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ABSTRACT
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Hybrid composite materialsrea specialized version of composite materials that constitute at
least two different fiber materials. Hybrid composite® promising materials for various
engineering applicationg.hesematerials can be specialized by selecting fiber materials that
suit best with applicatiorfield. Hybrid compositesare employed in many fieldsuch as
aerospace, automotive, constructiett. Due totheir applicationareasandthe high potential

of enlargement otheir application fields irthe future, havingufficient knowledge of these

materials is essential

Due to their complex internal structutée effect of different parameters on these materials
has been subjectedo studies intensivelyln general, studiedocus on axial direction
parametersandimpacton axial loadcarrying capability.This thesis study focuses @ffects

of differentstructural parameters transverselirectionand their effect on structure. The main
aim of this study is investigation of different characteristractural parameters of composite
materials on stress distribution astless concentrations at micro scaiehybrid composite

materialscomposed with carbon and glass fibers



During this thesis study, representatw@ume elementdoth hexagonal ahrandomRVE-
utilized to modelthe structure FEA modeling is useé&nd aFEA model prepared for each
investigated castr finite elemenimodeling Abaqu$2] program utilizedor FEM modeling

To parametrize the studya set of co@ used to creatEEA models Python3, 4] program used
for this processin posprocess stagBEA output data is used as an input for normalization
and stress concentration calculations and post process viewing prodiathsads] and
Hyperview[6] programs are utilized for postproce&esults of this study is aimeéd use in

prediction of behaviorof these materials under certémading conditions.

Keywords: composite materials, hybrid composite mateifd&#, modeling, micromechacal

modeling stress concentratiprepresentative volume element
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Hi brit kompozi't mal zemel er , Kkompozi't mal z e
°zel |l ekmi kK bir ter¢eder . Hi brit kompbomai tl er
potansiyeline sahi pt i rmiheBdislikalaelicin ermedue fiberk ul | a
mal zemesi se-il edri ok i 4z &klolmprotziirtil leehi lhiarv.ac el é k
uygul ama al anlarénda kull an&lemalketl edcérk.t eMe&wd U
yaygénl akma potansiyelinin y¢¢ksek ol masé se

birikimine sahip olmak ytksek 6neme sahiptir.

Kar makeék i - yapeéeseé sebebiyl e, farkl é par an
artakr mal arda -ok-a -al éxkél méxkter. Genel ol ar
yé¢k takéma kapasi t.8si tgzeriahekmdaslhdamémr & e
yanal y°nde ve yapeé ¢zerindekiékentaksi€l neérni agnzae r
kompozi't mal zemel erin Kkarakteri st ik&arborPvweel | i k|l
cam fiberler k u | hilarin l@inpozitlar kiizerondleumikto udiizeyldemgemlim

daj el emlaré ve gerilimlkaonsdmt raa akd relr &rl enagszda



Tez -aléxkmasé sérasénda |, yapéyé -amodedg éemelk

rastgele ha&uml ahémhmakaee. Sonlu el emanl ar an
bir par ameter i el emdmalr&rd € mbbdel isomnll wkt ur ul mu K
modellemesii - i n Abaqus program kull anél méexter. ¢
getirilebil mesi ve sonlu analiz modell erinin
akamada Pythonmektogmr.amSdkrud- laamrédn i ncel enmesi
el emanl ar anali zi programéndan al énmexk, vV e
hesapl amal ar énén yapél abil mesi vV e son i ncel
kul | an Mathvaglve Hyperyiewpr ogr aml ar & sonu-1|l arén incelen
¢al @ékmaneén sonu-I|l aréenén b u mal zemel erin -al
davranéxkl aréna dair bilgi ve ©°n bilgi oluktur

Anahtar kelimeler: kompozit mamler, hibrit kompozit malzemel sonlu elemanlar analizi

model | emesi |, mi kromekani k model | eme, stress k-
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CHAPTERS

1. INTRODUCTION

1.1. Motivation, Aim and Objectivesof the Study

Regarding current studies atite demand for specialized materials, it can be said that
hybrid composite materialare used in various structak applications. Since these
materials can be specialized furthlegarding application needs such as low weight, cost
reduction or low electricgbermeability, demandbr these materials will increase. Since
theamount of study on these materialghie transverse direction is limite@stimation of
themechanical behavior of these materials becomes a difficult Tasarotivation of this
thesis aidy is to increase knowledge about these mateRadsng knowhow will leadto

an increase itheutilization of these materials

A numberof studiesin axial directionloading can be found ithe literature but resources

and studies on transverse loading on these structures are very.linfieedknown fact

about composite materials is the axial laadrying capabilityis much better than the
transverse sidéMain aim of the study is to investigate miesode stress distributions and
concentrations icarbon glasfybrid reinforced composites thetransverse directioill

the load cases used in this study are transverse loading cases and all of the stress
concentrationgnd stress distributions investigdtduring the study arthe results of this

type of loading

Main objective of this masterthesis id0 analyze the hybridization effect on the micro
scale stress concentratiorishis study will lead to make further predictions about these
materialsand their behaviorsconsequently, these developmentli ease the usage of
these materials in engineering applications andrease the utilization of hybrid

composites irmnew variety of applications.



1.2. Reseach Methodology

Research methodology of this theisishownin a diagram irFigurel.1. This thesis study
beginsby giving introductiodlevel information about hybrid composite materia$so,
brief information about previous researches and studiegsherhybridization effect,
micromechanical modeling based on differ&\YE types andFEA modeling studies is
givenin this section. After that, research method employed in this study is defined within
research and methodology sectiosiso studied parametergarameterelated FEM
modek, FEA model BC's and posi{proces methodof outputsare given in this section.
Then FEA models are created using Python code arkEA models areset and
accomplishedAfter that, results are obtained using python codeAdratjus posprocess.
Then, rasults were used to calculdtee stress concentration factor and contour plegse
drawn for normalized stress values usihg Hyperview program. Lastlyall of the final
results are collecteahdevaluated; final remarks and conclusions are given fr@mtand

future prospects dhestudyarerevealed.



literature review

wgeneral information about hybrid composites
ustudies on hybridization effect
ustudies on micromechanical modeling

research methodology definition

wevelopment of fem models
uboundary conditions

ustudied parameters

wesults and data analysis method

fem modeling

uPython code creation
«fem model creation
wputput printing using various post process programs

post process & data analysis

wnormalization and stress concentration calculations on Mathcad

conclusion

aevaluation of results

Figurel.1 Summarizedrepresentation of research methodology



1.3.  Ouitline of the Study

This thesis study is composed six chaptersan appendix and reference parBrief

information about each chapter is as follows:

Chapter lintroduction General information abothethesis studys given including aim

of the study, research methodology and outline.

Chapter 2 Literature Review:Information about pastnd recenttudies relatedo the
research field ofthis thesis studysuch as usage fields, micromechanical modeling,

hybridization effectandstudies on differenRVE types arerevealed in this chapter.

Chapter 3 Methodology:This chapter supplies information abdbe method followed
during the thesis study. Detailed information about studied parameters, corresponding
FEM models,and process aboutEA model creation with both Python and Abaqus-pre
process are given in this stage. Alsoformation about pogprocess,refining and

rearranging results witkpecificmathematical formulations explained in this stage.

Chapter 4Results and evaluatiofiResults, tables, stress concentration graphs and contour
plots are stated in this chapter. All outputs of the sardyevealed in this chapter in their
final evaluation form. Also, this chapter includes basioments and inferers fromthe

results.

Chapter 5Conclusion: A summary of the study as a whole is presented in this section.

Besides, outcomes of the study can be found within this chapter.

Chapter 6 Future work: Further studiesbased on this study to deepen and fylithe

background that the researchesbn stated in this section.



2. LITERATURE REVIEW

2.1. General Information about Hybrid Composites

There is a continuous search in engineering for new materials to use in every aspect of our
lives to increase efficiency, using less resources and ease our lives. For a long time,
composite materials have been a part of our daily lives. Composite maltewaldeen

used in many applications due to their superior properties, such as high stiffness, low
weight etc. Hybrid composite materials @egpecialized version of composite materials.
Hybrid composites have an opportunity to produce materials withoweprents on
selected properties. This opportunity gives engineers to work with materials that are

produced dedicated to usage places.

Hybrid composites are materials that are manufacturedtingtbame production method
asstandard composite materialsitHybrid composite materials are a specialized version
of standardcomposite materials. Hybrid composites are produced using standard matrix

materials butmore than 1 type dfber is utilized within the structure.

