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ABSTRACT

MODELING OF POLYMER MATRIX COMPOSITES USING VBO
MODEL and FINITE ELEMET METHOD FORMULATIONS

Alperen ACAR

Department of Mechanical Engineering
Ph. D. Thesis

Adviser: Prof. Dr. Ozgen COLAK CAKIR

Polymeric materials are widely used in industry and researched in academia due to their
low weight and ease on processing. But the mechanical properties of polymers are
mostly low, in a comparison to metallic materials. Because of low strength and stiffness
the mechanical properties of polymers are needed to be enchanced by composing them
with various kinds of reinforcements.

On the other hand, graphene, is a wonder nano-material which has 130 GPa of ultimate
strength and 1 TPa of elastisity modulus. This superior properties of graphene makes it
a great candidate for a polymer reinforcing agent. But the relevant literture shows us
that the technology of polymer matrix graphene nanocomposites has to be improved to
exhibit the superior properties of this nano material.

This work has three tresholds, first the production and characterization of graphene-
epoxy nanocomposite, second, modeling the total viscoelastic - viscoplastic behavior of
the nanocomposite and third part is to implement the proposed model to finite element
method for possible future use of the model on structural analysis.

In the composition processes with nanomaterials, the biggest drawback is agglomeration
of the nanomaterials. In this work, this problem is tried to overcome using a solvent
and a sonication procedure before mixing the nano material with the prepolymer (in this
work, epoxy resin). The mechanical characterization of the produced material is done
by performing tensile tests and DMA tests. The mechanical properties are enchanced
with the addition of graphene.

xii



In this work, Cooperative-VBO model which is developed for modeling temperature
dependent mechanical behavior by COLAK, AHZI and REMOND is modified to
represent the behavior of nanocomposites. For modeling the mechanical behavior of
nanocomposites, two main modifications are done. First one is redefining stiffness-
temperature model of Mahieux and Reifsdner using a two step Mori-Tanaka scheme. In
this scheme, the well dispersed (effective) and agglomerated regions are taken as
different phases. Therefore the agglomeration effect of graphene is taken into account.
Storage modulus of pure epoxy and graphene-epoxy nanocomposites with different
graphene fractions are modeled using the modified model. The model shows good
agreement with the experimental results.Second modification is on viscoplastic part,in
particular, two scalar material parameters of the plastic strain rate function, activation
energy AHP, and activation volume V are redefined as functions of graphene fraction
using Tagayanagi averaging approach. For the post - yield behavior of the
nanocomposites, two parameters of the previously used tangent modulus function, Eto
and o, are defined as functions of graphene fraction, numerically. Therefore, the total
viscoelastic - viscoplastic behavior of graphene nanocomposite materials are defined.

The proposed model is capable of modeling material behavior for different temperature
and strain rates as well. Model results are compared to test results to test the accuracy,
good match with the experimental data is observed.

In the last part, a computational procedure is defined using forward gradient method, for
finite elemnt method implementation. This part leads the further usage of the proposed
model for strucural analysis for possible future applications using nanocomposite
materials.

This work contributes to the related literature with a unique constitutive equation for
modeling of epoxy-graphene nanocomposites. As explained above, the proposed model
is capable of modeling the total viscoelastic-viscoplastic, temperature dependent
mechanical behavior of such nanocomposites for different graphene fractions. The
prediction capabilities of the model is tested through a set of test data, and it is shown
that the prediction capabilities of the model are very good. Another unigue contribution
to the related liteature is the developed computational scheme. With this addition, it is
shown that the proposed model can be used for structural analysis on possible future
applications.

Key words: Graphene, Nanocomposite, constitutive equation, modeling, VBO

YILDIZ TECHNICAL UNIVERSITY
GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES

Xiii



OZET

POLIMER MATRISLi KOMPOSITLERIN VBO MODELI ILE
MODELLENMESI VE SONLU ELEMANLAR YONTEMI
FORMULASYONLARI

Alperen ACAR

Makine Miihendisligi Anabilim Dali
Doktora Tezi

Tez Danismani: Prof. Dr. Ozgen COLAK CAKIR

Polimer malzemeler, hem agirlik avantajlar1 ve hem de imalat kolayliklar1 sebebiyle
endiistriyel olarak ve akademik ¢alismalarda olduk¢a yaygin kullanilmaktadirlar. Fakat
bu yaygin kullanima karsin, mekanik Ozellikleri metalik malzemelere kiyasla
cogunlukla diisiik kalmaktadir. Dayanim bakimindan karsilasilan bu yetersizlik bizleri,
polimer malzemeleri, ¢esitli katkilarla zenginlestirip, dayanimini arttirmaya
yoneltmektedir.

Diger yandan, Grafen, 130 GPa kopma mukavemeti ve 1 TPa civarinda Ol¢iilmiis
elastisite modiilii ile, polimerik malzemelerin dayanimini artirabilecek oldukga giiglii bir
takviye malzemesi aday1 olmaktadir. Fakat ilgili literatiir incelendiginde, bu olaganiistii
ozelliklere sahip nano malzemenin teknolojisinin, hem endiistriyel hem de akademik
anlamda gelistirilmeye muhtag oldugu anlasilmaktadir.

Bu calisma, {ic asamadan olusmaktadir. ilk olarak grafen - epoksi nanokompozit
malzeme Tretilmis, gerekli goriilen mekanik ve morfolojik testlere tabii tutularak
iiretilen malzeme karakterize edilmistir. Ikinci olarak, malzemenin toplam viskoelastik -
viskoplastik davranisini modellenmis ve son olarak dnerilen model i¢in bir hesaplamali
prosediir olusturularak sonlu elemanlar yontemi implementasyonu gerceklestirilmistir.

Nano malzemerle hazirlanan kompozitlerde karsilasilan en 6neml problem, nano
malzemenin topaklanma egiliminden kaynaklanan, heterojen yapilar olmaktadir. Bu
problemin {istesinden gelmek igin bu c¢alismada grafen Oncelikle bir ultrasonik
kanigtirict kullanilarak bir solvent i¢inde ¢ozdiirilmiis, daha sonra epoksi regine ile
karistirilmugtir. Uretilen malzemenin mekanik karakterizasyonu ¢cekme testleri ve DMA

Xiv



testleri ile gergeklestirilmistir. Grafen katkisi ile mekanik o6zelliklerin iyilestigi
gozlenmistir.

Nano kompozitin toplam mekanik davranisini modellemek amaciyla, Colak, Ahzi ve
Remond tarafinda 2013 yilinda gelistirilen Cooperative-VBO modeli modifiye
edilmistir. Model, gerinim hiz1 tensériintin eklemeli bir formunu kullanmaktadir. Bu
sebeple, modelin viskoelastik ve viskoplastik kisimlar1 ayr1 ayr1 ele alinmistir. Grafen
katkisinin viskoelastik davranis tizerindeki etkisini modellemek i¢in iki adimli bir Mori-
Tanaka semasi kullanilmistir. Bu yaklagimla, grafenin etkin olarka ¢oziindiigi ve
topaklandig1 bolgeler ayr1 ayri ele alinmis ve boylece topaklanmanin elastik davranis
tizerindeki nonlineer etkisi modellenmistir. Epoksi ve grafen takviyeli nanokompozit
malzemenin DMA testinden elde edilen depolama modulu modifiye edilen model ile
modellenmistir. ve modelin deney sonuglari ile uyumlu cevap verdigi gosterilmistir.

Viskoplastik kisimda ise, model i¢indeki iki skalar malzeme parametresi, aktivasyon
enerjisi, AHB, ve aktivasyon hacmi V, Tagayanagi ortalamas: yaklasimi ile grafen
oraninin fonksiyonu olarak tanimlanmistir. Akma sonrasinda goriilen non-lineer
davranigin modellenmesi amaciyla da tanjant modiilii denklemi igindeki iki parametre,
Eto ve a, grafen hacim oraninin fonksiyonu seklinde tanimlanarak tanjant modiilii
denklemi modifiye edilmistir. Onerilen model, malzeme iizerindeki grafen katkisini,
degisen sicaklik ve deformasyon hizi ile beraber modelleyebilmektedir. Model
cevaplari, test sonuglart ile karsilastirilmis ve olduk¢a uyumlu olduklar1 gézlenmistir.

Son olarak, Forward gradient metodu kullanilarak, hesaplamali bir prosediir
olusturulmus, boylece 6nerilen modelin, sonlu elemanlar yontemi kullanilarak yapilacak
yapisal analizlerde biinye denklemi olarak kullanilmas1 miimkiin kilinmistir.

Calisma, ilgili literatiire, epoxy nanokompozit malzemesi i¢in kullanilabilecek 6zgiin bir
biinye denklemi kazandirmistir. Onerilen modelin kestirme yetenekleri degisen grafen
oranlar1 i¢in test edilmis ve olduk¢a uyumlu sonuclar verdigi goézlemlenmistir.
Calismanin ilgili literatiire bir baska katkis1 isei model i¢in Onerilen hesaplamali
semadir. Onerilen hesaplamali gergeve, biinye denklemini, ileride ihtiyag duyulmasi
muhtemel yapisal analiz uygulamalarinda kullanilmasini miimkiin kilmaktadir.

Anahtar Kelimeler: Grafen, Nanokompozit, biinye denklemi, modelleme, VBO

YILDIZ TEKNiIK UNIVERSITESI FEN BIiLIMLERI ENSTITUSU
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CHAPTER 1

INTRODUCTION

IUPAC defines polymer as “substance composed of macromolecules”. This definition
of course covers all types of the macromolecules, but sure lacks of meaning to cover
how polymers are inside of life. DNA, which is composed of nucleotides carries our
entire genetic heritage is a polymer of course, or the pipe system that brings fresh water
to our home is probably made of Polyethylene, also a synthetic polymer consists of

ethylene monomers.

Since their discovery in the early 20" century, the technology of synthetic polymers has
improved tremendously, and opened their way to all of our homes and almost all
industrial applications around the world. The role of academia and academic research of
course cannot be ignored in this progress. Actually polymers have created their own

field of science, which we are now calling “Polymer Science”.

Despite the enormous use in industry and the inevitable interest on academia, polymer
materials, or plastic materials, as the name of their form used in industry, has still their
own drawbacks. Strength is one of the first disadvantages of polymers coming to mind
when an engineer decides to use them on an application. This handicap of polymers has
tried to overcome by mixing polymers with reinforcement agents. Some well-known
and widely used reinforcement materials are glass or carbon fibers. But the use of those
types of conventional reinforcement agents clears away some of the main advantages of
polymers, low weight and ease on processing. It also complicates or sometimes removes
the possibility, of recycling. In these circumstances, the research on the field of

polymers has led to find new unconventional reinforcement agents.

Graphene is a single layer of graphite, or carbon, first isolated and characterized in 2004
in University of Manchester. Andre GEIM and Konstantin NOVOSELOV won the

Nobel Prize on physics in 2010 "For groundbreaking experiments regarding the two-

1



dimensional material graphene.” In the past six years, the global market for graphene is
reported to have reached $9 million by 2012 with most sales in the semiconductor,

electronics, and battery energy and composites industries.

From the perspective of material strength, graphene is a spectacular material, which has
a measured elasticity modulus of 1 TPa and intrinsic strength of 130 GPa [1]. These
tremendous properties make graphene a sufficient reinforcement agent for polymer
composite materials. However, this great discovery comes with its own challenges of
technology. The relevant literature shows us that the technology of graphene and its

composites are in need of advancing.

