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ABSTRACT

Graphene Reinforced Nanocomposites: Manufacturing
and Characterization

Besim Emre BİRKAN

Department of Mechanical Engineering

Master of Science Thesis

Supervisor: Asst. Prof. Alperen ACAR

The main problem encountered in the production of graphene reinforced

nanocomposites is the agglomeration of graphene particles in the matrix material.

Since the agglomerated graphene particles act as an impurity, not as a reinforcement

element in the matrix material, a decrease is observed in the mechanical properties of

the produced nano composite instead of an increase. In order to prevent this situation

two strategies used, a three-roll milling device to disperse and Triton X-100 surfactant

for functionalization were used in this study.

The properties that affect the mechanical properties of the nanocomposite produced,

such as the roller speed and the distance between the rollers in the three-roll milling

method, and the Triton X-100 ratio in the functionalization method, were determined

by a detailed literature review.

After determining the production method, samples were produced at two different

graphene ratios (0.1 and 0.5 wt%) and the effect of graphene ratio on mechanical

properties was investigated. Since epoxy resin is a polymer material, it is also

important to determine its time-dependent properties. For this reason, the viscoelastic

and viscoplastic properties of the produced nanocomposites were determined by

repeating the experiments at three different strain rates (1.E-3, 1.E-2 and 1.E-1 /s).

As a result, in this study, the optimum method for the production of graphene-epoxy

nano-composites was determined and an improvement of up to 29% in elasticity

modulus and up to 18% in yield strength was observed in nano-composite
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specimens produced with this method, compared to pure epoxy specimens. The

mechanical properties of nanocomposites were brought to the literature by performing

compression tests at different strain rates on the specimens produced with different

graphene percentages.

Keywords: Graphene, epoxy, nanocomposite, functionalization, three roll milling
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ÖZET

Grafen Takviyeli Nanokompozitler: Üretim ve
Karakterizasyon

Besim Emre BİRKAN

Makine Mühendisliği Anabilim Dalı

Yüksek Lisans Tezi

Danı̧sman: Dr. Öğr. Üyesi Alperen ACAR

Grafen takviyeli nanokompozit üretiminde karşılaşılan başlıca sorun grafen

partiküllerinin matris malzemesi içerisinde topaklanmasıdır. Topaklanan grafen

partikülleri matris içerisinde takviye elamanı olarak değil bir safsızlık gibi davranı̧s

gösterdiğinden üretilen nanokompozitin mekanik özelliklerinde artı̧s yerine azalma

gözlemlenmektedir. Bu durumun önlenmesi amacı ile bu çalı̧smada üç merdaneli

hadde cihazı ve Triton X-100 yüzey aktif maddesi kullanılmı̧stır.

Üç merdaneli hadde yönteminde merdane hızı ve merdaneler arası mesafe,

fonksiyonelleştirme yönteminde de Triton X-100 oranı gibi üretilen nanokompozitin

mekanik özelliklerine etkisi olan özellikler detaylı literatür taraması yapılarak

belirlenmi̧stir.

Üretim yönteminin belirlenmesinden sonra iki farklı grafen oranında (kütlece

%0,1 ve %0,5) numuneler üretilmi̧s ve grafen oranının mekanik özelliklere

etkisi incelenmi̧stir. Epoksi reçine polimer malzeme olduğundan zamana bağımlı

özelliklerinin belirlenmesi de önem arz etmektedir. Bu nedenle yapılan deneyler

üç farklı şekil deği̧stirme hızında (1.E-3, 1.E-2 ve 1.E-1 /s) tekrarlanarak üretilen

nanokompozitlerin viskoelastik ve viskoplastik özellikleri belirlenmi̧stir.

Sonuç olarak bu çalı̧smada grafen-epoksi nanokompozitlerin üretilmesinde optimum

yöntem belirlenmi̧s ve bu yöntem ile üretilmi̧s nanokompozit numunelerde saf epoksi

numunelere göre elastisite modülünde %29’a, akma dayanımında is %18’e kadar bir

iyileşme gözlemlenmi̧stir. Farklı grafen yüzdeleri ile üretilen numunelere farklı şekil

xv



deği̧stirme hızlarında basma testleri yapılarak nanokompozitlerin mekanik özellikleri

literatüre kazandırılmı̧stır.