With the help of different material otbinations, structural materials with highlighted
beneficial properties can be achieved. Carbon and glass fibers and combinations of these
two fibers have been used in this study. Carbon&Glass fiber combinations are one of the
widely used fiber dusin apgications due to their high strength and low cost. A macro

scaled view otarbon glastybrid composites is given iFigure2.1



Figure2.1 Macro-scale view of hybrid composifés

Hybridization can be achieved with different ways in compositeese methods can be said
as interlayer, intralayer and intyarn. A representation of different hybridization methods can
be seen irFigure2.2.
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Figure2.2 Interlayer, intralayer and intra yarn hybrid composite representdi@in

Hybrid compositesare produced witttombinations of two different types of éls, asthe
most critical and brittle fibers carbon fiber and the second fiber is called hybridization fiber

[9, 10]. Generally hybridization fibds selected with higher failure strain.
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Mechanical properties of hybrid composite materials can be calculated usingety whr
analytical methods. Mostly used of these methods are: Halpin Tsai equations, Chamis
formulations, Rule of mixtures and Inverse RuleMiktures. In general, Rule of mixture is

the most common way to predicthe micromechanical properties of compgesmaterials and

IROM is used for hexagonalhaped fibers extensivelOn the other hand, these relation
system gives inaccurate results in terms of stress concentrations that result from fiber matrix
interactions under transverse loading. Instead of Rillmixtures and iIROM, Halpin Tsai
equations are used to calculate transverse modulus by some of the researchers such as
Crookstofll]. In generalHalpin Tsai equationssed extensively for the transverse modulus

of hybrid composites, these equaticas be given as belojd].

0O 0z¢p 0O z@ (1)
0O p ,Z-2® )
(] P -Zw

o 3

o P 3)
- ©

F )

Er and E, refers to fiber and matrix modulus values respectivelyisElasticmodulus of
composite in axial direction and:Es elastic modulus in transverse direction. In these
equations3 refers to reinforcing factor and defined by three parameters that are: fiber

geometry, packing geometry and loading conditidhs

Representation of Halpin Tsai equations and transverse nsodudiven inFigure2.3
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Figure2.3 Experimental data vs theoretical assumptions of Halfzai

Hybrid composites have been used widelywariety of different fieldsSome of the usage
examples of hybrid composites can be givenraserospace industry, atmamercial aircrafts

cockpit glare shields, for the places where high strength is not required and when remarkable
cost efficiency can be achieved, hybrid compositasbe used widelyZweben[12], in his

study, gives the idea of usage area of advanced composites and potential usage area of these
types of composite structureldybrid composites that are produced from glassbon or

basalt fibers have been used in wind turbineeparoduction. In marine applications, hybrid
composites are preferred in ship hull production due to their strength, low waigity, to
produce at complex geometrical shapes, low electromageetignitionand less maintenance
requirements. Inthe construction section, a pedestrian crosswalk project whole structure
compromised from carbon&glass hybrid composites was completed andbeka used
actively[13].



Figure2.4 A pedestrian bridge in Okinawa Japan made of hybrid composite striit8]re

Also, there are ongoing studies to produce hybrid composite suspension pagavin h
automotive industrywithin the scope ofiMech project)in AMRC Sheffield university.

Various studies have been madetlo@production methods of hybrid composit&n et al

[14] studied on various production methods of hybrid composites for automotive and
aerospace applications, in terms of both open and closed mold faboricegthods, hand lay

up, sprayup; regarding various restraints such as geometric complexities, part scalascetc

requirements such as high pressure due to strength needs etc.



2.2. Studies on Hybridization Effect

As hybrid compositeprovide a wide range of application possibilities, there have been many

research studies related to the development of this type of composite in the literature.

Hayashi[15] discovered the hybridization effect and stated that the failure strain of the low
elongation fiber in a hybrid composite structure is higher than that of modg@nous

composite structure.

Hybridization causes changés material behavior. Response material changes regarding
different loading type Swolf et.al[16] studied on maxinzing hybridization effect on hybrid

composite materials.

Positive Carbgn
hybrid effect Composite

1) Negative -
Glass hybrid effect
Composite
T T T T
0 0.2 0.4 0.6 0.8 1.0

0% Carbon composite volume fraction 100 %

Figure2.5 Representation of hybridization effect on axial mechanical propgtiigs

Improvements that are achieved by hybridization can be given as followings:
- Improvementsn axial loadcarrying capability:
Positive hybridization effect on mechanical propertiethaiaxial direction of hybrid
composites can be seen kigure 2.5. On the other hand, Krets[48] studied on

behaviors of hybrid composites under axial loading.
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Improvements on rupture&fracture mode and elongation value: Mdh€ghas been shaw
the effed of hybridization on elongation values with his studies. A representation of

hybridization onelongation value can be seerFigure2.6

(a)
» Carbon
§ 4 Composite Hvbrid -
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hybrid effect 4
e o b
T T T T
€ &y

— Strain

Figure2.6 Effect of hybridization on elongati¢h7]

-Improvementsn repeated impact response behavior:
Sevkat (2010) showed that damage accumulation on carbon fiber materials can be diécelerate
by making hybridizatio with glass fibers at outer layd&)]. A Representation can be seen in

Figure2.7
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Figure2.7 Delamination under repeated impaand hybridization effect wrt different hybrid
combinationg20].

Improvementsn fatiguebehavior

Dickson& Fernando managed to show positive hybridization effedatigue stress
levds on carbon&glass and structures eWleoughthey couldrt set a direct linar
relationshi21, 22] This effect revealed iRigure2.8
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Figure2.8 Fatigue life vs stress oeeregarding various composite structures both
homogenous and hybrid composi{e4, 22]

Improvementsn flexural rigidity:

Dong found that as a transition from homogescarbon fiber to glass fiber at the
portions where compressive forces become domianegative hybridization effect
obseved but as the hybridization ratio increases, stability on flexural rigidity has been
achieved and a positive hybridization effect occurred. On the other hanturther
increase in glass fiber ratio causes an abrupt decrease in flexural rigidity. Maim reaso
behind thisbehavioris bending occuww on outermost sides and becomes zerahat

neutral axif23]. A representation regarding flexural rigidity can be sedfigare2.9
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Figure2.9 Flexural strengtltomparin FEA and Ctesultswrt changing hybrid rati¢23].

2.3. Studies on MicromechanicaModeling

In studies made on composite materials to investigate stress values on mafibeand

matrix interfacea variety of micromechangmodels have been made tmodelingthese

two gradies s epar at el y . et dh §28-28) cstras§ &nalysis on composite
materials under transverse loadirg. his stulies to be able to examine fibenatrix

interface, he modeled d¢ke two structure separately.They studied onthe effect of

different fiber section geometries on stress concentration values. 8lsobuncuoj | u
studied radial and tangential shear stresdridutions wrt different fiber volume ratio

values stress redistribution around broken fibers, matrix effect

Besides of these, there are a variety of studies on negativesedfeleybridizationon

fatigue analysissuch ascrack propagationChavalier [29], in his studieshe made
investigations orthe characterization of &ansverse compressive loading and showed that
the studies made onistsubject must be supported with experimemtdyis studies, under
transverse tension loading when early damage accumulation takes place and damage

accumulates on fiber matric interfacapdels gives the true and expected results but on
14



the other handynder transverse compression loading when macro scale damage occurs, he
stated that experimental results antbdeling results separate from each other. To

understand this situatipfurtherexperiments must be made.

Sun [30] studiedon loss ofload-carrying capability of unidirectional fiber composite
materialsirom themicromechanicaspect. Especially under high shear loads, he compared
the rupture envelopes of envelopes found from model simulations and classical rupture
envelopes. He studied on different rupture envelopes but found irregularities between
model results and classicetbretical envelopes. To cope with this difference, he proposed

a new set of rupture mechanisdeveloped mainly based onodel findingsand thisnew

methodshowsa good agreement with model results.

Sharma[31] studiedon micromechanicsnodelingof biaxial rupture envelopes of carbon

fiber structuresln this stug, he showed that effect of matrix on transverse strengthais at
minimal leve| and for the combined loading compression and shear;ribétx interface

and friction at this interface become important on strength value.

Regarding investigated studi@s the literature, it is obseved that thereare not many

studies on the transverse direction to reveal the effect of different parameters such as fiber
material , fiber radius, fiber volume ratio, etc. and different combinations of these

materials. his stuly mainly focuses on that issue.

In generalmost of thestudiesareemployedrepresentative volume elements foodeling
Main motivation to use this type of representative volume element is assuming that hybrid
composite structuresompromises of homogenously distributed fibers and assuming these

representative volume elements as a periodic unit that safsedit

Sun[32] makes a description of how a suitabledel should be as: working on tR&M
that represents the model the most realistic way Different representative volume
elementswere usedpreviouslyin studies found in literature and continue to use. Most
known of these representative volume elemeats square representative volume

elements, hexagonal representative elements, circular representative volume elements and

15



random representative volume elem8®8% Each of these periodic volumeegients has
both advantageous and disadvantageous.didegexamplesquare volume elements have
been selected mainly due tbeir synmetricity and ease of application of boundary
conditions. S. UB4-36] studied on different unit cells and discussed details of different
RVE's such as boundary conditions,xfédber volume ratio that can be achievetc. an
explanation of comparison of differeRVE's in terms of transverse isopy can be found
in that study. Bayat and Aghd&B7] made a study using both square and hexad®v&l
they stated that axial results are similar in these mpoelgesults become to differ when
transverse caseseconsidered. It can be said that in terms of transverse propstiese
RVE reveals the real case worse than hexaganal.

Main RVE types;square RVE, cylindrical RVEhexagonaRVE and randonRVE, have
been used intensively within studies since these approximationglat®rwith real
composite structusbetter than otheRVE types.