To achieve optimal enhancement in the property of graphene reinforced polymer
composites, several key issues such as improvement in dispersion of graphene,
alignment of graphene in polymer matrix, surface modifications on graphene platelets

for good adhesion/interaction, should be resolved.

On the other hand, understanding the inner mechanics of graphene nanocomposites and
modeling the total mechanical behavior is also an important issue in the area of

graphene nanocomposites.
1.1 Literature Review

1.1.1 Carbon Based Nano Materials

Nano materials, corresponds to materials which a single unit is sized as 1-1000
nanometers (10° meters). Among those materials, carbon based ones are an important

family due to the superior electrical and mechanical properties.



graphite

graphene

Figure 1.1 Schematic of Carbon Based Nano materials

Graphene, which is considered the basic building block of all graphitic forms (including
carbon nanotubes (CNTSs), graphite and fullerene), possesses a single layer of carbon
atoms in a closely packed honeycomb two-dimensional lattice. Graphene has a large
specific surface area (theoretical value 2630 m2 g—1), and both sides of its planar sheets
are available for molecule adsorption. The exceptional properties of graphene make it a
superior candidate as a good adsorbent in different sample preparation methods [2].

The fullerenes are a class of allotropes of carbon which conceptually are graphene
sheets rolled into tubes or spheres. These include the carbon nanotubes (or silicon
nanotubes) which are of interest both because of their mechanical strength and also
because of their electrical properties. The first fullerene molecule to be discovered, and
the family's namesake, buckminsterfullerene (C60), was prepared in 1985 by Richard
Smalley, Robert Curl, James Heath, Sean O'Brien, and Harold Kroto at Rice University.

The name was homage to Buckminster Fuller, whose geodesic domes it resembles.

Carbon nanotubes (CNTs), discovered in 1991 by lijima, have diameters from fractions
to tens of nanometers and lengths up to several micrometers. CNTs can be considered as
a graphene sheet in the shape of a cylinder capped by fullerene-like structures. Single-
walled (SWCNTSs) and multi-walled (MWCNTS) nanotubes are formed by seamless roll
up of single and multi-layers of graphene lamella respectively.



1.1.2 Graphene Fabrication Methods

A rapidly increasing list of graphene production techniques has been developed to
enable graphene's use in commercial applications. Isolated 2D crystals cannot be grown
via chemical synthesis beyond small sizes even in principle, because the rapid growth of
phonon density with increasing lateral size forces 2D crystallites to bend into the third

dimension. However, other routes to 2d materials exist.

Fundamental forces place seemingly insurmountable barriers in the way of creating 2D
crystals. The nascent 2D crystallites try to minimize their surface energy and inevitably

morph into one of the rich variety of stable 3D structures that occur in soot.

But there is a way around the problem. Interactions with 3D structures stabilize 2D
crystals during growth. So one can make 2D crystals sandwiched between or placed on
top of the atomic planes of a bulk crystal. In that respect, graphene already exists within
graphite. One can then hope to fool Nature and extract single-atom-thick crystallites at a
low enough temperature that they remain in the quenched state prescribed by the

original higher-temperature 3D growth.
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Figure 1.2 Schematic illustration of the main graphene production techniques. (a)
Micromechanical cleavage. (b) Anodic bonding. (c) Photoexfoliation. (d) Liquid phase
exfoliation.(e) Growth on SiC. Gold and grey spheres represent Si and C atoms,
respectively. At elevated T, Si atoms evaporate (arrows), leaving a carbon-rich surface
that forms graphene sheets. (f) Segregation/precipitation from carbon containing metal
substrate. (g) Chemical vapor deposition. (h) Molecular Beam epitaxy. (i) Chemical
synthesis using benzene as building block [3].



Dry exfoliation is the splitting of layered materials (LM) into atomically thin sheets via
mechanical, electrostatic, or electromagnetic forces in air, vacuum or inert
environments. Micromechanical cleavage (MC), also known as micromechanical
exfoliation, has been used for decades by crystal growers and crystallographers. Andre
Geim and Konstantin Novoselov initially used adhesive tape to perform the mechanical
cleavage. Achieving single layers typically requires multiple exfoliation steps, each
producing a slice with fewer layers, until only one remains. After exfoliation the flakes
are deposited on a silicon wafer. Crystallites larger than 1 mm and visible to the naked

eye can be obtained.

Anodic bonding is widely used in the microelectronics industry to bond Si wafers to
glass, to protect them from humidity or contaminations. When employing this technique
to produce single layer graphene sheets, graphite is first pressed onto a glass substrate, a
high voltage of few kV (0.5 — 2 kV) is applied between the graphite and a metal back
contact, and the glass substrate is then heated (~200 °C for ~10 — 20 mins). If a positive
voltage is applied to the top contact, a negative charge accumulates in the glass side
facing the positive electrode, causing the decomposition of Na20 impurities in the glass
into Na+ and O2 - ions. Na+ moves towards the back contact, while O2 - remains at the
graphite-glass interface, establishing a high electric field at the interface. A few layers
of graphite, including SLGs, stick to the glass by electrostatic interaction and can then
be cleaved off [3].

Laser ablation is the use of a laser beam to remove material from a solid surface. If
irradiation results in the detachment of an entire or partial layer, the process is called

photo exfoliation.

Graphite can also be exfoliated in liquid environments exploiting ultrasounds to extract
individual layers. The liquid-phase exfoliation (LPE) process generally involves three
steps: 1) dispersion of graphite in a solvent; 2) exfoliation; 3) “purification”. The third
step is necessary to separate exfoliated from un-exfoliated flakes, and is usually carried

out via ultracentrifugation.

The production of graphite from SiC, was reported by Acheson as early as 1896 for
lubricant applications. The growth mechanism has been investigated since the 1960s.
Both surfaces (Si(0001)- and C(000-1)- terminated) annealed at high T (>1000 °C)

under ultra-high vacuum (UHV) graphitize due to the evaporation of Si.



CVD is a process widely used to deposit or grow thin films, crystalline or amorphous,
from solid, liquid or gaseous precursors of many materials. CVD has been the
workhorse for depositing many materials used in semiconductor devices for several

decades.

Molecular Beam epitaxy or arc discharge can be used to grow single layer graphene of
high enough quality to compete with other processes discussed above. Since MBE relies
on atomic beams of elements impinging on the substrates, it is difficult to prevent, say
carbon, from being deposited on areas where graphene has already grown. Therefore,
since MBE is a thermal process, the carbon is expected to be deposited in the
amorphous or monocrystalline phase. One might however envisage the use of chemical
beam epitaxy (CBE) to grow graphene in a catalytic mode, taking advantage of the CBE
ability to grow or deposit multiple materials, such as dielectrics or layered materials, on

the top of graphene, to form hetero structures.

1.1.3 Properties of Epoxy resins

Epoxy is a term used to denote both the basic components and the cured end products of
epoxy resins, as well as a colloquial name for the epoxide functional group. Epoxy
resins, also known as polyepoxides, are a class of reactive pre-polymers and polymers
which contain epoxide groups. Epoxy resins may be reacted (cross-linked) either with
themselves through catalytic homo-polymerization, or with a wide range of co-reactants
including poly-functional amines, acids (and acid anhydrides), phenols, alcohols and
thiols. These co-reactants are often referred to as hardeners or curatives, and the cross-
linking reaction is commonly referred to as curing. Reaction of polyepoxides with
themselves or with poly-functional hardeners forms a thermosetting polymer, often with
high mechanical properties, temperature and chemical resistance. Epoxy has a wide
range of applications, including metal coatings, use in electronics / electrical
components/LED, high tension electrical insulators, fiber-reinforced plastic materials

and structural adhesives.

Epoxy resins are low molecular weight pre-polymers or higher molecular weight
polymers which normally contain at least two epoxide groups. The epoxide group is

also sometimes referred to as a glycidyl or oxirane group.

A wide range of epoxy resins are produced industrially. The raw materials for epoxy

resin production are today largely petroleum derived; although some plant derived
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sources are now becoming commercially available (e.g. plant derived glycerol used to
make epichlorohydrin).

Epoxy resins are polymeric or semi-polymeric materials, and as such rarely exist as
pure substances, since variable chain length results from the polymerization reaction
used to produce them. High purity grades can be produced for certain applications, e.g.
using a distillation purification process. One downside of high purity liquid grades is
their tendency to form crystalline solids due to their highly regular structure, which

require melting to enable processing.

An important criterion for epoxy resins is the epoxide content. This is commonly
expressed as the epoxy equivalent weight, which is the number of epoxide equivalents
in 1 kg of resin (Eq./kg), or as the equivalent weight, which is the weight in grams of
resin containing 1 mole equivalent of epoxide (g/mol). One measure may be simply

converted to another:
Equivalent weight (g/mole) = 1000 / epoxide number (Eq./kg)

The equivalent weight or epoxide number is used to calculate the amount of co-reactant
(hardener) to use when curing epoxy resins. Epoxies are typically cured with
stoichiometric or near-stoichiometric quantities of curative to achieve maximum

physical properties.

As with other classes of thermoset polymer materials, blending different grades of
epoxy resin, as well as use of additives, plasticizers or fillers is common to achieve the
desired processing and/or final properties, or to reduce cost. Use of blending, additives
and fillers is often referred to as formulating.

1.1.4 Production And Characterization Of Nanocomposite Materials

In all Nano-composite fabrication procedures, the dispersion of Nano filler is the most
significant step [4]. A well dispersed composite structure ensures a maximized interface
area between matrix and filler. Such that, from a molecular point of view, a successful

load transformation from matrix to filler will be achieved.

Unfortunately, it is a known fact that all nano fillers including graphene has a strong
trend of agglomeration. Therefore, largest efforts in the area of developing fabrication
procedures for nanocomposites concentrated on achieving a homogenous and well

dispersed composite structure.



Procedures developed in order to achieve good dispersion could be classified under
three main strategies [4] ;

1- Solvent Processing
2- in situ polymerization

3- Melt Processing.

1.1.4.1 Solvent Processing
This method actually consists in three steps;

1. Dispersion of graphene sheets or platelets in a proper solvent by various mixing
techniques like mixers or more exquisite methods such as ultra sonication,
2. Addition of the matrix material,

3. Removal of the solvent by evaporation or distillation.

Several composites has been fabricated and reported in the related literature using such
procedures [5,6], [7]. Ramanathan et al. [5] has investigated elasticity modulus E,
glass transition temperature Tg, ultimate strength and thermal degradation on
composites of PMMA reinforced by single walled carbon nanotubes, exfoliated
graphene and functionalized graphene sheets. The intention of functionalization in this
manner is using a surface agent to enhance the interface bond forces between Nano
reinforcement and matrix material. Ramanathan et al. reported that in a comparison of
three different Nano fillers, the most significant improvement is determined on
composites that include FGS (functionalized graphene sheets) as the reinforcement

material.

Because of the simple operations on this technique, it is expected that the composites
will be prepared using such procedures. However, like almost every engineering
method, this method comes with its own unfair able features. The caution of this
method is that the solvents, especially organic solvents used in fabrication polymer
matrix composites, adsorbed on the graphitic galleries of graphene in a permanent way
[8]. The work of Barroso et al. [8] analyses the existence of both polar and non-polar
solvents using **C NMR and elemental techniques. They found that the all tried solvents
penetrated and modified the graphitic layers of graphene and even after very meticulous

removal and drying protocols, traces of solvent material remained adsorbed on the



material. Existence of a solvent in the structure of finished composite surely reduces the

reliability of the composite material.

1.1.4.2 In situ Polymerization

This strategy starts with a step of mixing graphene platelets or chemically modified
graphene sheets with the monomers, in our case pre polymers such as epoxy resin. And
this step follows the polymerization reaction proceeds by adjusting parameters such as

temperature and time.