Anahtar Kelimeler: Grafen, epoksi, nanokompozit, fonksiyonelleştirme, üç

merdaneli hadde

YILDIZ TEKNİK ÜNİVERSİTESİ

FEN BİLİMLERİ ENSTİTÜSÜ
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1
INTRODUCTION

1.1 Literature Review

1.1.1 Carbon Based Nanomaterials

Nanomaterials are defined as material with any dimension in the nanoscale (length

range approximately from 1 to 100 nanometers(nm)). Family of carbon-based

nanomaterials such as graphene, carbon nanotubes, carbon nanofibers, etc. are

considered most important in the literature due to their superiority in the fields of

mechanical, thermal, and electrical properties.

Graphene is the most conspicuous member of this family due to its form of a

two-dimensional sheet of carbon atoms and its excellent physical, thermal, and

electrical properties. Graphene is also the strongest material ever tested with an

elasticity modulus of 1 TPa. A single layer of graphenes thermal conductivity is

measured by Balandin et al. as 3080–5150 W/mK [1]. These properties of graphene

make it an excellent candidate for use as a filler for epoxy-based nanocomposites.

Carbon nanotubes(CNT) are one atom thick layer of graphene sheets rolled up as

a tubular shell. This property causes CNTs to be one-dimensional and have a large

geometric aspect ratio. Due to their C-C covalent bonding and hexagonal structure

CNTs show excellent mechanical, electrical, and thermal properties. In their axial

orientation, CNTs have an extremely high Young modulus. Because of its length,

the nanotube as a whole is extremely flexible. As a result, these compounds may

be acceptable for use in composite materials that require anisotropic characteristics.

Carbon nanofiber consist of the graphite sheet completely arranged in various

orientations [2]. One of the most striking characteristics of these structures is

the abundance of sides, which creates sites for chemical or physical interaction,

particularly adsorption. Carbon nanofibers are available in lengths ranging from 5

to several hundred microns and diameters ranging from 100 to 300 nm.
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1.1.2 Graphene Fabrication Methods

Several graphene fabrication methods developed since its discovery by Novoselov et.

al in 2004. Novoselov et al used sticky tape to successfully isolate a layer from graphite

to obtain a single atom thick 2D allotrope of carbon which is graphene [3]. This

method and other mechanical exfoliation methods requires an external force of 300

nN/µm2 to separate one layer of graphene from graphite [4]. There are various

methods for accomplishing mechanical exfoliation like sticky tape [3] , electric field

[5] , and ultrasonication [6]. However, the problem with the mechanical exfoliation

method is its lack of scalability and reproducibility.

At low temperatures, the chemical exfoliation process is utilized to synthesize a large

amount of graphene. This method involves adding alkali metals to the graphite

solution. Alkali metals with their relatively small atomic radius get into layers between

graphite and therefore weaken the van der Waals bonds between the graphite layers.

This chemical reaction causes the formation of graphene-intercalated compounds

(GIC). GICs were then dispersed inside a liquid medium using sonication to produce

graphene. The problem with this method is the quick reassembly of graphene to

graphite after the fabrication process [7].

Another method to use for producing graphene in large amounts is the chemical

synthesis method. The method works with the principle of reducing graphite to

graphite oxide(GO) with strong acids. When graphite turns into GO interlayer spacing

between graphene sheets increases up to four times their initial distance between

them. With prolonged oxidation time this distance can raise to 7.35 Å [8]. Lastly

with the hydrazine hydrate treatment GO reduces to graphene. The requirement of

toxic chemicals and observed defects in the graphene produced using this method

are two main problems that have led researchers to seek new graphene production

methods.

All three of these methods are referred to as top-down methods in the literature

meaning these methods are used graphite to obtain graphene. Other than these

methods graphene can be fabricated by atomic or molecular rearrangement of carbon.

These methods are named bottom-up methods in general. One of these methods is

the pyrolysis of graphene. With a 1:1 molar ratio of ethanol and sodium, this reaction

is carried out in a closed vessel under high pressure. Graphene sheets can be smoothly

separated by pyrolysis of sodium ethoxide using sonication [9].