In this study, firstly hexagonalRVE is used in investigations. Cowin and Mehrabadi
revealed with their studies;ekagonalRVE gives the most realistic results in terms of
preserving transverse isotropy. Also, Love studied and madenathematical
demonstration on these subjef38]. A representation of hexagoraVE can be seen in
figure Figure2.10

Figure2.10 A version oHexagonaRVEepresentationf33]
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Adams et al[39-41] made investigations on homogenous composite structures in terms o

longitudinal, transverse and shear loading.

AnotherRVE type usé within the studiesoth in this study and litatureis randomRVE.
There is an extensive study on random microstructw@elingin composites to be able to
correlate real cases better. It is a known fact that fiber distribution WDacomposite
structure may not be uniform and may not repeats itself periodicaplf et al. [7]
studied on stress concentrations in umiditonal hybrid composites with random packing.
Aghdam et al.[42] revealed a methoaf dividing randomRVE into subcells and
conducted a study on micromechanical #mefmalproperties of structures with the help

of these sulzells.Romanov et al[43] studied orthe statistical aspect of micromechanical
modeling in terms of fiber distribution and fibemodeling using RMG( random
microstructure generation).

In randomRVE modeling variousdifficulties are encountered and subjected to different
studies. Random distribution causes a deviation fromn®tricity in terms of boundary
conditiors. Wongsto et al[44] studied on a methodology that uses average fiber spacing
to correlate the boundary conditions tife symmetrical unit cell with a randomly
distributed fiber arrangement over a transversesesestion Trias et al.[45] studied on
variancein the same mechanical properties of a particular composite structure between
random models and periodic mdgle Chen et al.[46] studied on interface stress
distribution on transversely loaded homogenocarmposite structuresarbon/epoxyusing

the boundary element method in terms of square packing and random p&¥Hg
Buryachenko et. d47] used quantitative description method and numerical simulations on
random RVE structured composite materials regardithg materials effective elastic
moduli. Gusev & al]48] studied on glass composites assuming transversely random
structure. Melro et a[49, 50]studied on damage initiation and propagation on composites
using randomRVE FEM model, cohesive elements and employing continuum model
approximations to predidhe strength and elastic mechanical properties. Gonzales and
Lorca[51] studied onCFRPand GFRPusinga FEM model structured with random fiber

17



inclusions andomputational micromechanics under compression and statetheémaain
failure control parameter was found as matrix shear bandsieerthce crack propagation.
Guerrero and Mayugfp2-54] conducted different studies on hybrid composites to see the

effect of thermal stresses and dynamic effects, size gffeud stress around broken fibers.

There arevarious studies on micromechanical calculations by analytical approaches.
Huang[55] studied on a theoretical approach to be able to calctatdtimate strength
of unidirectionally fibefreinforced compositedVilczynski and Lewinsk{56] studied on
an analytical approach to predict homogenous unidirectionalri@neiorced composites

for isotropic reinforcement.
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3. METHODOLOGY

In this chapter, research methodology is explaimedetail. Methodology chapter contains
information from theparameter selectigparametric and standard model creatiorthe end

of the mathematicatalculations. Modelsre created by using both Abaqus preprocessor and
Python programs that allow user to work parametrically. By making required changes on
Python codes and implementitigeminto Abaqusa FEA model can be created easily without
time consimption. Base Python codes useéd this stud/ were created and used previously
within the st ud25fer paraynetris adxagonal & agndoRVE studies
Muyago& Guerrero[53] for parametric randonRVE studies.Explanation of geometrical
properties of the model, unit systeamdboundary conditions applied eachmodelis defined

within each sectionn this chapter Lastly, data analysis section fahe output evaluation

method is introduced and analytical approach is explained.

By using a variety of Python codegarametric model creation is achieved and analysis
modelsare accomplished and ru®n the other handor some of the modelébaqus pre
process module is utilized to cre®EA model During model creatiostep2 main geometry
types are followed to simulatbat arehexagonaRVE and randonRVE. The key point of the
geometry creation step is maintainig tspecified fiber volume ratio wrt relate&A model

requirements

An overall research methodology flowchart isepvnFigure3.1.
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Figure3.1 Overall research methodology representation.
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3.1. Developmentof FEA Models

In this sectioncommon properties of all models are stated. An important property of Abaqus
is that program does not have a unit system and to work with a logical model, unit consistency
must be taken into account and should be satisfietthdyser. Regarding this situatiamit
system employed during this study isnagro-Newtonfor force, MPa for stress and modulus
of elasticity,andmicrometer for both displacement and length. Unit system employed during
this study is also given ihable3.1.

Table3.1 Unit system used fdfFEAmModels

Quantity Unit
Force e N
Stress MPa

Displacement em

Length em

Modulus Of
Elasticity MPa

During creation of modelsrequired meerials are assigned to specified regions. In this study
both homogenous composite and hybrid composite models are used. Homogenous composite
models are used ascontrol group in evaluatioatage ofthe results. For the mets used in

this thesis study, glass and carbon are used as fiber material andigpmegd as matrix
material. All of the material properties can be seemahle3.2 [25]. Two main RVE types

used in this thesis study as Hexagonal RVE and Random RVE

Table3.2 Material properties used withithe analysis

Glass Epoxy Carbon (IM-7)
FoooT kT O ¢"00 & O cX® &
w 8 R 1141 O p@®OLW®

O o000 B
"0 ¢ ROL G
s 190
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3.1.1. HexagonalRVE Models

Stages of hexagon&®VE creation, diferent hexagonalRVE types created and investigated
during this study will be given in this section.

Using both Python codes and Abaqus-prrecess, heRVE FEA models , are createdf an
investigated case is suitable to work watharametric model(without radius changienthe
study is conductedwith a FEA mode| which is created using python code, but if the
investigated parameter requires a change in fiber radius value, therolganging input
values and arranging required changes on python code, toveréber volume ratio as 0.6,
hex RVE models are created. Triple hexagonal model and mini squmajedmodels are set
up usingAbaqus preprocess part and fiber volume ratio is set asBlgment types used with
hexRVE models are set as C3D6 and CBD& all madels

For the models created using Python cadeéerface section between fiber and matrix is
modeled by layeringhe interface region into different stages. On the other hé&ordthe
models created witlthe Abaqus preprocessor moduliestead of layeringan appropriate
amount ofFEA element is used within interface region

In hexagonaRVE modeling, fiber materials are also changed regarauaglable fiber radius
values. Glass fiber radius valisstaken adive micrometes, carbon fiber radius valus taken
as 3.5 micrometer[25]. Changes on radius values on RXE are applied by making related
changes orPython input dat files which containgeometrical information about fiber&fter
that RVE sizes are derived regarding maintaining fiber volume ratif6.@sand a model is
created and B€ are applied via Python codé=or all parametric hexagon&VE models
base Python scripts are studied previpbisy SabuRguoj | u

A flow chart about heRVE creation can be seenlkigure3.2.
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hex RVE fea model
creation

suitable to create with use Abaqus preprocess to create

radius change
python code model

yes

make related
changes on python
code

use code as input to abaqus
and create fea model

make related modification on input data

make required additional changes in python code to
maintain required fiber volume ratio

create fea model using code as input to
Abagus

Figure3.2 A flowchart to reveal HeRVHE-EAmodel creation
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3.1.1.1. Hexagonal Fiber Distribution Representative Volume Element

An overall insight about hexagor@VE is given under this heading general properties of Hex
RVE. Information about element type and meshed views is given in this section. A
homogenous (in terms of geometrical parametersRM geometry with interface yeers can

be seen irFigure 3.3. This modelis created with parametric Python code by making certain
changesto satisfythe required needsNumber of elemestis 14292 A representation of

hexagonaRVE asageometric and meshed view can be sedfignre3.3
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Y
i x
Figure3.3 overall hexagonaRVEepresentation (a) geometrical representation ; (b) meshed vigy
detailedinterface meshed region representation

Both Maligno and periodic boundary conditions applied to the structure. Load applied as

displacement

3.1.1.2. Triple Hexagonal Fiber Distribution Representative Volume Element

In the RVE model therexests only one central fibefriple FEA modelis createdo examine

the stresses when different type of fibersists asthe central fiberinstead of periodic
boundary conditionsthis FEA model is completely settled with Abaqus preprocessor. Fiber
volume ratio is set as 0.6 and differericen other models is not applying periodic boundary
conditions.Number of elements i$1916 load is applied as displacement through transverse

direction Geometric view can be seenhigure3.4 and meshed vievs given inFigure3.5.
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Figure3.4 Triple hexagonadRVEgeometrical representatian
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Figure3.5 Triple hexagonalRVEmMeshedepresentation (a) overall triple hexagonal RVE meshed vi
(b) detailed interface region meshed representation.
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3.1.1.3. ShearLoading Hexagonal Fiber Distribution Representative Volume
Element Section

In general stated Hex RVE that is used for transverse loading is also used in shear loading
cases.Material effect, fiber radius effect and combination of these two parameters are
investigated by using hexagonal RVEo understand the behavior tie structure under
different loadings an additional model need occurred and adégree angled cut quarter
squareRVE model is created to examine load pathoad is applied perpendicular tbe
angled surface in xy plan&.geometric representation of this model can be seéigure3.6

and a meshed view can be seeRigure3.7

L N

Figure3.6 Geometrical representation ahgled model.

i x

Figure3.7 Angled modkemeshed view
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3.1.1.4. Hexagonal Fiber Distribution Representative Volume Element with
Varying Fiber Radius

These models are created to investigate fiber ragfiests Models are created by making
changes ompython code input files. ®se input filesare used for geometricaroperties of
fibers. These input files used in Python scripAdter that, Python codes are used as input to
Abaqus program.