Works of fabrication by in situ polymerization technique could be found in literature

for both thermoplastics and epoxy matrix composites [7,9,10], [11], [12], [13]

Prolong et al. [9] compared several methods for dispersion of Nano filler in the epoxy
matrix. High shear mixing, calendaring and a combination of two methods are
compared. The structure of nanocomposite is determined by X-ray diffraction and
scanning electron microscopy techniques. And the thermo — mechanical behavior of
material is measured by DSC, DMTA and TGA techniques. The work has reported that
the most effective technique to disperse the Nano filler in the matrix material is

calendaring.

Work of Rafiee et al. [7] has compared the mechanical properties of epoxy
nanocomposites reinforced by graphene platelets, single walled carbon nanotubes and
multi walled carbon Nano tubes. The procedure of fabricating nanocomposite in this
work is as follows; first, graphene platelets (GPL) is dispersed in acetone by ultra-
sonication for 1.5 hour. Then the epoxy resin is added to the mixture and sonicated for
another 1.5 h. Next the acetone is evaporated on a magnetic stir plate for 3 hours at 70
°C. The evaporation procedure continues in a vacuum chamber for 12 hour at 70 °C.
After the cooling of this mixture, a curing agent is added, and mixed in a shear mixer
for 4 minutes at 200 rpm. Finally the mixture is placed in a vacuum chamber to degas
the epoxy for approximately 30 minutes. The curing is made on silicone molds at room
temperature on 90 psi for 24 hours followed by a post cure of 4 hour at 90 °C. The

schematic given in the work to explain the procedure is given in Figure 1.
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Figure 1.3 Schematic showing the preparation procedure for epoxy nanocomposites [7].

The work also reports that the most significant improvement is obtained by graphene
platelets. The elasticity modulus is increased by 31% compared to the pure epoxy and

3% for single walled nanotubes.

Therefore, for the fabrication of epoxy/graphene composites, work of Rafiee [7] et al.
gives a good start point.

Kulia et al. [11] used the method of emulsion polymerization of methyl methacrylate
monomer in graphite oxide for the purpose of producing PMMA/graphene
nanocomposites. Also a number of experimental methods were applied on the produced
materials by Kulia et al. [11]. Raman spectrometry and FTIR analyses were performed
to show the existence of graphene in the materia. DMA and DSC analyses were
conducted to determine the thermal transitions of the produced material. Storage

modulus and Tg values were found to be greater than neat PMMA.

Another work was performed by Layek et al. [12]using atom transfer radical
polymerization (ATRP) with functionalized graphene (MG) and PMMA used as a filler
with PVDF matrix. The morphology of the material was determined using atomic force
microscopy (AFM). Also in this work, FTIR analysis and WAXS, DSC, TGA and
DMA analyses were performed to determine the thermal and mechanical behavior of
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the polymer. Tg was decreased while the mechanical properties were improved
compared to plain PVDF material.

Potts et al. [13] also performed an experimental work to produce and determine
thermomechanical properties of modified graphene oxide and reduced graphene
oxide/PMMA nanocomposites. Injection molded (composite material prepared by in-
situ polymerization) samples were subjected to tensile testing. Results have showed that

for both composites, modulus is increased.

The work of Wang et al. [10] gives a simple and facile approach for preparation of

PMMA/graphene composites using free radical polymerization technique.

The procedure on the work of Wang et. Al is as follows; a graphene/NMP (N-Methyl-2-
pyrrolidone) solution is added to a three neck flask, sonicated in a low power sonic bath
for 2 hours. Then under N, flow protection and magnetic stirring, 0.05 gr of AIBN
(Azobisisobutyronitrile) is added. The mixture is heated at 80 °C. After reacting for 48
hours, the resultant solution is precipitated in 300 ml of methanol. The precipitate was
collected and dissolved in 100 ml of THF (tetrahydrofuran). The solution was
centrifuged at a speed of 10,000 rpm for 0.5 h, and then collected the solid at the
bottom. This procedure was repeated for several times (at least five times) until no
obvious sediments were observed when the supernatant was added into methanol.

Finally, the product was dried under vacuum at 40 °C for 24 h.

On the sequel part of their work, Wang et al. [10] is characterized the final composite
material by SEM, FTIR, TGA and tensile tests. They report that the resulting
PMMA/GPMMA composite films enhances in mechanical properties, such as elasticity
modulus and tensile strength increases by 151% and 115% compared to pure PMMA.

To sum up, the advantages of in situ polymerization technique are; it provides a strong
interaction between incorporated particles and the polymer matrix. And this strong
interaction enhances the stress transfer, and as a result the mechanical properties. This
technique also enables and outstanding and homogenous dispersion of Nano filler in the

polymer matrix, this also ensures the enhanced mechanical properties.

But the technique itself does not let the researcher only to focus and analyze the effect
of Nano filler in the polymer matrix morphology and final mechanical or thermal

properties, but also in the polymerization reaction (or curing reaction for the case of

epoxy).
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1.1.4.3 Melt Processing

Between the three main techniques compared, melt processing is the most commercially

attractive technique. This technique is also more versatile and environmentally friendly
[4].
The technique consists of direct addition of the Nano filler into the polymer melt using a

twin screw extruder. Twin screw is used for improving the dispersion in the composite

structure.

Though the usage of twin screw, the works in the related literature still reports a lower
degree of dispersion [4]. Also the low bulk density of graphene makes extruder feeding

a troublesome task.

Valles et al. [14] have prepared graphene oxide and base washed graphene oxide /
PMMA nanocomposites by melt mixing using a twin screw extruder. The loading rates
are between 0.5 and 10% by weight. The nanocomposites have been compared through
dynamic mechanical thermal (DMTA) analysis, TGA and tensile tests. It is reported that
the base washed graphene oxide serves better as a reinforcement in nanocomposite

materials.

1.1.4.4 Comparison of Different Techniques and Review of the related literature

The work of Tang et al. [15] aims to discover the effect of dispersion state on
mechanical behavior of Reduced graphene oxide (RGO) epoxy nanocomposites. In their
work, it is clearly stated that highly dispersed RGO resulted in higher strength and
fracture toughness of epoxy resin than the poorly dispersed RGO, but for both tensile
and flexural moduli no significant differences was observed for different levels of
dispersion. Glass transition temperature and electrical conductivity are also investigated
in this work, and the well dispersed RGO fillers are found to be much more effective to

increase Tg and electrical conductivity of epoxy resin.

Prolongo et al. [9] combined two main strategies to achieve a homogenous composite
structure, three mill calendaring and sonication. Their work continued with mechanical,
thermal and electrical characterization tests. It is reported that the graphene content in
the epoxy matrix leaded to an increase in elasticity modulus. But due to a weak
interface, strength and elongation at break are reduced. Moghadam et al. [16] proposed

a functionalization method to improve the interface between graphene and epoxy. Their

12



method includes a silane coupling agent bonded to graphene platelets through an
oxidation and functionalization process. The elasticity modulus and fracture toughness

of nanocomposites of functionalized GNPs were enhanced 15% and 82%, respectively.

Shadlou et al. [17] investigated the mechanical behavior of graphene-epoxy
nanocomposites for different strain rates by both tensile and compression tests. They
reported that the composite material behaves more brittle with an increasing value of
strain rate, as expected. The work also includes the SEM images of the crack surfaces
and comparison of some widely used mechanical models to predict the yield stress of
nanocomposites. Yue et al. [18] investigated the synergetic effects when two different
forms of carbon, graphene and carbon nanotubes (CNTSs) are used together as the
reinforcing agent in an epoxy matrix dispersed by ultra-sonication, with different GPL —
CNT ratios. The most effective CNT - GNP ratio is found to be 8:2 respectively. It is
verified by optical microscopy, UV-Vis spectra technique and TEM technique that the
addition of GNP to the epoxy — CNT system, both the dispersion state and stability of

CNTs in epoxy is improved.

In another work of Prolongo et al. [19], the influence of thickness and lateral size of
graphene flakes in an epoxy matrix is investigated. In this work, SEM and Raman
spectroscopy techniques are used to determine size and thickness of GPLs. Three
different graphene Nano-platelets, with different thickness and flake sizes, were added
to epoxy matrix through a high shear mixing process to ensure a homogenous composite
structure. It is stated that the rise of the weight of graphene flakes, causes to a
decantation mechanism and this ends up with a less homogenous structure. The
decrease of nanoparticle filler size raises the stacking ratio. An increase of lateral
dimensions of GPLs, increases the thermal stability and therefore the degradation
temperature. Work of Rafiee et al. [20] has compared the mechanical properties of
epoxy nanocomposites reinforced by graphene platelets, single walled carbon nanotubes
and multi walled carbon nanotubes. The work reports that the most significant
improvement is obtained by graphene platelets. The elasticity modulus is increased by

31% compared to the pure epoxy and 3% for single walled nanotubes.

From a modest study of the related literature, it could be seen that, in situ
polymerization method ensures fabricating a well dispersed nano filler and strongly
bonded interface. Such a structure will surely result as significant improvement on

mechanical properties of the composite material. Figure 1.4 shows TEM images of
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graphene/TPU (Thermoplastic Polyurethane) nanocomposites. The images clearly
reveal the dispersion state of the samples: melt processing samples present highly
orientated thick stacks, while both solvent and in situ polymerization samples show

homogeneously distributed thin sheets.

Figure 1.4 Comparative images of the dispersion state. From left to right: TEM images
of 3 wt.-% thermally exfoliated graphene in TPU by melt and solvent processing, and in
situ polymerization [4]

Therefore, if the complexity of the procedure (the polymerization reaction) could be
neglected by an attentive and methodical study, this method should be used for the

fabrication of nanocomposites.

1.1.5 Modeling the Mechanical Behavior of Nanocomposite Materials

Graphene has its own challenges for advancing in its technology. Creating a composite
structure and characterizing the effect of composition on mechanical behavior is one of
the challenges on state of the art graphene technology. The relevant literature reports
that the stiffening effect of graphene is highly affected by agglomeration of graphene
flakes. In other words, only a small fraction of graphene content is used to enhance the

modulus value of the composite structure.

Xu et al. [21] proposed a hyper elastic constitutive equation using density functional
theory of quantum mechanics for modeling mechanical behavior of graphene. In the
model, the energy depends on the principal invariants of the right Cauchy—Green tensor
and the strains in both zigzag and armchair directions. The use of both strains gives the
model the ability to account for anisotropic behavior of graphene sheets. Proposed
model is compared to Nano indentation tests from literature.

Parashar et al. [22] has investigated the fracture characteristics of graphene
nanocomposites using a 3d representative volume element approach with finite elemnt
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method. Van der Waals bonds between the polymer and graphene phases are modeled
using truss elements. With their theoretical study, they reported that a good dispersion

state ensures an enhancement in fracture toughness.

A multiscale Monte Carlo Finite Element Method is used by Spanos et al. [23] to
determine mechanical behavior of polymer matrix - carbon nanotube composites. The
proposed model takes account for the non-uniform dispersion state of the nano-fillers.
They used the proposed FEM model to calculate the elasticity modulus and Poisson’s
ratio of the nanocomposites. They compared the model results to tensile test results

from literature.

Montazeri and Tabar [24] is used molecular dynamics and finite elements method to
determine elastics constants of nanocomposites. They reported the numerical results
they produced are not very compatible with existing experimental results. They also
reported that at low fractions, graphene performed better than carbon nanotubes as a
reinforcing agent.

