distribution is wider for the high strains meaning that
stresse are created and distributed in a less concentrated manner. Radial stress
concentration around fiber matrix interface proves this statement: stress
concentrations decrease as the strain input increases which can be observed from
Figure6.9. Considering starting point of the path around the fiber, reagalre5.11,

that is the Avicinity, highest concentration belong to 0.1 % strain case which is the
same for shear stress concentratidfigyre 6.10). Horizontal stress concentrations
have a little fluctuations just after the starting point of the gatgu(e6.11). However,

at the fiber/matrix interface point and half of the RVE bordters observed that
increased strain inputs results with lower concentrations as @Geifisidering the
elastic limit strain of the epoxy which is about 0.017spreed irFigure4.7 (b), stress
concentrations seen in single fiber RVE is are nearly the same up to this value. As the
transverse strain input in@ees over this limit, especially for the radial and shear
stress concentrations, starting from T8t p wtress concentrations starts to
decrease. It is due to the fact that epoxy matrix yields and it passes to the plastic zone.
High concentrations in thigber/matrix interface generate a softening effect. This is

an important deduction to be able to set a value to the onset of yielding caused by the

matrix.
6.1.4.Comparison Case Study with Glass and Carbon Fiber

In this section flax fiber is compared with glassl carbon fiber with the same amount
of transverse strain input which is 0.2 %. Radial, shear and horizontal stress
distribution results are shown ifigure 6.12, Figure 6.13 and, Figure 6.14

respectively.
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Figure 6.12. Single Fiber RVE adial stress concentrations along flaatrix interface for flax (blue),
carbon(red) and glass (green) filsfor 0.2% strain input.
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Figure 6.13. Single Fiber RVE sear stress concentrations along {ftaatrix interface for flax (blue),
carbon(red) and glass (green) fibeio 0.2% strain input.
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Figure 6.14. Single Fiber RVE brizontal stress concentration along the path between fiber and the
model edge for flax (blue), carbon (red) and glass (green) fibe@s2% strain input.

This comparisortase regardinfjax, glass and carbon fibetise final case ofsingle

fiber RVE. In this analysis flax, carbon and glass fibers are subjected to transverse

loading for a strain input of 0.2 % to evaluate the stress concentrations on the fiber

matrix interface. The radiand shear stress concentrations along the interface and

horizontal stress concentrations from the fiber to the edge of RVE is presented in

Figure6.12, Figure 6.13, andFigure 6.14. The maximunmstress concentrations are

observed at a slight distance from the fiber matrix interfacehorizontal stress

concentrations Considering radial stress concentrations, as expected, the highest
concentration is observed in glass fiber, then comes caabpdnhe least is the flax

fiber. This is mainly due to large stiffness contrast between the fiber and the polymeric

matrix. The glass fiber is a fully isotropic material meaning that transverse modulus
isthesamesa | ongi tudi nal one, 72 GPa. The carbon
GPa whereas flax fiberdos is 8 GPa. This ded
study considering the idea that flax fiber composites may be used as a substitute for

glass fibers. A ndi cated earlier, glass and fl ax fi
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comparable, but with this transverse property, it is apparent that flax fiber can be more

promising in terms of mixed mode loading applications.
6.1.5.Element Type Comparison

This analysis isonducted to see if elements with reduced integraffentahe results
of the analyse For this purpose 2 runs are performed with C3D8 and C3D8R

elements. The CPU time durations for these analyses are presented in table below:

Table6.2. CPU time for Single Fiber RVE with C3D8 and C3D8R elements

Element Type Time (sec)
C3D8 439.90
C3D8R 363.50

The results of the analysesuld also be seen from the radial, shear and horizontal

stresconcentratiordistribution plots:

0.2 7
0- ——C3D8R |
—C3D8
-0.2 ! ! ! L - ! ! !
0 20 40 60 80 100 120 140 160 180

0(deg)

Figure 6.15. Radial stress concentration distribution for comparison with C3D8 and C3D8R type
elements
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Figure 6.16. Shear stress conateation distribution for comparison with C3D8 and C3D8R type
elements

1.3

——C3D8R
—C3D8 |

1.258%

124 3

0 0.2 0.4 0.6 0.8 1
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Figure 6.17. Horizontal stress concentration distribution for comparison with C3D8 and C3D8R type
elements
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The analyses are run foraximum transverse strain input used in the study, which is
5%. By checkingthe results, it is quite obvious thegduced integration element
creates no difference in termsg#neratedtress concentrations in the vicinity of the
fiber. The contour plots foboth casesvhere the matrix is in its plastic zoaee also
shown below:

(a) S, 511 (CSYS5-1)
(Avg: 75%)
132,134
118.894
105.654
92.414
79.174
65,935
52,695
39,455
26,215

Max: 132,134
Elem: PART-1-1.49762
MNode: 18434

Min: -26.744
Elem: PART-1-1.2643
MNode: 9080

(b)
3, 511 (Cs¥s3-1)
(Avg: 75%)

132122

118.886

105,650
92.414
79.179
65,943
52.707
39.471
26,236

-26.707

Max: 132,122
Elem: PART-1-1.2642
MNode: 9196

Min: -26.707

Elerm: FART-1-1.2643
MNode: 9080

Figure 6.18. Contour plots for single RVE (a) C3D8, (b) C3D8R element type comparison with 5%
transvesestrain input
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6.2.Hexagon RVE Results

Section 6.2 focuses on stress concentration results of hexagon RVE under prescribed
boundary conditions that is mentioned in part 5.2. Studies are compiled in five main
headlines: first effect of various strains for fiber volume fraction of 0.4 is observed
The same procedure is applied fiber volume ratio of 0.6 as a second step. Thirdly,
effect of volume fraction on the stress concentrations is investigated. Fourth and fifth
step is again a comparison study for different volume fraction ratios tHatesc
synthetic carbon and glass fibers. Transverse strain input to the RVE is given as 0.2

% for the comparison case study.
6.21.Stress Concentrations for Varying Strains

Being different from single RVE, fiber volume fractions are introduced togmxa
RVE. According to volume fractions, dimensions of RVEs are arranged and analysis

geometries are created

(b)

124.545

Figure 6.19. Distribution of maxmum principle stresasfor the input strains values of (a) 0.2 %&)
25%
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Figure 6.20. Hexagon RVE radial stress concentrations along-itatrix interface for varying
transverse strain input starting fromi @6to 5% with fiber volume faction of 0.4
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Figure 6.21. Hexagon RVE shear stress concentrations alongnfiatxix interface for varying
transverse strain input starting fr@mi%to 5% with fiber volume fraction of 0.4
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