Fiber radius values are select#sl3.5um and5 um for carbon and glass fibers, respectively
Fiber volume ratias set as 0.6Load is applied as displacement in transverse direction. Both
Maligno and periodidBCs which are explained under headiB¢, are employed in these
models.

20370 elements are used for inner Bnometerradii model and 23823 elements are used for
inner 3.5micrometer fiber radii model Also, these models are usem itnplement material
effect by combining fiber radius effed®epresentation related to these models can be seen in
Figure3.8 andFigure3.9.

Y
Y
L X
L- X
Figure3.8 Geometrical representation afiodels with different fiber radius valugg) with inner
5micrometer fiber (b)outer 3.5 micrometer fiber.
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¥ Y
Figure3.9 Meshed view of models with different fiber radius valye$3.5 micrometercenterfiber

meshed viey(b) detailed view binterface region with center 3.5 micrometer fiber;(c) 5 micromet
center fiber meshed view;(d) detailed view of interface region with center 5 micrometer fibe

30



3.1.2. Random RVE Creation

RandomRVE is the othelRVE type used in this thesis studgandomRVE creation methods
and details about a variety of RanddRVE models aregiven under this headingMain
motivation ofrandom RVE studiess fiber distribution within a matrix in real manufacturing
processes is not as in certain array instead fibers dribdtied in matrix randomly.

In this thesis studytwo main randomRVE types are used with different material
combinations. These models can be said as the one having a standard radius value and the
other random modetonstitutes variable fiberadius These models have different way of
FEM creation method.

For the model withconstantfiber radiusvalug Python code is used as input to Abaqus to
createFEA model. On the other hanthr varying fiber radius modebnother python codis

used for calculatig fiber locations regarding required fiber volume ratio and spediéd
dimensions; thenimplementing these geometricainformation about fibersinto Abaqus
PreprocessdfFEM modelis created. Input values are set regarding certain consideratiohs

as min fiber distance, fiber volume ratRYVE dimensions hybridization type.

For parametric modilg, without any radius variation, base python code is obtained from
studies of Sa b u n c[B54 for the model with varying radius, used base python code is
obtained from Muyago& Guerref®3]. After making certain changes and implenmggnion
these codes, thegreutilized forthe current thesis studwgome of theriputs for python script

are fiber radiusRVE dimensions, inter fiber distance, fiber volume ratio etc. A representation
of part of input section, output npz file, and output fiber plot of script can be ségguire

5.1, Figure 5.2 and Figure 5.3 in appendix. Arepresentation ofhe randomRVE creation
flowchart is given irFigure3.10.

In all of the models, fiber volume ratio is set as 0.6 and element type used in random models
are C3D6, C3D8R and C3D8RH.
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ndom RVE finite elemen
creation

use parametric python code
for fea model creation

use python code as input to

radius change ,
Abaqus for fea model creation

use different python code to create
suitable random rve configuration by
maintaining fiber volume ratio

Y

use output npz file to read geometric
parameters related with

Y

use ahagus preprocessor for fea model creation

Figure3.10 A flowchart to reveal randorRVEcreation.
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3.1.2.1. Random Fiber Distribution Representative Volume Element

This randomRVE model is used to see the effect of material change effect on R&RUW&mM
Model created with b help ofPython;parametric modeling achieved. A variety of different
fiber arrangements with carbon and glass fiber materials are crEdedvolume ratio is set

as 0.6 and total number of elements is 24014. Maligno and periodic boundary conditions
applied asBC's as explained in headir®)2 Load is applied as displacemefitrepresentation

of model in terms of geometrical and meshed view can be sedfigure 3.11 and Figure

3.12

Y

L BB 7

Figure3.11 Geometrical representation of randoRVEwith constant fiber radius
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Figure3.12 Meshed view of randorRVEwith constant fiber radius(a) whole random RVE meshe(
view;(b) detailed view of fiber interface.
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3.1.2.2. Random Fiber Distribution Representative Volume Element with
Varying Fiber Radius

RandomRVE with varying fiber radius mode$ explained under this headinbhis random

model is used to see the effect of variable fiber radius on stress distribution and concentration.
Fiber radius values are set as 5 micrometargfass and 3.5 micrometers for carbon. Also
these models are used to see combination of material and fiber radius effects. Model is created
using Abaqus preprocessor. Input values for fiber geometry and fiber distribarton
calculated by usingythonscript. Certain changes are made on Python script to maintain fiber
volume ratio as 0.6inter-fiber distance is set by regarding settleappropriate value for
substantiative amount @élemens in interface regionTotal number ofelements is 8347&
representation of geometrical and meshed view can be seen in Figure3.13andFigure

314‘ \\/ | I /
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Figure3.13 Geometrical representation of randoR\VEwith varying fiber radius value.
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Figure3.14 A meshed representation of randdRVEwith varying fiber radius(a) a whole random
RVE with varying fiber radius; (b) detaileew of interface region .
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3.2.  Boundary Conditions

An important point in finite element analysis modeling is employing correct boundary
conditions to get realistic resultghich converge with experimental results and to evaluate real
loading conditions better.

During finite element model creation stagkethis thesis studymostly two main boundary
condition states are employed.These boundary conditiorege periodic boundey conditions

and Maligno boundary conditions.

Periodic boundangconditions(PBC),

In this thesis study, representative volume elements are employed by asdheseg
representative elements repehémselvesthrough the structure. This assumption requires
creating an appropriate constrdinthrough the intersection nodes with neighboring

representative elements.

Nodesthat havehe same location coordinate value in y and z directmmgach side dRVE
(assiming x direction as surface normat,left and right sides d®VE), bounded together by
using tie constrain. By employirf@BC, each side oRVE moves togetheand the results will

have periodic structure

For periodic boundary conditiorapplications following displacement procedures are
employed.

0 0 - W

0 0 - 0 W
In the equations given above and 6 represents max and min displacement of each node
in x direction. w coordinate locations of each node are represemtfdw®w and @
O veUL represents max and min displacement of each node in y directiorand w
represents node locations in terms of y coordjnatee - represents elongation valuesdn

and w directions Deformed shape when these boundary conditions employed are given in
Figure3.16.
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Maligno Boundary Conditions

Maligno [33] studied andemployed these boundary conditioims his own studies. These
boundary conditionsare used to reveathe P 0 i s scontragt®n effect as allowinghe
structure to extend in one direction but creating a contraction effect on the other direction. In
general, a translational constraistappied to noden each surface ithe surfacés normal
direction and nodes on opposite surfarebounded together with tie constraint. Regarding
this boundary conditignnodes on back surface of representative volume element
constrained in -irectionby setting displacement in z direction is as zero. Nodabkeinont
surface are bounded with tie constraint to move together. Nodes on lower surface of
representative volume elemeareconstrained in y directiohy applying zero displacement in

y diredion. On the contrary, nodes on opposteface (pper surfacepretied together to
move as a whole surfac&lodes on side surface of representative volume elerment

constrainedaszero A representation ofFigik8l5 gno BCOs

Load Application

Load is applied to the side surfa@pposite of the constrained surface) whose surface normal
is in x direction, as displacement transverse direction (in x directioA).FEM model

representation of boundary conditions can be seEigire3.16.
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Ux=fixed (side)

Uz=fixed(back)

Uy=constant(top)

Uz=constant(front)

Ux=constant(side)

Uy=fixed(bottom)

Figure3.15wS LINBaA Sy Gl GA2y 27
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Figure3.16 Representation of al. / Q @efoEmgédfem.

Exceptionally for the angled and triple heX E models periodic boundary conditions are not
applied to the structuréain aim of the angled part is teveal load localization in stiffer
regions. For the triple hex model, periodic boundary conditions are not needed since two
neighboring elementare also mdeled. A representative view of boundary conditions applied
on triple Hex model can be seerFigure3.17 and a representation of angled model boundary

conditions ca be seen ifrigure3.18
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3.3. Results& Data AnalysisMethod

FEA models created using Python and Abaqusppoeess are run and solved with thedphof
Abaqus solver stated within Abaqus program.

For each modehverage strain value and average stress value are taken as output data. Stress
valuesextracted at the interfaceround center fiber in each model by tracking a .path

demonstration of path can be seefigure3.19.

Figure3.19 Stress extraction path representatiguiot (a) radialnormal) distribution representation;
(b) tangential(shear) distribution representation.
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These valueareused as input to Mathcad. Each stress veumrmalized by dividing with
average values and stress concentration value atbaoednter fiber calculated.