The work of Ji et al. [25] proposes an elasticity modulus definition which considers the
agglomeration effect of graphene using Mori-Tanaka micromechanics method. In their
work, graphene as a reinforcement agent also compared to carbon nanotubes, and
shown the advantages of graphene. Major handicaps on reinforcing mechanism of

graphene is also studied numerically in their work.

In brief, experimental work from literature reports that the existence of graphene in a
polymer matrix has a stiffening effect on overall mechanical behavior. But this effect is
highly affected by agglomeration tendency of graphene sheets and polymer-graphene
interphase effects. Therefore, an elaborative work to define this effect-both theoretically

and numerically- is needed.

1.1.6 Numerical Implementations of Polymer Matrix Composites

The progress on computer technology and efficient finite element techniques increased
the demands for more realistic and accurate constitutive models. But the proposed
models should be put in a numerical scheme for proper usage on accurate structural

analysis.

Khani et al. [26] investigated the elastic properties of coiled carbon nanotube reinforced

nano composites. In this work, a representative volume element approach, which
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consists of three phases, filler, interphase and matrix, is used. The results show that the
elastic moduli of randomly and unidirectional dispersed nanomaterial decrease when the
coil tube or the coil diameter increases. In addition, reinforcement ratio increases by
increasing the number of coils. A constitutive model for fiber reinforced polymer plies
is proposed and implemented to an implicit FEM scheme by Flatscher et al. [27] . The
implementation is made as a material routine for an implicit FEM package. With the
implementation, the constitutive model is readily applicable in non-linear FEM analyses
of laminated composite components. An isotropic, finite deformation version of VBO
theory is implemented to finite element method by Gomaa et al. [28], [29].
Computational procedures are derived for the one-step forward gradient and the

backward Euler methods.

1.2 Objective of the Thesis

This work is aimed to determine and model the mechanical behavior of Graphene-
Epoxy nanocomposites. In this manner, the specimens are produced and subjected to
necessary mechanical and morphological tests. With the test results, the Cooperative
VBO theory is extended to model the nonlinear stiffening effect of graphene. The
proposed model is implemented to Finite element method for further usage of structural

analysis.

1.3 Hypothesis

In order to model the stiffening effect of graphene in a polymer matrix, the
agglomeration behavior of graphene should not be neglected. Therefore, to model the
total viscoelastic — viscoplastic behavior of graphene nanocomposites, a non-linear,
temperature and rate dependent model which covers the agglomeration effects is

needed.
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CHAPTER 2

FABRICATION AND CHARACTERIZATION OF
GRAPHENE - EPOXY COMPOSITES

From a modest study of the related literature, it could be seen that, in situ
polymerization method ensures fabricating a well dispersed nano filler and strongly
bonded interface. Such a structure will surely result as significant improvement on
mechanical properties of the composite material. On the other hand, working with pre-
polymers such as epoxy resin obligates us to make the dispersion before polymerization

reaction.

2.1 Fabrication of Graphene Reinforced Epoxy Composites

Graphene nano-platelets is supplied by OOO HOLDING ZOLOTAYA FORMULA,
from Russia. Epoxy resin is based on System 2000 epoxy resin by Fibregrast Inc. USA
and System 2120 epoxy hardener is used as curing agent. This type of hardener is
chosen due to delayed hardening time of 120 minutes. Such a long hardening time
allows us to operate mixing and degassing operations freely. The mixing ratio of epoxy
resin and hardener is 70:30 respectively, by weight, as recommended by producer. All
the reagent are used as received. Two different types of solvents, acetone and N-
Methyl-2-pyrrolidone (NMP) are used to see the effect of different solvents on the

material.
Graphene epoxy composites are prepared following the procedure below;

1- Graphene platelets (GPL) are dispersed in acetone by ultra-sonication for 1.5

hour. (An ultrasonic probe sonicator is used.)
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2- Epoxy resin is added to the mixture and sonicated for another 1.5 h. (System
2000 Epoxy Resin by Fibregrast Inc. USA)

3- Acetone is evaporated on a magnetic stir plate for 3 hours at 70 °C.
4- The evaporation procedure continues in a vacuum chamber for 12 hour at 70 °C.

5- After the cooling of this mixture, a curing agent is added, and mixed in a

vacuum mixer for 10 minutes.

6- The mixture is placed in a vacuum chamber to degas the epoxy for

approximately 30 minutes. (vacuum oven is used as the vacuum chamber )

7- The curing is made on custom build soft silicone molds at room temperature on
60 °C for 24 hours followed by a post cure of 4 hour at 90 °C.

Figure 2.1 Graphene Fabrication Procedure by pictures

2.2 Characterization of Graphene Reinforced Epoxy Composites

The characterization of graphene platelets (GPL) and composites consisted of the
analysis of their morphological features and the determination of their thermo-
mechanical and mechanical properties. The morphology of GPL and composites is
investigated by Scanning Electron Microscopy (SEM). Tensile tests were performed
using dumbbell shaped samples following the ASTM D638-10 [30], in MTS with a
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crosshead speed of 2 mm/min. For each material, five specimens are tested and the
averages of them are taken.

Raman spectra for graphene was obtained using Renishaw-In Via Raman microscope
with an argon green laser light (wavelength 532 nm, laser power 100 %, scanning time
100 s).

Thermo-mechanical behavior is studied by Dynamic Mechanical Thermal Analysis
(DMA) in three point bending mode. The experiments were carried out at 1 Hz
frequency, scanning from 35 to 200 °C using heating rate of 5°C/min. The dimensions
of samples were 35x13.5x3.2 mm. The maximum of tan & vs. temperature plots was
used to determine a-relaxation associated to the glass transition temperature.

2.2.1 Characterization of graphene sheets

Raman Spectroscopy has been used to characterize the number of layers in graphene.
Graphene samples with different numbers of layers show significant differences in their
Raman spectra. In a single layer graphene, G’ (or 2D) Raman band is twice the intensity
of the G band while in two layer material, the G band is stronger than 2D band. In
addition, the 2D band is shifted to higher wave-number. D bands are found in the
samples of imperfect or damaged graphene [31] . Figure 2 exhibiting different Raman
spectra of graphene is replotted from [31].
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Figure 2.2 Raman spectra of graphene, from Young et al. [31]
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A Raman spectrum of used graphene shows three dominant peaks as shown in Figure
2.3. The G band at 1588 cm™ and 2D band at 2633 cm™ shows the general

characteristics of graphene. The peak at 1339 cm™ is associated with structural defects.
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Figure 2.3 Raman spectra of graphene sheets

Intensity ratio of Ig/lp exhibits defect quantity. A high ratio indicates a small disorder

arising from structural defects as observed in the graphene used in this work.

2.2.2 Tensile Test Results

Samples are subjected to tensile test according to ASTM D638-10 [30] with a rate of 5
mm/min . The graphene platelets are used as the reinforcement agent in epoxy matrix
in two different ratios (0.1% and 0.5%) and in two different solvent (acetone and N-
Methyl-2-pyrrolidone (NMP)). Comparison of neat epoxy and %0.1 and %0.5 graphene
platelets-epoxy nanocomposite tensile test results when acetone is used as solvent is

depicted in Figure 2.4.
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Figure 2.4 Comparison of neat epoxy and %0.1 and %0.5 graphene platelets-epoxy
nanocomposite tensile test results. Solvent: acetone

As seen from Fig. 2.5, epoxy resin and its composite all exhibit brittle behavior. A
small improvement of the ductility and toughness was observed upon the addition of
graphene-platelets, probably due to energy dissipation at the interface between particles
and matrix. Addition of graphene platelets enhances the strength without leading a
decrease in the strain to failure. The tensile strength and strain to failure of nano-
composites of GPL reinforced epoxy nano-composite were enhanced 9.31% and
34.78%, respectively while small improvement is observed in the elasticity modulus.
The reason obtaining these results is a weak interfacial bond between the GPL and

epoxy.

To achieve optimal enhancement in the property of graphene/polymer composites,
several key issues should be resolved: Improved dispersion of graphene, alignment of
graphene in polymer, surface modification of graphene for good adhesion/interaction.
To observe the effect of solvent on the dispersion of graphene on epoxy, in addition to
acetone, NMP is used as solvent in nano-composite manufacturing. Tensile tests results
are depicted in Figure 2.5. Tensile properties of epoxy and composites with various

weight fractions of graphene-platelets is given in Table 2.1
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Figure 2.5 Comparison of neat epoxy and %0.1 and graphene platelets -epoxy
nanocomposite tensile test results. Solvent: acetone and NMP

Evaporation of solvent is an important issue in nano-composite manufacturing. For the
case of acetone, solvent is evaporated on a magnetic stir plate for 3 hours at 70 °C. Due
to the evaporation problems of NMP, the evaporation time is raised to 6 hours at 90 °C .
The evaporation procedure continues in a vacuum chamber for 12 hour at 70 °C for
acetone and 90 °C for NMP . Even though, duration on magnetic stir plate and vacuum
chamber is increased, the deteriorated mechanical properties (Figure 2.5) have shown
that there is residual of NMP solvent in the structure. This residual solvent caused the

weakening of the material.
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Table 2.1 Tensile properties of epoxy and composites with various weight fractions

of graphene-platelets.

0.1% 0.5% 0.1%
Pure Graphene Graphene Graphene
Epoxy Composite Composite Composite
(Acetone) (Acetone) (NMP)
Elasticity Modulus (MPa) | 2286 2361 2278 1061
Tensile Strength (MPa) 46.68 51.03 47.17 33.35
Strain to failure (mm/mm) | 0.023 0.031 0.026 0.040

Elasticity Modulus Values
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Figure 2.6 Elasticity modulus values for graphene content.

Since a small improvement of the elasticity modulus, tensile strength and ductility was

observed upon the addition of graphene-platelets, the dispersion of graphene sheets in

epoxy resin is investigated using SEM and results are given in Figure 2.7.
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Figure 2.7 SEM images of graphene-epoxy nanocomposite

The SEM images present that graphene flakes embedded in the epoxy matrix.
Agglomeration of graphene flakes was observed in the images. Due to the graphene’s
planar shape, it tends to aggregate much more compared to other nanofillers. The
agglomeration decreases the interfacial contact area of the graphene with matrix
material, and as a result, the expected boosted the mechanical properties can not be

observed.

2.2.3 Dynamic Mechanical Analysis

Dynamic mechanical analysis (abbreviated DMA, also known as dynamic mechanical
spectroscopy) is a technique used to study and characterize materials. It is most useful
for studying the viscoelastic behavior of polymers. A sinusoidal stress is applied and the
strain in the material is measured, allowing one to determine the complex modulus. The
temperature of the sample or the frequency of the stress are often varied, leading to
variations in the complex modulus; this approach can be used to locate the glass
transition temperature of the material, as well as to identify transitions corresponding to
other molecular motions. The viscoelastic property of a polymer is studied by dynamic
mechanical analysis where a sinusoidal force (stress o) is applied to a material and the
resulting displacement (strain) is measured. For a perfectly elastic solid, the resulting
strain and the stress will be perfectly in phase. For a purely viscous fluid, there will be a
90 degree phase lag of strain with respect to stress. Viscoelastic polymers have the

characteristics in between where some phase lag will occur during DMA tests.

Figure 2.7-2.9 shows storage modulus, loss modulus and tan & plot for neat epoxy and
graphene reinforced epoxy nano-composites with acetone used as solvent. On the glassy
region, for neat epoxy resins, storage modulus is measured as 5594 MPa. As expected,

with the addition of 0.1% and 0.5% by weight, storage modulus increases to 6702 MPa
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and 8145 MPa, respectively. This can be surely explained with the stiffening effect of
GPLs.
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Figure 2.8 Dynamic mechanical properties of epoxy and nanocomposite, Storage

Modulus versus Temperature curves.