One of the most well-known synthesis procedures is the epitaxial thermal synthesis of

graphene on the surface of single-crystalline silicon carbide (SiC). The term "epitaxy"

refers to a technique that allows a single-crystalline film (epitaxial film) to be deposited
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on a single-crystal substrate. A homoepitaxial layer is generated when the epitaxial

film and the substrate are made of the same material, while a heteroepitaxial film

is formed when the epitaxial film and the substrate are made of different materials.

Epitaxial growth on SiC produces a single-layer graphite or graphene heteroepitaxial

layer [10]. Because of its scalability, superior electrical characteristics, and especially

high-quality graphene, epitaxial development of graphene on SiC is very promising.

Thermal chemical vapor deposition(CVD) of graphene works with the principle of the

flow of gases like methane, hydrogen, and argon in specific ratios into a quartz tube

that contains a substrate such as Cu at high temperatures in a furnace is used to make

graphene. Graphene is deposited in single, bilayer, or multilayer layers over time,

depending on predefined circumstances like reaction time, gas flow rate, temperature,

and pressure. The CVD approach has largely been used to generate graphene on Cu

and Ni substrates. However, the time-consuming non-self-limiting growth of graphene

on Ni substrate, as well as the formation of a significant number of folds and wrinkles,

were both issues. Copper substrates have shown to be more conducive to graphene

CVD development [11–13].

Arc discharge of graphite, and electron beam irradiation of PMMA nanofibers are some

of the various ways to manufacture graphene [14–16]. The synthesis of boron- and

nitrogen-doped graphene is also widely conducted using arc discharge techniques [17,

18].

1.1.3 Properties of Epoxy Resins

Because of its remarkable mechanical qualities, strong adhesion, superior heat and

electrical resistance, epoxy resins have been widely employed for coatings, electronic

materials, adhesives, and matrices for fiber-reinforced composites. The type of epoxy

resin, hardener, and curing method all influence the final qualities of cured epoxy

resins.

1.1.3.1 Types of Epoxy Resins

Bisphenol-A epoxy resins: Epichlorohydrin reacts with bisphenol-A in the presence

of a basic catalyst to form the diglycidyl ether of bisphenol-A (DGEBA). The number of

repeating units determines the qualities of the DGEBA resin.Molecules that have low

molecular weight are fluids, whereas Molecules that have higher molecular weight are

viscous liquids or solids [19, 20].

Cycloaliphatic epoxy resins: 3’,4’-epoxycyclohexyl-methyl
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3,4-epoxycyclohexanecarboxylate, a cycloaliphatic epoxy resin (CAE), is made

by reacting 3’-cyclohexenylmethyl 3-cyclohexenecarboxylate with peracetic acid.

This epoxy resin contains a fully saturated molecular structure and an aliphatic

backbone, which contribute to its high UV stability, weatherability, thermal stability,

and electrical properties. These characteristics are critical for resins utilized in

the fabrication of structural components that must be used in high-temperature

environments [21, 22].

Trifunctional epoxy resins: Trimethylol propane-N-triglycidyl ether, a trifunctional

epoxy resin, can be made by reacting trimethylol propane with epichlorohydrin.

This epoxy resin is a non-crystalline, low-viscosity plastic that may be cured at low

temperatures [23, 24].

Tetrafunctional epoxy resins: Epichlorohydrin is used to make tetrafunctional

epoxy resins by reacting 1,3-diaminobenzene or 4,4’-aminodiphenyl methane with

epichlorohydrin. Because of their high functionality and density of crosslinking ,

these epoxy resins are utilized in operations requiring great temperature tolerance.

The cured epoxy resins have strong chemical resistance, high modulus, UV blocking

ability, and thermal stability [25].

Novolac epoxy resins: Glycidyl ethers of phenolic novolac resins have been made by

reacting phenolic novolac resin with epichlorohydrin to produce novolac epoxy resins.

Novolac epoxy resins’ numerous epoxide groups contribute to their high cross-linking

densities, which result in exceptional heat, chemical, and solvent resistance [26].

Biobased epoxy resins: Because of their low cost and biodegradability, polymers

generated from renewable natural resources such as proteins, carbohydrates, starch,

and lipids have piqued attention. Vegetable oils are multi-component combinations

of various triacylglycerols, or glycerol and, fatty acid esters. Organic peracids or

H2O2 may easily epoxidize triglycerides with a wide range of unsaturation sites, and

epoxidized vegetable oils have a lot of potential as low-cost, renewable materials for

industrial uses [27, 28].