Stress concerdtion values are calculated by basedhe following mathematical equations.

o o (4)
0 A ©)

Where Igr represents the normal stress concentrations apddresents the shear stress
ones.lavex representgverage stress valuén the other handAbaqus .odb files are used
as an input tothe Hyperview program todraw contourplots of stress distribution
concentration on matrix

In results section within the studwdial stress distributiokrr and + , values will be
demonstrated as S_norm in stress concentration plots and &tesstress concentration
calculationprocedure employeanly representation of concentration value differs in plots
asS_norm.
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3.4. Studied Parameters
Before staihg to study on the subjeatyith the help of literature suey, parametershat are
subjected tdower amount ofstudies than othsrare selectetlb work on within the scope of

this thesis studyParameters that are selected to work on this study are giVerlia3.3.

Table3.3 Overall representation of stueld parameters

Parameter Hex RVE Random RVE

Fiber material effect

Homogenous glass \% \
fiber
Homogenous carbon \'% \
fiber
Center glass fiber \'% \
Center carbon fiber VvV \
Fiber volume ratio
effect
Vf=0.6 \/ \
Vi=0.4 \/ \
Fiber radius effect
Without material effect \' \Y

by protecting fiber
volume ratio
With material effect by \'% \Y,
protecting fiber
volume ratio

RVE shape change(90 \'
degree turned)
Shear loading \'
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4. RESULTS AND EVALUATIONS

4.1. HexagonalRVE

4.1.1. General Information about HEX RVE Modeling & Results

In this sectionresults of the studies which are made with a variety of Hex RVE modseds ha
been revealed. In each sectimormalized stress concentration plots and contour gragghs
represented. lmll of the studies represented here, stress concentration around center fiber
employed fiber configurations foeachmodel given withinthe symbolic representation of

each plot.

Homogenous hex RVE with glass and carbon fiber comparison is givéisisetction The
normalized stress concentration plot can be sedfigare 4.1 plot (c), and contour plot for
each configuration can be seenFigure4.1 plot (a) and plot (b)In general, load carried by
glass fiber under transverse loading is highmedulus of glass in transverse direction is higher
than that of the carbomndthis situation creatdsigher amount of concentration on 0 and 180

degree around fiber.

These homogenous RVE results will be used esntrol groupto compare with each hybrid

composite analysis result.
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Contour Plot
Expression 1{Scalar v

4,000E+00
[ 3.556E+00

3AME+D0
— 2.667E+00
2.222E+00
1.778E+00
1.333E+00
8.BB9E-01
4.444E-01
0.000E+00

S_norm

0 90 180

<< homogenous carbon
--- homogenous glass

Figure4.1 Hexagonal RVE homogenous fiber and glass composite materials results: (a) homoc
carbon stress concentration contour graph; (b) homogenous glass stresnhtation contour graph;
(c) normalized stress concentration plot.

46



4.1.2. Material Effect

In order to see the material effectress concentrations around the central fiber/matrix
interface results anthe contour plots for normalizestress distributiorare shown irFigure

4.2 plot aandFigure4.3. Plot a. Stress concentration distribution pkts shown inn Figure

4.2 plot b and Figure 4.3 plot b. Figure 4.3 plots a and b were drawn to showhe
hybridization effect with center fiber carbon akdure 4.2 with center fiber glass. Fiber

materials were assigned as stated in representative RVESs.

From these result# can be observed that the presence of glass fiber decreases the amount of
stress concentration around (carbon) fiber by taking up the load ecarthen fiber as it has a
higher stiffness valuen the transverse directionAccording to Figure 4.3, the opposite
situation takes place when carbon fibers are pteaesund the glass fiber. The stress
concentrations around the glass fiber increased considerably due to carbon fibers around them.
These carbon fibers have less stiffnesshe transverse directigncausing the central glass

fiber to carry more loathan the case when it is surrounded by the same glass fibers.

A B

Contour Plot
Expression 1(5calar

4.000E+00
[ 3.556E+00
3.111E+00
— 2.667E+00

— 2.222E+00
— 1.77BE+00

1.333E+00
8.889E-01
4.444E-01

0.000E+00

-0.5

0 90 180

s>« center fiber glass outer fibers carbon
-=-- homogenous glass
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Figure4.2 Hexagonal RVE center glass fiber hybrid composite results: (a) center fiber glass s
concentration contour graph; (b) normalized stress concentration plot.

Contour Plot
Expression 1(5cal:

4.000E+00
[ 3.556E+00
3. 111E+00
— 2.667E+00

— 2.222E+00
— 1.778E+00

1.333E+00
B8.8859E-01
4.444E-01

0.000E+00 R

0.75

0 a0 180
»=< center fiber carbon outer glass

--- homogenaous carbon

Figure4.3 Hexagonal RVE center carbon fiber hybrid composite results: (a) center fiber carbon
concentration contour graph; (b) normalized stress concentration plot.

Comparing the distributionesults of the hybrid compositeodels with homogenous models

in Figure 4.2 and Figure 4.3, higher stresses are observed between the corner fibers. In
addition, we can easily observe the decreasdresses around the central fiber. Comparing
the distribution inin Figure4.2 andFigure4.3 when the corner glass fibers are replaced by
carbon fibersa significant increase in the stressesbserved near the central fiber (especially
when theta=0 and 180). Also, the stressdwdxen the corner fibers were decreased. As the
corner fibers are replaced by less stiff carbon fibers, central fiber must carry more load to
compensatdor the lack of stiffness. Therefore, these findings are in accordance with the

findings ofin Figure4.2.
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4.1.3. Fiber Volume Effect

In order to observ¢he effect of fiber volume ratiographs and plots are obtained &fQ
™8 andv "Q 1. Results are showim Figure 4.4 for homogenous RVE Figure 4.5 for
center fiber glass arfigure4.6 for center fiber carbarfor a detailed analysis, maximum SC

values are depicted iFable4.1.

A 3

S norm

0 a0 180

»= homogenous carbon vi=0.4
--- homogenous glass vi=0.4

B 3 '

S_norm

0 90 180

=< homogenous carbon
--- homogenous glass

Figure4.4 Hexagonal RVE homogenous composite results: (a) fiber volume ratio 0.4 normalizec
concentration plot; (b) fiber volume ratio 0.6 normalized stress concentration plot.
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Figure4.5 Hexagonal RVE hybrid composite results with glass center fiber: (a) carbon center -
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fiber volume ratio 0.4 contour graph (b) fiber volume ratio 0.4 homogenous hexagonal RV
normalized stress concentration plat) {iber volume ratio 0.6 normalized stress concentration pl

A

Contour Plot
Expression 1(5calar

4.000E+00
[ 3.556E+00
3111E+00
— 2.6G7E+00

[ 2.222E+00
1.778E+00

1.333E+00
B.885E-01
4.444E-01

0.000E+00

£
o
5
w
_1 L
0 90 180
=== center fiber carbon outer fiber glass vi=0.4
--- homogenous carbon vi=0.4
15 T
C
E
EI 0.75
)]
0

0 90 180

=< center fiber carbon outer glass
--- homogenous carbon

51



Figure4.6 Hexagonal RVE hybrid composite results with carbon center fiber: (a) glass center
fiber volume ratio 0.4 contour graph (b) fiber volume ratio 0.4 homogenous hexagonal RV
normalized stress concentration plat) fiber volume ratio 0.6 normalized stress concentration plc

Regarding results stated Figure 4.4, Figure 4.5 and Figure 4.6 it is observed that stress
distributionsshow similar behavior wittthe models constructed with higher fiber volume
ratio, but the difference is stress concentration becomes higher tadiver volume ratio
increasesas expected in accordance to the findingi28j . Also, comparison results can be
seen inTable4.1.

Table4.1S_norm values of vf=0.4 and vf=0.6

All carbon Inner Ratio All glass Inner glass Ratio
(Homogenous carbon (Homogenous (Hybrid
RVE) (Hybrid RVE) RVE)
RVE)
Vf=0.4 1.285 1.069 1.202 1.503 1.755 0.856
Vf=0.6 1.347 0.955 1.41 1.697 2.193 0.774

For the RVEN which thefiber volume ratio is 0.4hehybridization effect can be seen clearly
regarding stress concentration values statddbie4.1. For the RVE constructed with carbon
fiber and inner carbon fiberith U "Q &, stress concentration around central fiber is found
as 1.285 for homogenous RVE and 1.069 for hybrid RAfieitheratio of these concentration
valuesis found as 1.202. On the other hatie ratio of the stress concentration values for the
RVE constructed witlh "Q 1@ is found as 1.41Comparing these values, it can be stated that
the hybridization effect increases as the fiber volume ratio incredadesame situation can

be observed by comparif@VE constructed with glass fiber and inner glass fiber. As the
corner fibers are changed with carbon fib#isJoad carried byhe central fiber increases. On
the contrary, stress concentration value around central fiber is found as 1.65®fa&@ ard
2.193 forb "Q T, andthese results can be explainedthes i t uat i on st ated

effect increases with increased fiber volume ratio
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4.1.4. RVE Loading Side ChangeEffect