Despite the minimal change of elasticity modulus values shown on the tensile test

results, storage modulus of nanocomposite materials has increased dramatically from
5600 MPa to 6700MPa for wt%0.1 composite and 8000 MPa for wt%0.5 MPa.
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Figure 2.9 Dynamic mechanical properties of epoxy and nanocomposite, Loss Modulus

versus Temperature curves.

The loss modulus is a measure of energy dissipation, though as a modulus it is hardness
or stiffness of a material. In the region of the glass transition molecular segmental
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motions are activated, however motions occur with difficulty, described as molecular
friction that dissipates much of the force.
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Figure 2.10 Dynamic mechanical properties of epoxy and nanocomposite, tan o versus
Temperature curves.

The peak of tan & curve is considered as glass transition temperature (Tg) of polymers.
Increase or no change of Tg was observed in previous works. Prolongo et al.[19]
Suggested that the addition of graphene Nano platelets (GNPs) into epoxy has no
significant effect on the glass transition temperature of the matrix. In another study by
Naebe et al. [32] stated that the addition of thermally reduced graphene and
functionalized graphene into epoxy matrix result in the rise of Tg of polymers [32]. In
our work, neat epoxy resin shows a Tg of 101°C. With the addition of 0.1 and 0.5 wt.
% graphene Nano platelets, Tg reduces to 98 °C and 95 °C respectively.

2.3 Conclusions on Experimental work

In nano composite systems, the dispersion of the reinforcing phases is still an important
issue.
1. The effect of process parameters on graphene synthesis should be investigated.
2. Addition of graphene platelets enhances the modulus and strength without
leading reduction in the strain to failure.
3. Tgis stayed almost constant with the addition of graphene. A slight decrease on

Tg is expected due to some work on the relevant literature, but it should be
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reminded that the GPL used in this work are not functionalized, which leads to a
weak interface between epoxy and GPL.

. An improvement of the ductility and toughness was observed upon the addition

of graphene-platelets.
When NMP is used as solvent, the solvent cannot be removed entirely. The

residual of the solvent decreases the properties of the material.
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CHAPTER 3

MODELING WORK

This part is aimed to extend the Cooperative-VBO theory of Colak, Ahzi and Remond
[33] for modeling of graphene-polymer nanocomposites.

It is obvious from the experimental work that the existence of graphene in a polymer
matrix has a stiffening effect on overall mechanical behavior. But the nonlinear nature
of this stiffening effect, caused by agglomeration tendency of graphene sheets and
polymer-graphene interphase effects, coerces us to an elaborative work of modeling.

Cooperative-VBO approach for finite deformation theory proposes an additive form of
the strain rate tensor. In simpler words, total deformation is obtained by addition of an
elastic contribution and a viscoplastic contribution. Elastic deformation of the material
is substantially controlled by a well-known parameter, the elasticity modulus. And
relatively more complicated visco-plastic deformation is controlled by plastic shear
strain rate function of Cooperative model [34], [35] used as the flow function of VBO
theory [36], [37] .

3.1 The Viscoplasticity Theory Based on Overstress - An Overview

There are two classes of continuum theories. One of them is classical plasticity theories
in which all time effects, such as rate sensitivity, creep, relaxation and strain recovery
are excluded. The second class of continuum theories contains viscoplasticity theories
which assume that inelastic deformation is rate dependent even at low homologous

temperatures.

The viscoplasticity models represented by unified state variable theories do not permit
the separation of creep and plasticity. One of the unified state variable theories is
Viscoplasticity Theory based on Overstress (VBO) developed by Krempl and his co-

workers for metallic materials, [38] [39]. State variables in the model are defined as
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macroscopic averages of events associated with microstructure changes and cannot be

directly measured or controlled.

VBO model is based on standard linear solid (SLS) model. SLS’s rheological
representation is given in Fig. 3.1.

Figure 3.1 Standard linear solid model (SLS).

Governing equation for SLS model is given in Eq. 3.1.

d de
o(E, + E2)+nd—f= EE,s+E -

(3.1)
When Eq. 1 is written in overstress form, Eg. 2 is obtained.
. 0 o-ake
E=—+—"—
B, _an 3.2)
a= &
Where E1, and E2 are stiffness’s of springs and n is viscosity function. ( E,+E )

In equation 3.2, (c-aE2e) is called “overstress”. The overstress concept is used to
develop VBO theory. It is initially developed for modeling the mechanical behavior of
metallic materials. However, due to the similarities observed in the polymeric and

metallic materials’ behavior, VBO is modified to capture mechanical behavior of

polymers as well [40] [37] [36] .
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Figure 3.2 Rheological representation of VBOP model [37].

The deviator of flow law of VBO for small strain, incompressibility and isotropy is
given by

o—a 4w :1"'_V5_|_§|: Tifs-9 (3.3)

CE 2 |[DJ\T

Where s and g are respectively the deviators of the Cauchy stress tensor ¢ and the
equilibrium stress, G which is the stress that the material can sustain at rest. E is
Young’s modulus and v is the elastic Poisson’s ratio. € and €" Are deviators of elastic
and inelastic strain rates, respectively. One main difference between VBO and VBOP,
is the parameter C, given by

_1_ _ (04
c=1-A(G-K|/A) (3.4)
Where A and o are model parameters. For metals, C is usually set to “1” for
representing linear unloading behavior. T" is the overstress invariant with the dimension
of stress defined by

r’ =§(s—g):(s—g)
2 (3.5)

F[ ] is the positive, increasing flow function with the dimension of 1/time and F[0]=0.
The flow function F[ ] is set as a power law equation. It is responsible for modeling

nonlinear rate sensitivity and is given by

r)"
F[1= B(—j
D (3.6)
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With B as a universal constant having the dimension of 1/time. D is the drag stress,
which can be considered as another state variable with a growth law. However, in this

study it is a constant.

One of the tensor valued state variables is the equilibrium stress. The equilibrium stress
is similar but not quite the same as the back stress in rate-independent plasticity models.
In plasticity models the back stress is considered as repository for kinematic hardening,
whereas in VBOP the repository for kinematic hardening is the kinematic stress. The
equilibrium stress is the stress that must be overcome to generate inelastic deformation.
The growth law for the deviator of equilibrium stress, g, which is the rate-independent
contribution to hardening, is;

oy A D829 9K [y v,
g_WEWF{D}( r A j+£1 Ejk (3.7)

Where v is shape function bounded by Et/<y<E. It affects the transition from the quasi
elastic to the inelastic region. The isotropic stress A is a scalar state variable for
modeling rate independent cyclic hardening (or softening) behavior. Its effect is similar
to the isotropic hardening in rate-independent plasticity .

The evolution of the shape function is given in Eq. 3.8.

2 W1
Y=y | — _ G|
= R S ey

Where, C1, C2, C3, C4, & and ( are material parameters determined using transition

(3.8)

regions from elastic to viscoplastic responses of the stress-strain curves.

3.2 Cooperative — VBO Theory

In the year 2013, with the collaboration of Colak Ahzi and Remond [33], Cooperative
theory developed by Richeton et al. [35] [34][41] is unified with VBO theory of
Krempl.[38,39,42].

Cooperative model considers yield phenomenon as the jump of macromolecules from
one equilibrium position to another. Under a significant stress level, the distortion on

the molecule will be enough to overcome the activation barrier of the deformation
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reaction, jumps to a hole (like the dislocation theory in metals). And the permanent

molecular movement which we define as plastic strain, begins.

This model uses a form of the famous Arrhenius equation known as the Eyring equation
in order to take into account the deformation rate and temperature effects. The Eyring
equation (occasionally also known as Eyring—Polanyi equation) is an equation used in
chemical kinetics to describe the variance of the rate of a chemical reaction with
temperature. It was developed almost simultaneously in 1935 by Henry Eyring,
Meredith Gwynne Evans and Michael Polanyi. This equation follows from the
transition state theory (aka, activated-complex theory) and is trivially equivalent to the
empirical Arrhenius equations which are both readily derived from statistical

thermodynamics in the kinetic theory of gases.

The plastic strain rate function used by Cooperative theory is given below,

: : A —ti)V
=_ exp —h sinh" u (3.9
7/p Y, RT 2kT
Here 7 is the shear strain rate, 7 Is a material parameter, pre-exponential strain rate,
p 0

AHg is the activation energy, R is the universal gas constant, k is Boltzmann constant, T
is the absolute temperature (in Kelvin) 7 is the yield shear stress and V is the activation

volume. Here ti is the internal stress given by;

Tp

£ = h[l—t—‘J /P (3.10)

And 7, is the stress referring to the preferred structure state of the material which is

used as a scalar in this work.

VBO theory fundamentally uses the same principle, but it does not do this such a
molecular perspective. In VBO, as explained below, equilibrium stress is defined as the
stress level that should be surpassed to generate plastic deformation. And as seen in Eq
3.7, it consists of three parts as, elastic contribution, flow law and kinematic effects. The
concept Cooperative theory proposed is used as the flow function in VBO theory, which
generates a multiscale, viscoplastic theory entitled as, Cooperative — VBO theory. In

cooperative VBO theory, the total deformation is defined as;
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d=d+d”= 1+V +3,0570 (3.11)

With the plastic strain rate function defined as;

yP =" exp(—A—Hﬂjsinh [WJ (3.12)

R-T 2KT

It is easily noticed that the only difference from eq. 3.9 is that the effective equivalent

shear (t) is replaced by the overstress invariant of VBO theory defined as;
2 3
["=5(s-9):6-9) (3.13)

And the new form of equilibrium stress, g is defined as;

s-g_g-k /A8
P 1-Z |k 3.14
g= l//E+ 7(1, Aj+( E] (3.14)

And Kkinematic stress which covers the tension / compression asymmetry of the

mechanical behavior known as Bauschinger effect is defined as;

. — . S-g
k=E, %9 (3.15)

Here E, is defined as;

E, = —5 (3.16)
E
Actually, a deep consideration on both theories shows us that the two notions, overstress

and effective equivalent shear stress indicates to the same physical phenomenon, the

difference between the actual stress state and the equilibrium stress.
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Figure 3.3 Evolution of the three stress-like State Variables of Cooperative-
VBO model for different temperature values

Therefore Cooperative — VBO theory gives us a concept which comprises the
advantages of continuum methods and the deep understanding which is served by
molecular theories. Due to those advantages, Cooperative VBO theory is chosen to

model the mechanical behavior of polymer matrix graphene nanocomposites.

As seen from figures 3.3-3.4, two stress like state variables, as a result Cauchy stress is
changing with changing temperature and strain rate. Their variation trend seems proper

with common knowledge.
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3.3 Effective Elasticity Modulus Definition

It is a well-known fact that the mechanical behavior of polymeric materials significantly
changes with changing temperature and strain rate. Richeton et al. [41] used the
elasticity modulus equation which defines the elasticity modulus as the Weibull
statistics of bond breakage proposed by Mahieux and Reifsnider [43,44] and extended
this theory to include rate effects. This definition of elasticity modulus is employed by
some constitutive theories successfully [33,41] .

On the other hand, the nonlinear stiffening effect of graphene composition in a polymer
matrix is widely investigated in literature both experimentally and theoretically
[17,25,45-47]. The relevant literature reports that the stiffening effect of graphene is
highly affected by agglomeration of graphene flakes. In other words, only a small
fraction of graphene could be used to enhance the mechanical behavior of the composite

structure.