In order to see the effect wfading sideon the stress concentratip RVE is rotated andvhile
keeping the load in horizontal directioModel configurationsare shown in representative
RVEs. Loading direction Stress concentratioresults are given ifrigured.7 for center fiber

carbonandFigure4.8 for center fiber glass
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Figurel.7 Hexagonal RVE edge change hybrid composite results with carbon centéafiloading
direction representation(b) edges inversed, center fiber carbon stregncentration contougraphy
(¢) center fiber carbon, edge changeaid normal configuration stress concentration; plt¢enter
fiber carbon, edge changed homogenous and hybrid normalized stress concentration plot:
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Figure4.8 Hexagonal RVE edge change hybrid composite results with glass center fiber: (a) €
inversed, center fiber glass stress concentration corgoaph;plot (b) center fiber glass, edge
changedand normal configuration stress concentration; plot (c) cefiber glass, edge changed
homogenous and hybrid normalized stress concentration plots
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Table4.2 S_norm valuesf rotated and regular RVE

All carbon  Inner Ratio All glass Inner glass Ratio
carbon
Regular 1.347 0.955 1.41 1.697 2.193 0.774
RVE
Rotated 0.887 0.682 1.3 0.787 1.013 0.776
RVE

Rotated and regular type RVEs, results can be foundainle 4.2 . For rotated RVE,
maximum stress concentration value for hybrid RVEs is found as 0.682 with inner fiber
modeled as carbon and 1.013 with inner fiber modeled as glass. Hybridization eiféet ca
observed as stress concentration around central fiber decreases in RVE with inner carbon outer
glass fiber. Also, regarding RVE constructed with all glass fibers and inner glass outer carbon
fiber, load carried with central fiber increasestls hybridization effect takes place. On the
contrary, ratio values for both regular and rotated RVEs with all carbon fibers and inner
carbon outer glass fibare calculated as 1.41 and li/@spectively and with all glass and

inner glass outer carbon fiheralaulated as 0.774 and 0.7 7@spectively. Regarding these

ratio valuesit can be stated thdhe stiffness of RVEs in loading direction has an important
effect In the rotated RVE, there is more matrix material in the loading direction. This provides
the dresses to distribute in the matrix more evenly. Thus, the stress concentrations decrease
together with the decreasetbk hybridization effect. This shows that the direction of loading

also affects the concentrations.
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4.1.5. Fiber Radius Effect

Generaly, glass fibers are manufactured with a larger radius than carbon fibers. In this
section, the effect of different fiber radion stress concentration is investigatedre$s
concentratiorresults are shown iRigure 4.9 and Figure 4.10 are shownusing homogenous
results asthe control group where RVE was generated by setting all fibers wéttd
micrometer radius and with 3.5nicrometerradius. Effect of hybridization waduslied by
comparing hybridized RVE results withetbe In all of thehomogenoufRVEs, stiffness oéll
fibers are set sama order to prevent the contribution of stiffness. The radii of some of the
fibers in the RVE are changednd the RVE size is adjest to keep the fiber volume ratio
constant. According tBigure4.9 plot b, it can be stated that with a smaller fiber radius at the
center, the stress concentraaecrease around the fiber/matrix interface of this fiber. This
shows a positive hybridization effect when smaller fibers are surrounded by largerTiwer
opposite is valid from the observation leigure 4.10. When a large fiber is surrounded by
relatively smaller fibers, the stress concentration around the larger fiber de@easesith

the same fiber volume ratidhis is an expected result. Smalfdgrers take up less loadnd
larger fibers become responsible to carry the stresses due to the lack of material.
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Figure4.9 Stress concentration distribution:(a) d¢ouar plot regarding different radius values asnter
fiber r=3.5mcrometer andouter fiberr=5mcrometer;(b) comparisa of normalized stress
concentration plotswitw+ 9 Q& | f f NJ R Aicminet&and idaéraadilis Naue ST
3.5micrometerouter radius value is Bicrometer.
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Figure4.10 Stress concentration distribution:(a) ¢ouar plot regarding different radius values as
center fiber=5micrometer and outer fiberr=3.5micrometer;(b) compaison ofnormalized stress
concentration plotswitw + 9 Q& I f f NJ Rikrdmieter@nd inrdzSadiug-valde is NI
5micrometerouter radius value i85 micrometer.
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Stress concentration distribution on matrix can be sedéfgure 4.9 plot b andFigure4.10

plot b. stress concentraticat O and 180 degreas lower inFigure4.9 b thanin Figure4.10

figure b. As matrix material is very small in this regiongythneed to stretch more to
compensatéor the transverse load. Similar behavior can be seen between the corner fibers for

the model having the smaller fiber at the center.

4.1.6. Fiber Radius andMaterial Combined Effect

In order to study these effects different analysis resglare compared by dividing them wrt
center fiber radii. These RVEOs c@Qm@ptruct ed
Graphsthatare drawn for these anagsand plots used as control group can be seEigure

4.1. Each cases designated with a letter which can be seenahle4.3 andTable4.4. Results

for different combinations are shownkigure4.11-Figure4.14

Table4.3S_norm valuefor varying fiber radius pl

All carbon Inner carbon All carbon r=3.5, Inner carbon, r=3.5,
r=3.5 outer glass  outer r=5 outer glass r=5
r=3.5
Max. Stress 1.347 0.955 1 0.406(A)
Concentration
Ratio to All 1 1.41 1.347 3.318
carbon
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Figure4.11 Stress concentration distributiavith material effect(a) corour plot regarding different
radius values asenter fiberr=5micrometer&glass materiahnd outer fiberr=3.5micrometer& carbon
material ;(b) comparison afiormalized stress concentration plots witht 9pfdgertiesare all fibers
with r=5micrometer&glassand inner radius value isrbicrometer& glas®uter radius value i8.5
micrometer&carbon.
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Figure4.12 Stress concentration distributiavith material effect(a) corour plot regarding different
radius values asenter fiberr=5micrometer&glass materiahnd outer fiberr=3.5micrometer& carbon
material ;(b) comparison afiormalized stress concentration plots with+ 9pfdgertiesare all fibers
with r=5micrometer&glassand inner radius value isrbicrometer& glas®uter radius value i8.5
micrometer&carbon.
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Figure4.13 Comparison of all stress concentration distributions regarding inner glass fiber varie
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Figured.14 Comparison of all stress concentration distributions regarding inner carbon fiber vari
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Table4.4S_norm value®r varyin fiber radius p2

All glass Inner glass, All glass r=5, Inner glass, r=5

r=5 outer carbon outer r=3.5 outer carbon r=3.5
r=5
Max. Sress 1.697 2.193 3.598 3.771B)
Concentration
Ratio to All 1 0.774 0.472 0.45
glass

Stress concentration values designated with t#eand Breveal combined results of both

radii and material change. Stress concentration values found i\ (@s#€06)arelower than

other stress concentratiarases which are revealed iffable 4.3. It can be stated thdhe
amount of decrease in stress concentration achieved with material change is slightly higher
than the decrease found with radius chafigeglass and carbon fiberslighest amount of

decrease in stressmcentrations achieved by combining these effects

On the other handoy regarding values stated Trable 4.4. It can be stated that amount of
change in stress concentration found with radius change is higher than the value found with
material changeHighest changés found with the combination of hese effectsas shownn

caseB. This result strengthens the previous explanatiothasighest increases caused by

both material effestas changing outer fibers with less stiff fiber and decreasing the radii of

outer fibers.
Regarding these resultsy setting outer fibers as glass fiber and central fiber as carbondiber,

decrease in the stress concentrations can be achieved with the combined effengef

radius and higher stiffness @meouter and higher strengththe center.
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4.1.7. ShearLoading

In thispartshear load result ohéhexagonal RVE wrt different materials is represented.

First, the model is verified=or the verification of the model all components are set as epoxy
and shear modulus value is calculated by dividing average stress to average strain value found
usingfea models, these values are tabulatedahle 4.5. After that,shear modulus value is
computed using equatiofp) by settingelastic modulus and poisons ratio values as stated in
Table 3.2 and results obtained from fea studycmmpared with the result of simple solid

mechanics formulaand both of the results are found is agreement
O )

0
¢z p T

G, E and refers to shear modulus, elastic modulus and poisons ratio respectiMedy.
calculated shear modulus value is compared with a referenced value. FEA data and results are

given n Table4.5

Table4.5 modulus values found using fea outputs

Shear
Ave_ Eficrometer micromete) Ave_S(Mpa) Modulus(Mpa)
4.41E06 0.004725677 1.07E+03

4.1.7.1. Material Effect

To examine material effecstress concentration plots of homogenous glass RVE and hybrid
RVE with center glass andomogenous carbon RVE wittenter carbon fibeare given in
Figure 4.16 and Figure 4.18. 2 different model results are represented in plstess
concentration distributizs representthe radial stress resultHomogenous model results
represented ifrigure4.15 areusedasa control group.Figure4.16 andFigure4.18 were used

to revealthe hybridization effectregarding radial stress concentration distrifsutandFigure

4.17 Figure4.19 are given for shear stress concentration distribu#@signed fiber materials

are stated within small RVE shapes.
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Figure4.15 Comparison of stress concentration distributions regarding honmgsrexagonal RVE
under shear loadinga) radial stress distibution ; (b) shestiress distibution; (c) loading
representation