The work of Ji et al. [25] proposes an effective elasticity modulus definition which takes
into account the agglomeration effect of graphene using Mori-Tanaka micromechanics
method.
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In our work, the bond breakage theory used and improved by Richeton et al. [41] and
Colak et al [33] is extended to cover the effect of graphene content by redefining the
three constant modulus values “E;” (the modulus values on the onset of three transition
temperatures) which are used as scalars in Richeton’s work. In order to redefine
modulus values as a function of graphene fraction, the Mori Tanaka scheme developed
by Ji et al. [25] is used.

Mori Tanaka expressions, ar , Br, 6rand ), are defined as;

a, = W (3.17)
T (3.18)
5, = 3km(nr+2l;3;4(krnr—l$) (3.19)
= = (Ky + 6m, 811, — TE2ml) (3.20)

Where subscript r stands for the reinforcement (graphene in our case), and subscript m
stands for the polymer matrix. k, m, n, I, p are parameters of the Hill’s moduli [46], p is

shear modulus.

The reinforcing phase in composite is apt to agglomerate causing a non-uniform
distribution which ends up with weakening of mechanical properties [45] as explained
above. Therefore the Mori-Tanaka micromechanics scheme is applied one more time,
but this time with an “agglomerated phase” and an “effective matrix phase” in order to

model the agglomeration effect on elasticity modulus.

Figure 3.5 Micromechanics model for the agglomeration of graphene sheets.
[25]
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Naturally, the volume fractions of those two phases are needed to be defined. They are
defined by two parameters as;

_ Vagglomer

§ = —togomer (3.21)
_ Vragglomer

(=T (3.22)

T

After this definition of the two separate phases, the Bulk and shear modulus of

agglomerated and out (effective matrix) phases are calculated separately as;

(6r—=3kmar)cr{

Kagglomer = Km 3(E—c, i+eCay) (3.23)
_ cr(87—3Kkmar)(1-7)
Kout = m ¥ e, G-0re (1-D)ar) (3:24)

_ cr$(Mr—2umBr)
Haggtomer = Fm ¥ 36 2vc,2p) (3.25)

cr(1=0)(Mr—2p1mPr)
1-§—cr(1-0+cr(1-0)By] (3.26)

Hout = Um + 20

And the expressions for the effective bulk modulus and shear modulus due to the Mori

Tanaka scheme yields to;

E((ngglomer)_l) 1
KT = Koy |1+ ot 3.27
out 1+a(1—€)(< agglomer)_l) ( )
Kout i
Hagglomer
p((taastomer)
ueff = |1+ M (3.28)
1B a-((FEL ) )
Where,
a = 3K0ut/(3K0ut + 4'.uout) (3-29)
B = 6(Kout + z.uout)/s(gkout + 4pour) (3.30)
And now effective elastic moduli can easily be calculated as;
eff _ 9K€ff#€ff
B = e (3.31)

As seen from equations (3.21-3.22), (=1 indicates that all the graphene in the composite
structure is agglomerated in the subsections which we call “agglomerated phase”. In this
case, an increase at & enlarges the volume fraction of agglomeration phase, which yields

to a more uniform microstructure. As a result, efficient modulus value will increase with
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increasing &. Figure 3.6 shows this case. And it should be noticed that the curves
reaches to an limit value, which physically means that the increasing graphene content
does not affect linearly the value of efficient modulus but at some point it reaches to a

limit. This also seems consistent with the agglomeration theory we used above.
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Figure 3.6 Modulus versus graphene content for different & values

To show the temperature and strain rate dependency of elasticity modulus, the figures
below are plotted. Figure 3.7 shows modulus value decreases with increasing
temperature as expected. And the three transitions can still be modeled through

Richeton’s theory.
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Figure 3.7 Modulus versus Temperature curves for different graphene content

As explained below, the effective moduli definition given in Eq 3.31 is used as a
parameter in the temperature and strain rate dependent elasticity modulus equation as

the reference modulus value E; [33,41].

E = ES (1 +5.10g (5 )) (3.32)

gref

Dynamic Mechanical Analysis (DMA) reveals that amorphous polymers undergo three
main transitions which are beta relaxation, glass transition and flow. They are
characterized by the associated transition temperatures, Tg Tg, Tr . The three transition

temperatures are defined as

1 1 k &
a = F + E In (gr_ef) (333)
g £
_nref , 2 log('gr—ef)
Tg - Tg + Cf+log(érif) (334)
T, =17 [1 +0.01log (Sif)] (3.35)

Tp, Tg, T are transition temperatures at a reference strain rate (¢7¢/), used as parameters in
the equations. c{and care the Williams—Landel-Ferry (WLF) parameters, Richeton et al.
[41].
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And finally the graphene fraction, temperature and rate dependent elasticity modulus is

(7 |

+(E,(€) — E3(é)exp [(L)mz] + E;(é)exp [( 6 >m3] (3.36)

Ty (&) Tf(#)

calculated as;

E(6,¢) = (E1(&) — Ez(é)exp

Figure 3.8 shows Elasticity modulus versus strain rate curves for different volume
fractions of graphene. As seen from the figure, rate dependency can be modeled through

Richeton’s theory similar to temperature dependency.
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Figure 3.8 Modulus versus Strain Rate curves for different graphene content

In order to test the accuracy of the proposed model, the storage modulus which is
related to stiffness of the material is modeled and the simulation results are compared to
experimental data from Acar et al. [45]. The parameters of modified model are given in
Table 3.1.
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Table 3.1 Storage modulus model Parameters

gref (1/s), E;f[,E;ezf,E;e{(MPa) 1, 5850, 5800, 1500

(A A v C® 90, 97, 100

c, ¢y (°C) 32.58, 83.5

mz, mz, Mg, S 5,40,20,0.087

$ ¢ 07,05

2k, 1, n, 2m, 2p (Hill’s parameters of graphene) [25] 1700, 6.8, 10200, 738, 204000

Storage modulus versus temperature curves for neat epoxy, 0.1wt% and 0.5wt%

graphene-epoxy nanocomposite are depicted in Figures 3.9-3.11.
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Figure 3.9 Storage Modulus Test — Model Comparison for Neat epoxy

For neat epoxy, effective elasticity modulus is compared to DMA test results given in
Chapter 2. Due to Mahieux — Reifsdner equation given in eq. 3.36, storage modulus
values are successfully modeled for above, transition region and below the glass
transition. This elasticity modulus definition enables the model for suitable for

thermomechanical analysis.
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Figure 3.10 Storage Modulus Test — Model Comparison for ) 0.1wt% Graphene-
epoxy nanocomposite

Figure 3.10 shows the storage modulus test versus model response. Thanks to the Mori-
Tanaka scheme explained above, the modified model is accomplished to give the
Storage / Elasticity modulus values for different graphene fractions. The capability of

modeling the glass transition for storage modulus is still present as seen in figures.
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Figure 3.11 Storage Modulus Test — Model Comparison for ) 0.5wt% Graphene-
epoxy nanocomposite

As seen from the figures above, the modified Mahieux model, with the addition of
graphene composition using Ji’s theory, is capable of modeling the storage (as well as
elasticity) modulus of graphene-epoxy nanocomposite materials with a good accuracy

for temperatures above and below glass transition.

3.4 Modifications on visco-plastic part of Cooperative-VBO theory to model

stiffening effect of graphene

On the viscoplastic part of the Cooperative-VBO theory, two scalar valued material

parameters of plastic strain rate function ;/'p is redefined as functions of graphene
fraction using Tagayanagi averaging approach. This approach is also used successfully
in their work by Matadi et al. [47] for organo-clay nano-composites. Redefined

parameters successfully model the yield point of composite materials.

As seen from the test results, inhesion of graphene in the composite structure not only
affects the start of the yield but also affects the post — yield behavior. In this manner,
Two parameters of the former tangent modulus equation [33,37] is redefined as

functions of graphene content. The proposed model successfully models the
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compression behavior of composite materials for different graphene fractions at
different strain rates.

As seen from figures 2-5 the proposed visco-plasticity model is capable of modeling the
effect of graphene composition successfully. The model is also capable to model the
mechanical behavior for temperatures above and below glass transition, but the set of
tests we used [17] does not involves such data. Therefore this ability of the proposed

model could not be compared to test data but model responses are shown at figure 6.

Cooperative-VBO approach for finite deformation theory proposes an additive form of

the rate of deformation tensor which is given by Eq. 3.37,

1+v . 3
— e vp — 2y
d=d°+d R )

—7 (3.37)
In the plastic strain rate expression given in Eq 3.11, two parameters, activation energy
AHg and activation volume V relates to particular material properties and controls the
beginning state of plastic strain. Therefore it is considered that defining these two
parameters as functions of graphene content, defines the composite material’s Yyield
behavior. These definitions are done using the Tagayanagi averaging approach. The
expressions are given below (Eq 3.36-3.37);

@ AH, AHp,

eff _ _
Afg" = Q AHp+(1-Q)AH, + (1 - @)AHy, (3.38)
Veff — M + (1 _ (p)vm (339)

AV +(1-Q)V,

Here, like effective elasticity modulus definition, subscript r stands for the
reinforcement and subscript m stands for the polymer matrix phases. The volume
fractions of graphene and polymer matrix represented as f. and f,,. Parameters ¢ and

Q are related to fractions of graphene and polymer matrix which are defined as;
fe=0 - 0 (3.40)
fm=1—¢ -0 (3.41)

A basic understanding of the Tagayanagi method shows that the parameters ¢ and (,
represents the state of stress transfer (in parallel or series), in other words they define
the model shows more or less series or parallel character. As seen on Eq. (3.38-3.39),
only one of them is independent.
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Therefore, the plastic shear strain rate (flow) function 1y, is re-defined for graphene

nanocomposites as given in Eq. 3.41;

o agl vl
Yp = Yoexp(— R‘; )smhn(T) (3.42)

As seen from the test results, inhesion of graphene in the composite structure not only
affects the start of the yield but also affects the post — yield behavior. In this manner,
Two parameters of the former tangent modulus equation given in Eq. 3.42 [33,37] is

redefined as functions of graphene content.

agvp s
E- =M (3.43)

In this equation, two scalar parameters, E;, and a are defined as functions of graphene

weight fraction, cy, using curve fitting methods. These equations are also given below;
E;o = aexp?m + cexp®em (3.44)
a=fcnd+gem?+hey,+j (3.45)

VBO model uses a scalar isotropic stress to model hardening and softening behavior of

the materials. In this work isotropic stress, A is used as a constant.
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Figure 3.12 Evolution of the three stress-like State Variables of Cooperative-
VBO model for Nanocomposites for different graphene fractions
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As seen from figure 3.12, with the effective elasticity modulus definition and variable
AHgff and Ve/ definitions, the model response varies with changing graphene

content. Yield stress and elasticity modulus is increased with increasing graphene
content. And thanks to the variable tangent modulus definition, post yield behavior is
also changing with changing graphene fraction.

3.5 Simulation Results

The validity of the newly introduced nanocomposite model is demonstrated by
modeling uniaxial compression and tensile behavior of graphene-epoxy
nanocomposites. Test data is obtained from the work of Shadlou et al. [17] . The
parameters used in the simulations are as given in Table 3.2-3.4. The density of
graphene is taken as 2 g/cm® and the density of matrix material is taken as 0,95 g/cm?®

for converting mass fraction to volume fraction.

BO e I LIRS [EEETTITIN B e
; O test%y=0 : @ test%yre=0 :
T0E e simulation, rate=0.01/s |; FO e P [ERPPRIR simulation, rate=0.1/s |
60 1
= :
ESD_:
oWl
il anf
w :
=
%]
Lok
o
= N
10F
0 0.005 0.01 0.015 0.02 0.025 003 003 0 0.005 0o 0ots 002 0.025 0.03 0.035
TRUE STRAIN {mrmirm) TRUE STRAIN {mr/mm})
: : : O testgr=0 :
I SR RO T PP simulation, rate=1/s |
B0
= :
ESD—;-
[ : :
0 gl : H :
[ : : : :
L Dole) g
% 30+
= :
- :
04
g
0 0.005 0.0 0.015 0.0z 0.025 0.03 0.035

TRUE STRAIN {ram/mim)

Figure 3.13 Comparison of model responses to compression test data [17]
(graphene %wt.=0) a) strain rate=0.01 /s b) strain rate=0.1 /s c) strain
rate=1/s
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Figure 3.13 shows the tensile test results of neat epoxy material for three different strain

rates. As seen from the figure, the new proposed model is still capable of modeling the

varying tensile behavior for different strain rates.
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Figure 3.14 Comparison of model responses to compression test data [17]
(graphene %wt.=0.25) a) strain rate=0.01 /s b) strain rate=0.1 /s c) strain

rate=1/s

As seen from figures 3.13 — 3.16, new proposed model is capable of modeling tensile

test results for three different strain rates. But tensile behavior of the composite material

is shows brittle behavior; therefore the model capabilities for the nonlinear post yield

behavior could not be confirmed with tensile test results. Therefore, compression

behavior is also modeled in the following sections.
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Figure 3.15 Comparison of model responses to compression test data [17]
(graphene %wt.=0.5) a) strain rate=0.01 /s b) strain rate=0.1 /s ¢) strain
rate=1/s

As mentioned above, Figures 3.14-3.16 is not capable of giving model capabilities for
post yield behavior. But thanks to the new proposed effective elastic modulus
definition, the viscoelastic part is successfully confirmed for three different graphene

fractions.
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Figure 3.16 Comparison of model responses to compression test data [17]
(graphene %wt.=1) a) strain rate=0.01 /s b) strain rate=0.1 /s c) strain

rate=1/s
Table 3.2 Parameters for the flow rule, strain softening, calculation of
AHE™, V" and Tangent modulus E;
Vo (s-1) 8e23
N, R (J /mol.K), k (m?kgs?K™) 5, 83e-4, 1.38e-23
vm, Vr (m®) 12e-29, 1.71e-29
AHPm , AHPr (kJ mol-1) 85, 3071.93
h(MPa.K-1), tps(MPa) 19,0.26
a,bcd 500, -3.4, -450, -6877
f,o,h,j -1.79e8, 3.1e6, -1.46e4, 25
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Table 3.3

Parameters for the shape function (¥), C function, isotropic stress

(A) and tangent modulus (E;)

C1 (MPa), C2(MPa), C3, C4, &, ¢ 3,200, 3,03,1,2
Aand o 15,14
A (MPa) 9060
p 1
Table 3.4 Parameters for Effective Elastic Moduli
éref (1/s) 1
ErL B BT (MPa) 2500, 2000, 1000
7%, Ty, 7 (K) 290, 387, 466
cf, cf 32.58,835
My, My, M3, S 5, 40, 20,0.087
$ ¢ 0.99, 0.01

2k, 1, n, 2m, 2p (Hill’s parameters of graphene)
[25]

1700, 6.8, 10200, 738, 204000

Figure 3.17 reveals the compression stress-strain behavior of pure epoxy and graphene-

epoxy nanocomposite with different weight fractions: 0%, 0.25%, 0.5%, 1% at the

strain rate of 0.01/s. As seen from the figure, the proposed model is capable of giving

the material response for different graphene fractions.

The material parameters are determined using the compression test seen on Figure 3.17

— (@) . Therefore all of the other curves are predictions of the model. In other words only

strain rate and/or graphene fraction parameters are changed to obtain all other curves.
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Figure 3.17 Comparison of model responses to compression test data [17] (strain
rate = 0.01/s) a) wt%0 graphene b) wt%0.25 graphene c) wt%0.5 graphene
d) wt%1 graphene
In Fig. 3.18 below, comparison of compression tests with model responses for 25wt%
nanocomposite materials on four different strain rates: 0.01/s, 0.1/s, 1/s and 10/s is

given. The model responses have shown good agreement for different strain rates.
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Figure 3.18 Comparison of model responses to compression test data [17]
(graphene %wt.=0.25) a) strain rate=0.01 /s b) strain rate=0.1 /s c) strain
rate=1 /s d) strain rate=10/s

In figure 3.19 and 3.20 model responses are compared to test results for %wt0.5 and

%wtl at different strain rates. Model responses have also shown good agreement with

those test results.

52




anl] O test %05 SO OO aml] @ test%ge0s g
simulation, (rate=0.01/s) simulation, (rate=0.1fs) : :
N B B o o]
: o] : : : :
280+ 250 - : : : &
= = :
[= [= N
= 200+ = 20t
o v :
o ) B
i : : ; i :
L e S PP = 150k :
2] : (%] B
o (a) . o : (1)
o i [n B
5 o
: : : : : o
o i i i i ; i 0 i i j i i i
o 0.0s 01 0.15 0z 0.2s 03 a 0.0s 0.1 0.15 0.z 025 03
TRUE STRAIM {mm/mm) TRUE STRAIM {mm/rrn)
aml| @ test%g=0s anl] © test %08 EE S S
simulation, (rate=1/s) simulation, (rate=10/s) | -
: : ; : : f 5 1 ; oo
& ; n 9@ = :
= 20t ., OO T omlb
%] o : ] [eFF
] : : : o : o :
: : : : it} : o5 : :
= 150t B e : T ] O e ool P TP SO UPUUNE FUUUURPPRRE ST
] : . 0] : : : . .
w . - . : :
y (c) . ~ ; @
= qook TR = kb : : : . :
o O;
0 i i i i ; i o ; i ; i ; i
u] 0.05 0.1 0.15 0.z 0.25 0.3 0 0.0s 0.1 015 0z 0.25 03
TRUE STRAIN (mrndrarn) TRUE STRAIN {mm/mm)

Figure 3.19 Comparison of model responses to compression test data [17]
(graphene %wt. = 0.5) a) strain rate=0.01 /s b) strain rate=0.1 /s c) strain
rate=1 /s d) strain rate=10/s

As mentioned before, the nonlinear post yield behavior of the proposed model is
confirmed by compression tests. AHEf T and Ve/f definions for graphene content and

the variable tangent modulus parameter definitions has shown good agreement with the

test results.
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Figure 3.20 Comparison of model responses to compression test data [17]
(graphene %wt.=1) a) strain rate=0.01 /s b) strain rate=0.1 /s c) strain rate=1
/s d) strain rate=10 /s

The model is also capable to model the mechanical behavior for temperatures above and

below glass transition, but the set of tests we used [17] does not involve such data.

Therefore this ability of the proposed model could not be compared to test data but

model responses are shown at Figure 3.21 .
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Figure 3.21 Model responses varying with temperature

In conclusion, with the modified parameters and the effective elasticity modulus
equations explained above, the model is now capable of modeling the nonlinear
viscoelastic-viscoplastic behavior of graphene nanocomposite material for varying
strain rates, varying graphene content, also for different dissolution levels, and for

varying temperature.

This capability of the proposed model is confirmed through tensile and compression test

results.
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CHAPTER 4

FINITE ELEMENT METHOD PROCEDURE FOR

COOPERATIVE VBO MODEL

4.1 Integration of Constitutive Equations with the Forward Gradient Method

In this part, the Cooperative VBO theory of Colak et al. [33] is implemented to a

commercial FEM solver, ABAQUS®, via user material subroutine, UMAT.

The problem can be explained as; denoting the time at the beginning of the increment

by t, and the time at the end of the increment by t,:1, Given the value of a, g, y"’ ,d" at

the time t,,, and d at time ty.1, determine the values of o, g, 7.p f, d" at the time tn...

As mentioned before, Cooperative VBO model uses an additive form of total strain

tensor as;
d=d° + d"’
With;

1+v .
dé = —s§

C-E

And

3 .., 5-4
dve = 2yp3°8
2V T

(4.1)

(4.2)

(4.3)

Here the bold lowercase letters define a second order tensor and a bold uppercase letters

define a fourth order tensor.
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In a UMAT subroutine, the Cauchy stress tensor s and the Jacobian matrix [J] should be
updated at each increment.

In Cooperative-VBO model of Colak et al.[33] , the Cauchy stress tensor evolves with,

1+v

s = oE (d —d'?) (4.9)

And the deviator of plastic strain rate tensor is defined as;

d’P? = Eyp 9 (4.5)
2t T

With overstress tensor defined as;

0=5—9g (4.6)

So the evolution law of s becomes;

s=1o(d—3972 (4.7)

Then, it is assumed that deviator of Cauchy stress, s can be updated as;

(n+1) i

D= Mgy At- 5= Mg+ MDA (4.8)
With;

(n+1) |
As = At- %(d—gylp%) = ir—i Ad—gAyp% (4.9)

n+l)0 (n+1

. ‘ p
However, in the present model, "*C, ¢ T, ' are not known for the next step.

Therefore, in order to simplify the update algorithm, one can assume that,

M M )
As=| —=E ompg 3. "CE qap 0O (4.10)
1+v 2 1+v o

Where Y Ae is the deviator of total strain increment tensor at time increment (n+1)

provided by ABAQUS implicit solver and (”“)Aypis the effective inelastic strain

increment at increment (n+1).

Following the forward gradient scheme given by Gomaa [28] for VBO model [33] one

can write,
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p
. A)/
P 411
7 E (4.11)

(n+l) p
p

And using Taylor series expansion for derivative of 7/ as,

(n+1) p () p d (n) . p
=y en 7 At (4.13)

The second order terms are neglected in Taylor series.

Then,

™ g ™ .
DALP ALy ey At (4.14)

Here, 7; is forward gradient method parameter, which is 0<#7 <1 . 0.5 is used in this
work for best accuracy.

Following the framework proposed by Gomaa, some algebraic arrangements can be

P
made. And then the plastic strain rate » at increment (n+1) can be expressed as;

7p ;%:a(o:d)+§ (4.15)
With

E

y
§=? (4.16)
a=At-p-1 (4.17)

g
And
. P P

C=1-7-At Q%+h(l—ti/z-ps)-% (4.18)

Q and P are intervening variables defined in the algorithm for legibility purposes as;
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_3(CE 2 1oy 2y (1-2.0:0K)
o 2[(1% 3 tj a W)+3W (1 2 T-A ﬂ (4.19)

And

3.(1— .
p_3(-y) CE (4.20)
2. 1+v

Therefore d*? is defined as;

w

dezﬁ-(o®o):d+%-§-o (4.21)

In agreement with the work of Gomaa, a fourth order tensor Q is defined as;

in—?-(ﬂ@O) (4.22)

Where o®o represents the dyadic product of overstress tensor, 0. It should be noted
that the fourth order tensor Q is symmetric.

Then d*? can be rewritten as;

de:Q:d+i-§-o
2-T

(4.23)

Now the necessary equations to update the Cauchy stress tensor S and solution

dependent state variables, equilibrium stress g and kinematic stress k at increment

(n+1) can be defined as;

C-E tan 3
As = Ad———-&-At-0 |+ -tr(Ad).1 4.24
1+v{st 2-T d } -2-v ( ) (4.24)
Where
0" =1-0 (4.25)

I is the fourth order identity tensor. And g, equilibrium stress, is calculated as;

Ag =tha":Ad—i{cl—E(J+(1—%j~EtﬂAt-5-0—%~7}D-At-(g—k) (4.26)

59



1+v 1+v

or 255045 bp)E]

And k is calculated as

Ak =

wInN

-E~(Q:Ad+%~§~&~o] (4.28)

4.2 Definition of the Jacobian Matrix

Definition of the Jacobian matrix which is needed by the procedure is given below;
In the case of isotropic elasticity, Jacobean matrix is the fourth order elasticity tensor.