Results revealed in this sectiaretotally different from the results stated in material effect

under transverse loadindn this section, it is observed théte presence of glass fiber
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increasesthe stress concentration aroundnter (carbon) fiber On the contrary opposite
situationoccurswhen carbon fibers agetaroundcenterglass fiber. The stress concentration
around the glass fibelecreased.ocalizaion of stress concentration occurs around 60 degrees

instead of 0 and 180 degrees around center fiber .
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Figure4.16 Hexagonal RVE, shear loading center carbon fiber hybrid composite redidtstress
distribution: (a) center fiber carbon stress concentration contour graph; (b) normalized stres
concentration plot.
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Figure4.17 Hexagonal RVE, shear loading center carbon fiber hybrid composite sbmats
stress distribution (a) center fiber carbon stress concentratcamtour graph; (b) normalized
stress concentration plot.
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Figure4.18 Hexagonal RVE, shear loading center glass fiber hybrid composite results radial s
distribution: (a) center fiber glass stress concentration contour gi@pmormalized stress
concentration plot.
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Figure4.19 Hexagonal RVE, shear loading center glass fiber hsiheiar stress distributiorfa) center
fiber glass stress concentration contour graph; (b) normalized stress concentration plot.
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Regardingradial stress distributiofigure 4.16, when outer fibers changed witftassfiber,

stress concentration arouednter fiber ab0 degreesncreases since load carried by center
fiber increases due to stiffness inase in loading direction opposite situation occurs in center
glass outer carbon configuration that is shown Figure 4.18. Shear stress concentration
distribution reults are given inFigure 4.17and Figure 4.19 these results shows similar
behavior with transverse loading radial distribution as a slight decrease in concentration values

when outer fibers changed with stiffer fibers and vice versa.

4.1.7.2. Fiber Radius Effect

In this section effect of variable fiheradius results are givenStress concentration
distribution results are shown ifrigure 4.20 and Figure 4.21 and shear data results are

revealedin Figure4.22Figure4.23
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Figure4.20 Stress concentration distributiamder shear loadingadial stress distributior(a) corour
plot regarding different radius values esnter fiber=5micrometer and outer fiber
r=3.5micrometer;(b) comparison ofiormalized stress concentration plots witht 9 Qa I f f
are r=5nicrometerand inner radius value isrBicrometerouter radius value i8.5 micrometer.
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Figure4.21 Stress concentration distributiamder shear loadingadial stress distributiaifa) cortour
plot regarding different radius values asnter fiber=3.5ricrometer and outer fiber
r=5micrometer;(b) comparison afiormalized stress concentration plots witht 9 Qa | f
are r=3.5nicrometerand inner radius value is 3.5gnometerouter radus value is Bnicrometer.
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Figure4.22 Stress concentration distributiamder shear loadinghear stress distributiorfa) cortour
plot regarding different radius values esnter fiber=5micrometer and outer fiber
r=3.5micrometer;(b) comparison ofiormalized stress concentration plots witht 9 Qa I f f
are r=5nicrometerand inner adius value is Bicrometerouter radius value i8.5 micrometer.
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Figure4.23 Stress concentration distributiamder shear loadinghear stress distributioa) corour
plot regarding different radius values esnter fiber=3.5nmicrometer andouter fiber
r=5micrometer;(b) comparison afiormalized stress concentration plots witht 9 Qa | f
are r=3.5nicrometerand inner radius value is 3.5cnometerouter radius value is Bicrometer.
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Regarding plot (b) radiatress datat can be stated that stress concentration localizes around

60 degres, and a slight decrease stress concentration can be observed.

Radial stress data reveal that stress concentration arodadr@esvrt shearloading results

does not difér but around 60 degrsewrt radial stress distribution datplots shows similar
behaviour when inner smaller & and outer bigger fibers and all fBibrometerfibers are
compared On the other hand, when inner bigger & and outer smaller fibers and all 5
micrometer fibers are compared it can be said that stress concentration decreases, main reason
behind this situation is change in amount of load carried by these fibers. As the outer fibers
changed with smaller fibers load carried in these stiffer regie@edses and stress

concentration values in loading direction decreases and vice versa.

4.1.7.3. Fiber Radius and Material Combined Effect

A combination of vaying fiber radius and material effect resulise revealed under this
headingand homogenous RVglots used as control grouResults for different combinations

are shown irFigure4.24-Figure4.31
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Figure4.24 Stress concentration distributiamth material effect under shear loadin@) coriour plot
regarding different radius values asnter fiber=5micrometer&glass materiabnd outer fiber
r=3.5micrometer& carbon materiaj(b) comparison afiormalized stress concentration plots with
w t 9pfdpertiesare all fibers withr=5micrometer&glassand inner radius value isrbicrometer&
glassouter radius value i8.5 micrometer&carbon.
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Figure4.25 Stress concentration distributianith material effect under shear loadin@) corour plot
regarding different radius values aenter fiber=5micrometer&glass materiaand outer fiber
r=3.5micrometer& carbon materiaj(b) comparison ofiormalized stress concentration plots with
w t 9pfdpertiesare all fibers withr=5micrometer&glassand inner radius value isrbicrometer&
glassouter radius value i8.5 micrometer&carbon.
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Figure4.26 Stress concentration distributianith material effect under shear loadin@) corour plot
regarding different radius values asnter fiber=5micrometer&glass materiahnd outer fiber
r=3.5micrometer& carbon materiaj(b) comparison afiormalized stress concentration plots with
w = 9pfopertiesare all fibers withr=5micrometer&glassand inner radius value isrBicrometer&
glassouter radius value i8.5 micrometer&carbon.
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Figure4.27 Stresconcentration distributionvith material effect under shear loadin@) corour plot
regarding different radius values aenter fiber=5micrometer&glass materiaand outer fiber
r=3.5micrometer& carbon materiaj(b) comparison ahormalized stress coantration plots with
w t 9pfdpertiesare all fibers withr=5micrometer&glassand inner radius value isrbicrometer&
glassouter radius value i8.5 micrometer&carbon.
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Figure4.28 Comparison of all stress concentration distributions regarding inner glass fiber varie
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Figure4.29 Comparison of all stress concentration distributions regarding inner glass fiber varie
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Figure4.30 Comparison of all stress concentration distributions regarding inner carbon fiber vari

S_norm

) '

0 90 180

teta_1

¢ all carbon

--- inner carbon outer glass

==o jnner 3.5 micrometer outer 5 micrometer

=== jnner 3.5 micrometer outer 5 micrometer with material effect

Figure4.31 Comparison of all stress concentration distributions regarding inner carbon fiber vari
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Results shown irFigure 4.28 and Figure 4.30 strengtherthe observations afeneral shear
loading results trend¥Vith inner bigge fiber and glass materiaiadial stress concentratiah
around 60 degresedecreasesOn the contraryWith smaller inner fiber and carbon material:
shear stress concentratioh around 0 degreeis similar to that of all carbon fiber and 3.5

micrometeradii fiber.

To see the load path under shear loading, trials made with angled square RVEs canrbe seen

Figure4.32 andFigure4.33. In general, stress localizes around stifégions
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Figured.32 S12 stress distribution dhe matrix: (a) all glass material; (b) inner glass material.
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Figure4.33 S12 stress distribution dhe matrix: (a) all carbon material; (b) inner carbon material

Table4.6 S_norm vlues under shear loading with varying radius p1

All carbon Inner carbon All carbon r=3.5, Inner carbon, r=3.5,
r=3.5 outer glass  outer r=5 outer glass r=5
r=3.5
Max. Stress 1.45 1.67 1.47 1.64

Concentration

Table4.7 S_norm values under shear loading with varying radius p2

Allglass r=5 Innerglass, All glass r=5, Inner glass, r=5,
outer carbon outer r=3.5 outer carbon r=3.5
r=5

Max. Stress 1.972 1.641 1.855 1.506

Concentration

When results stated ifable 4.6 and Table 4.7 opposite effect of stress concentration
distribution value can be seen for the hybridization achieved by material var@mdbe
contrary for fiber radius change, hybridization effect beeesminimal in terms of small

center fiber but for center bigger fiber results follows same trend with transverse loading.
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Results of shear loading draws a different picture, results do not completely differ from
transverse load when smaller inner radiusults employed but do not converges with

transverse loading results when material hybridization results considered.