Using Lamé constants Jacobean matrix is given by;

Oul [2u+2 A A 0 0 O0f|gy,

O 2 A 2u+ A A 0 0 0]|g,

Ou|_ A A 2u+A 0 0 O | Ex (4.29)
O 2 0 0 0 # 0 0lg,

O3 0 0 0 0 u 0|lgy,
o] L O 0 0 0 0 wullgs,

For inelastic part, taking the partial derivative of Eq 4.23 with respect to Ad, result in

_OAo

[J]—%:Z,u-gfu( —Z'T”jw@l (4.30)

In agreement with the scheme given by Gomaa et al. [28]

The workflow of the proposed scheme is given below;
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Recover values from the previous increment (n)

dd"g k t.

Y,
v

Calculate overstress, effective overstress and material function C

0=S—0,
2

| =g(8—g):(8—g),

c=1-AG-K|/Af*

v

Test if elastic on effective overstress

I'=0

v

TEST = TRUE (Viscoelastic scheme only)

v

Compute material Jacobian for elastic case [J]

v

Update Cauchy Stress and State Variables

d'd”g k S

v

END of Scheme

Figure 4.1 Flow-Chart of the Forward Gradient Scheme
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(I'=0) TEST=FALSE (Inelastic Scheme Starts)

\4

Compute shape function ¥ and intervening variables P, Q, (, &, o (using

values from increment (n) )

Co—w1
vy —2 _ G|
coleat | (1 i

P_B-(l—t//).C-E

2. 1+v
3|(C-E 2— 2— 3 0:(g-k)
-2 AR -+ Sy 12222878
Q 2{(1+v 3Et)( V/)+3"”( 2 T.A ﬂ
P P P
oy ) oy _y n
“1opat QL dhatis, )2 | =L goatp
¢=1-n Qél"+( iz 5ti’§ ;e ;

P
Compute plastic strain rate ¥ and internal shear stress t; and fourth order

tensor Q (using values from previous increment (n) )

Update inelastic Strain for increment (n+1)

de:Q:d+i-§-0
2-T

Figure 4.1 Flow-Chart of the Forward Gradient Scheme (cont’d)
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g

Update Cauchy Stress, Equilibrium Stress, Kinematic Stress (increment (n+1))

_CE

AS =
1+v

[Qf”:Ad—%f-At-o} tr(ad) |

—2-v

Ag:Q;an:Ad_.i|:c;l//_g'(l/_/+(1_%j.Ejj|'At'(§'o_%'7p'At.(g_k)

Ak =

wlN

— . 3
-Et-(Q.Ad+E-§-At-oj

v

Update material Jacobian for inelastic case

aAG tan 2,Ll
N=2°_%. ,. 0"+ K-Z4 1]
9= -2 k-2

v

Store State Variables for the next increment (n+1)

dd"g k t.

f
v

END of Scheme

Figure 4.1 Flow-Chart of the Forward Gradient Scheme (cont’d)

4.3 FEM Integration Scheme Results

In this part, the new proposed integration scheme for the new proposed model results

are compared to the model results obtained at Section 3. Except the ones explained in

figure captions, all parameters are the same as the parameters given in tables 3.2 — 3.4.
All results are taken using ABAQUS ® 6.13-1 and Parallel Studio XE 2013 as required
by ABAQUS. The finite element model is defined with one cubic C3D8R. Time step
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required by the solver is 1e-5 s for all simulations except fig. 4.3 (strain rate=1/s, time
step = le-7).

DEO e e UURURRRS ............. ............. .....

4+ ODE Solution
FEM Solution : : :
I . .............. ............. ............. .......... *.,: .....

15|:|_ ............. .............. ............. .......... .....

TRUE STRESS (MPa)

1|:||:|_ ............. ............. T - ol ............. .....

LR T ............. ............. PP ............. e L

i I ] i ]
0 Q.05 0.1 015 0.2 025 0.3
TRUE STRAIN {mm/mm)

Figure 4.2 ODE solution — FEM solution comparison for %wt=0, Strain rate =
0.01/s Temperature = 296 K

25|:|_ ............. .............. ............. .............
+ ODE Solution : : :

FEM Saolution : : : :
2|j|:|_ ............. .............. ............. ............. .....

15|:|_ ............. .............. ............. ........... .....

TRUE STRESS (MPa)

1|j|:|_ ............. ............. g ............. .....

Bk g ............. ............. TR ............. [RPRTTTRRI e

i i 1 i !
0 0.05 01 015 0z 0.2a 0.3
TRUE STRAIM {mmfmm)

Figure 4.3 ODE solution — FEM solution comparison for %wt=0, Strain rate = 0.1/s
Temperature = 296 K
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Figures 4.2-4.4 shows that, with the integration scheme, new proposed model is still
capable of modeling mechanical behavior for three different strain rates. This seems
important for potential structural analysis using the proposed integration scheme and
FEM method.

25|:|_ ............. .............. ............. ............. .....
+  ODE Solution : : : :
FEM Solution : : : :
AO0F .............. ............. ............. S S
w
o : : : :
= : : : : : :
- 15E|--------------: ............. B SRR ERNE FRR - A TP
[} . . . . : .
i
[k
l_
0 | : : | : :
% 1|:||:|_ ............. T T - = ............. .....
o : i : : : :
'_
1) T A ............. ............. ............. ............. .............. .....
0 i I 1 i 1 i
a 0.05 0.1 .15 02 025 0.3
TRUE STRAIN (mmdrrm)

Figure 4.4 ODE solution — FEM solution comparison for %wt=0, Strain rate = 1/s
Temperature = 296 K (Step time (DTIME) = 1e-7)

For higher strain rates, time step required by the FEM solver should be decreased as

seen in figure 4.3 in order to catch the flow and nonlinear behavior of the material.
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TRUE STRESS (MPa)

a0

] ] i !
] 0.05 0.1 0.15 0.2 0.25 0.3
TRUE STRAIM {mmfmm)

Figure 4.5 ODE solution — FEM solution comparison for %wt=0.25, Strain rate =
le-2/s Temperature = 296 K

As seen from figures 4.5 to 4.7, the explicit integration scheme is giving consistent
results with the ODE solution obtained and verified at Section 3.

25|:|_ ............. .............. ............. ............. .42## .....
+ ODE Salution : : #ﬁ# :
FEM Solution : - 4 :
00F - .............. ........... #j— ## ....... .....
— : : - : '
[ . N
P
(N . - . : . .
= : : #ﬁ : : :
o 10| P AT PR P
0l : : #pﬂ;ﬂ* E : 5 5
'_
o : : : : : :
% mak e 500 e e ............. .....
o ] . : : . :
'_
a0l ............. ............. ............. ............. .............. .....
m i 1 | i ] |
] 0.05 0.1 0.15 0.2 0.25 03
TRUE STRAIM (mmémem)

Figure 4.6 ODE solution — FEM solution comparison for %wt=0.5, Strain rate = le-
2/s Temperature = 296 K
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Figure 4.7 ODE solution — FEM solution comparison for %wt=1, Strain rate = 1e-
2/s Temperature = 296 K

To test the convergence behavior of the scheme, the simulations are made for different
time steps (Figure 4.7). As seen from the figure, for time steps smaller than 1e-3, the
results are oscillated and not converged. But for smaller time steps, the results are
converged and stayed stable. The oscillatory behavior is a result of the explicit

integration scheme.
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Figure 4.8 FEM Scheme results for different step times.

The simulations are made also for 1-4096 elements. Those results are also shown an
almost identical result. After 64 elements, the results did not change at all.

150 H 1 Element ..................... ......................... . ........................ . ........................
nn g Element : : : .
== =54 Elemant : -
== 1512 Element : : : -

— 4055 Element

TRUE STRESS (MPa)
8

[y}
[}

0 i ! ! i i
a 0.05 0.1 0.15 0z 0.25
TRLE STRAIM {mm/mm)

Figure 4.9 FEM Scheme results for different number of elements.
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In brief, a forward gradient scheme for the new proposed viscoplasticity model for
nanocomposites is developed. This scheme gives consistent results when compared to
the ODE solution results obtained and verified through tensile and compression tests in
Chapter 3. This part seemed important by the author of this work to show that the new
Nanocomposite model has a great potential in possible structural FEM analysis which

hopefully needed for the industrial applications of such materials.
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CHAPTER 5

RESULTS AND DISCUSSION

In this work, total viscoelastic — viscoplastic mechanical behavior of epoxy matrix
graphene nanocomposites is investigated. Materials are prepared for two different
weight fractions, 0.1%wt, and 0.5% wt. Two different types of solvents, acetone and
NMP, are used to see the effect of solvents on dispersion state of graphene. It is found
that NMP as a solvent is not suitable due to its evaporation problems. The residual of
the solvent leads to a decrease on mechanical properties. And it is stated that the
dispersion of graphene is still an important issue on nanocomposite production.

The produced samples are subjected to tensile tests and DMA tests for characterization.
Graphene flakes, acted as reinforcement agents and the elasticity modulus and strength
are enhanced for both weight fractions. Due to agglomeration effects, 0.1%wt
specimens are showed a slightly more better results compared to 0.5%wt specimens. On
DMA tests, Tg is stayed almost constant. A slight decrease on Tg was expected. But
non-functionalization of the GPL used has led to a weak interface, which is interpreted

the constancy on Tg values.

In order to model the mechanical behavior of the material, Cooperative — VBO theory
of Colak et al. is extended. In this manner, the effective modulus definition developed
by Ji et al. is coupled with temperature and rate dependent Mahieux — Reifsnider
equation used successfully in previous works of researchers. Therefore an effective
elasticity modulus definition is obtained which is capable of modeling the visco-elastic
response of graphene nano-composites for different temperatures and strain rates. The
accuracy of the proposed model is investigated by comparing the model responses to

storage modulus tests reported by Acar et al. The results showed that the proposed
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model is capable of modeling storage modulus for different graphene fractions with
changing temperature successfully.

On the viscoplastic part, two scalar valued material parameters of plastic strain rate
function is redefined as functions of graphene fraction using Tagayanagi averaging
approach. Redefined parameters successfully model the yield stress of composite
materials. But, as seen from the test results, inhesion of graphene in the composite
structure not only affects the start of the yield but also affects the post — yield behavior.
In this manner, Two parameters of the former tangent modulus equation[33], [37] is
redefined as functions of graphene content. The proposed model successfully models
the compression behavior of composite materials for different graphene fractions at
different strain rates. As seen from the results, the proposed visco-plasticity model is
capable of modeling the effect of graphene composition successfully. The model is also
capable to model the mechanical behavior for temperatures above and below glass
transition, but the set of tests used [17] does not involves such data. Therefore this
ability of the proposed model could not be compared to test data but model responses
are shown. In brief, it is shown that the proposed version of Cooperative-VBO approach
is capable of modeling the total viscoelastic-viscoplastic behavior of graphene — epoxy

Nanocomposites successfully.

In continuation of the work a finite element method framework is developed, for the use
of the model on computational analysis. This framework uses the forward gradient
method for numerical integration of the differential values used in the model. It should
also be noted that for different matrix materials or different nano fillers the model and
the FEM implementation scheme will still be valid and consistent after a careful

parameter determination procedure.
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