4.1.8. Triple Hex RVE

Triple Hex RVE results are given under this headdge of the consideratisrof the triple
hex study is to revedhe effect of different neighboring fibers on center fibsmce a
distinguish between transverse and shear loading obsekitext the results stated under this
headingare the collection of stress data aroutite center fiber at the middle row. Fiber
volume @tio is set a® "Q 1. Each model material configuration is given wilcolored
small RVE stated in each analysis gagure 4.34 revealsresults of homogenous RVE and
used asa control group.Results for different combinations are shownFigure 4.34-Figure
4.40
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Figure4.34 Triple hex homogesuscomposite results; (a)normalized contour pball glass material
;(b) normalized contour plaif all carbon material;(c) stress concentration distribution regardin
homogenous cases
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Figure4.35 Triple hex hybrid composite results; (a)normalized contour plot for inner glass mat
;(b) stress concentration distribution regarding homogenous all glass and hybrid inner reeagks
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Figure4.36 Triple hex hybrid composite results; (a)normalized contour plot for inner row carbor
center fiber glass material configuration ;(b) stress concentration distribution regarding homog
all glass and hybrid inner row carbon and center fiber glagenmal configuration cases
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Figure4.37 Triple hex hybrid composite results; (a)normalized contour plot for inner row 1 carbo
2 glass fiber with glass center fiber material configuration ;(t@sst concentration distribution
regarding homogenous all glass and hybrid inner row 1 carbon and 2 glass fiber with glass cen
material configuration cases
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According to the resultst can be said that stiffer rows experieadegher amount ofdad and

stress concentration around center fiber changes regarding load carrying capability of fiber
row. Whenthe inner rowis set as glasdoad carried bythe middle row increases and stress
concertration aroundhe center fiber increase®©n the contrey, whenthe upper and lower

rows areset as glass fibeand inner rows set as carbon fibexs inFigure4.36, load carried

by middle row decreases and stress concentration atbenadddle fiber decreas&V/hentwo

fibers inthe middle rowareset as glasas inFigure4.37, load carried by that row increases

and due to the different fiber material difference aroundhe center fiber occursand an
increase in stress concentration value can be obsédvette contrary when inner row set as

glass an increase on stress concentration distribution can be seenkigasaq.35.
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Figure4.38 Triple hex hybrid composite results; (a)normalized contour plot for inner carbon ma
;(b) stress concentratiogistribution regarding homogenous all carbon and hybrid inner row carl
cases
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Figure4.39 Triple hex hybrid composite rés (a)normalized contour plot for inner row glass an
center fiber carbon material configuration ;(b) stress concentration distribution regarding
homogenous all carbon and hybrid inner row glass and center fiber carbon material configur:

cases
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Figure4.40 Triple hex hybrid composite results; (a)normalized contour plot for inner row 1 glass
carbon fiber with carborenter fiber material configuration ;(b) stress concentration distributiol
regarding homogenous all carbon and hybrid inner row 1 glass and 2 carbon fiber with carbon
fiber material configuration cases
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In Figure 4.38-Figure 4.40 stress concentration plots around carbon fiber with a variety of
different fiber material combinations are given. Stiffer row explanation that is made before
can be seen here too. This situation determines stress concentration around center fiber. When
the inner rowis set as carboas inFigure 4.38, load carried by middle row decreasasd

stress coceriration aroundhe center fiber decreases. On the contrarien the upper and

lower rowsare set as carbon fiber and inner row set as glass éban Figure 4.39, load

carried by middle row increases and stress concentratomdthe middle fiber increases. In
Figure4.40 when two fibers irthe middle rowareset as carbon and load carried by that row
decreases due to the different fibeaterial, a difference around center fiber occarsd a

decrease in stress concentration value can be observed.

Also, a smmary table is given belom Table4.8

Table4.8 stress concentration values

Stress All All Mid Mid Mid row  Mid row Mid Mid
concentratio glass carbon row row second first row row
n 1 2 glass carbon fiberglass fiberglass second first

3 4 5 6 fiber fiber
carbon carbon

7 8

Zero degree 1.562 1.298 1.873 1.033 1.227 1.057 1.543 1.848
180 degree 1.567 1.308 1.853 1.003 1.221 1.219 1532 1.537

Regarding results given Table4.8 mid, row glass&all glass comparison and mid row carbon
& all carbon comparisgnresultsstrengthen the previous observations maith hexagonal
RVE as changing outer fibers with stiffer fibers decreases the amount of load carties by
center fiber and decreases the stress concentration ahmewshter fiber.

When we comparé., 4. ve 7. Models stiffer rows cagr higher amount of loads than other

rows, because of thjstress concentration in 7 is higher thaardd it has the lowest in 4
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To summarizat is found that when stiffer fibers placed on upper and lower rows these rows
carries higher load than middlewocand stress concentration around center fiber decreases,

effect of different fiber materials of neighboring fibers at middle row becomes minimal.

4.2. RandomRVE Results

4.2.1. General Information about Random RVE Modeling & Results

In this section, results of theudies which are made with a variety of random RVE models
have been revealed. In each section, normalized stress concentration plots and contour graphs
are represented. In all of the studies represented here, stress concentration around selected
fiber is employed, fiber configurations for each model given within the symbolic
representation of each pldince inteffiber distances are not exact and same in random
models, all of the plots are drawn for 360 degrees. In theseqaotger clockwise (CCW)

pah direction is employed.

4.2.2. Material Effect

Random RVE results of material effect are given under this heading. In these, sadias
stress results of a model with constant fiber radnesusedAll of the results stated under this
headingarethe collection of stress data arouthé fiber,which is selected as taking the fiber
with the highest stress value reachEtber volume ratio is set as"Q 1@. In each model
material configuration is given with colored small RVE stated in each analysis Bejure
4.41 reveals results of homogenous RVE and used @mtrol group.In each of these plot,
stress distribution is given for the fiber with largest stress concentrisults for different

combinations are shown Kigure4.41- Figure4.47.
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Figure4.41 Random RVE homogenaesults for the fibers with largest stress concentrati@) all
glass stress concentration contqulot; (b) all carbon stress distribution contour plot; (c)
representation of selected fiber of which resuitdata are taken; (d) stress concentration distributic
plots
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Contour Plot
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Figure4.42 Random RVE hybrnidsults for the fiber with highest concentratiq@a) outer glass fiber
inner carbon fiber stress concentration contour plot; (b) representation of selected fibeichf wt
results data are taken; (C) stress concentration distribution plots
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Contour Plot
Expression 1(5cal
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Figure4.43Random RVE hybrid composite studies: (a) outer carbon fiber inner glass fiber stre

concentration contour plot; (b) representation of selected fiber of wigishlts data are taken; (C) stres

concentration distribution plots regarding outer carbon inner glass fiber and homogenous randoi
AflFaa wx9Qaod

99



Contour Plot
Expression 1(5cal.
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Figure4.44 Random RVE hybnidsults for the fiber with highest stress concentratita) inner two
row glass fiber rest carbon fiber stress concentration contour fptepresentation of selected fibe
of which results datestaken; (C) stress concentration distribution plots.
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Figure4.45 Random RVE hybnidsults for the fiber with largest stress concentratia) inner two
row carbon fiber rest glass fiber stress concentration corpéair (b) representation of selected fibe
of which results date is taken; (C) stress concentration distribution plots.
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Figure4.46 Random RVE hybnidsults for the fiber with largest stress concentratifa) inner
randomly selected glass fibers rest carbon fiber stress concentratiooucquiot; (b) representation
of selected fiber of which results date are taken; (C) stress concentration distribution plots
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Figure4.47 Random RVE hybnidsults for the fiber with largest stress concentrat{@hinner
randomly selected carbon fiber rest glass fiber stress concentration eguitu(b) representation of
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selected fiber of which results date are taken; (C) stress concentration distribution plots.

Results stated under this heading shows simigdraviorwith hexagonal RVE results under
transverse loading, ikigure 4.42 highest concentration value is observed on a fiber that is
near the stiffer outer carbon fibehat is an expected result and stress concentration on the
fiber is higher than homogenous all carbon compositeigare4.43 inner fibers set stiffer as
selecting tass and they carry higher amount of load, this creates a higher stress concentration
than homogenous glass on the shown fiberfFiure 4.44 inner two row set as gés this
creates stiffer paths and load localizes on these rows so stress concentration distribution on
one of shown the stiff fibers is higher than that of homogenous kaségure 4.45, stress
concentration value of the selected fiber is lower than that of homogenous case due to the
effect of carbon rows on amount of load carried by these fiber&idare 4.46, stress
concentration distribution is lower than that of the homogenous case it can be assumed that
lowering effect of carbon fibers are also observed her&idare 4.47, stress concentration
distribution values are similar with that of homogenous glass case since number glass fiber to

carbon fiber is high, effect of carbon fibers are minimal.

4.2.3. Fiber Volume Effect

Random RVEesults of material effeatith fiber volume ratiod "Q & are given under this
heading. In these studiamdial stress results of a model with constant fiber ragliasused

All of the results stated under this headargthe collection of stress dataound the fiber,
which is selected as taking the fiber with the highest stress value redohedch model
material configuration is given with colored small RVE stated in each analysis Bejure

4.48 reveals results of homogenous R\Hlomogenous RVE results and results of the models
set withu "Q T are usedas control group.Similar to the previous cassinceinter-fiber
distances are nokact and same in random models, all of the plots are drawn for 360 degrees.

Results for different combinations are showirigure4.48-Figure4.54.
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Figure4.48 Random RVE homogenaesults for the fibers withghest stress concentratiamith fiber
volume ratio is 0.4 : (a) all glass stress concentration contour plot; (b) all carbon stress distrib
contour plot; (c) representation of selected fiber of which results date are taken; (d) stress
concentration ditributionplots.
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Figure4.49 Random RVE hybnidsults for the fibers with largest stress concentration with fiber
volume ratio is 0.4 (a) outer glass fiber inner carbon fiber stresscemtration contour plot; (b)
representation of selected fiber of which results date are taken; (C) stress concentration distrit
plot.
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