Phosphorus-containing epoxy resins: Through flame inhibition in the gas phase

and char amplification in the condensed phase, phosphorus compounds could offer a

strong flame-retardant character to epoxy resins. In comparison to halogen-containing

chemicals, they also produce less hazardous gas and smoke. Phosphorus-containing

oxirane compounds could be used to incorporate covalently attached phosphorus into

epoxy resins [29, 30].
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1.1.3.2 Application Fields of Epoxy Resins

Paints and coatings: Because of their exceptional properties, such as ease of

processing, high safety, excellent solvent and chemical resistance, toughness, low

shrinkage on cure, mechanical and corrosion resistance, and excellent adhesion to

a variety of substrates, epoxy resins are widely used as heavy-duty anti-corrosion

coatings. Epoxy resins are frequently used to coat metal cans and containers to avoid

rusting, especially when packing acidic foods like tomatoes. [31, 32].

Adhesives: Epoxy adhesives are a prominent component of the "structural adhesives"

category of adhesives. These high-performance adhesives are utilized in the

manufacture of aircraft, automobiles, bicycles, boats, and other items that demand

strong bonding. It is vital to maximizing the shear strength of epoxy at both cryogenic

and ambient temperatures when utilized as adhesives in cryogenic engineering

applications.To boost adhesive strength and stimulate chemical interaction at the

substrate/adhesive contact, the adhesives are typically cured at high temperatures

[33, 34].

Industrial tooling: In industrial tooling applications, epoxy systems are used to create

molds, master models, castings, fittings, and other industrial production aids. This

applications substitutes materials like metal and wood in many industrial processes,

improving process efficiency while lowering overall costs. Metallic components and

tubular pipes have been successfully repaired using fiber-reinforced epoxy composites.

In hydrogen storage cylinders, the composites also serve as load-bearing units [35].

Aerospace industry: Because of their great adhesive characteristics and low cost,

epoxy resins have been widely used for structural adhesive applications in the

aerospace sector. Epoxy resins reinforced with high-strength glass, carbon, Kevlar,

or boron fibers have the most application potential in aircraft [36].

1.1.4 Manufacturing of Epoxy Based-Graphene Filled Nano-composite Materi-

als

The dispersion of Nano filler is the most important phase in all Nano-composite

production techniques. A well-distributed composite structure guarantees that the

contact area between the matrix and the filler is maximized. As a result, a successful

load transfer from matrix to filler will be realized from a molecular standpoint.

It is well known that all nanofillers, including graphene, have a considerable

agglomeration tendency. As a result, the majority of efforts in creating nanocomposites

fabrication processes have focused on achieving a homogeneous and well-distributed

composite structure.
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In order to achieve good dispersion to prevent agglomerations several methods take

place in the literature:

• Solution Mixing

• Melt Mixing

• In-situ Polymerization

1.1.4.1 Solution Mixing

For the creation of polymer-graphene nanocomposites, solution mixing is the most

prevalent approach. Three steps make up the solution mixing process [37, 38]:

• The first step is to use ultrasonication to disperse graphene in an appropriate

solvent.

• Following that, the polymer is added to an ultrasonicated graphene and solvent

mixture.

• Entire mixture stirred to achieve improved graphene dispersion inside the

polymer matrix.

• The final stage comprises removing the solvent via evaporation which affects the

quality of the polymer-graphene nanocomposite created on a solid substrate, as

well as the overall mixing efficiency and solvent suitability.

Many investigations on the fabrication of polymer-graphene nanocomposites using

various graphene fillers and polymer mixtures have been conducted. The solution

mixing approach is widely used in the creation of polymer-graphene nanocomposites.

However, this process has a number of drawbacks, including the use of toxic solvents

for dispersion, a low yield, and a high cost, making it unsuitable for commercial

manufacture of polymer-graphene nanocomposites.

1.1.4.2 Melt Mixing

In comparison to the solution mixing method, melt mixing is a practical, neat,

environmentally friendly, and diverse methodology. For mixing the polymer matrix

with graphene fillers, the melt mixing approach does not require the use of a solvent,

but the solution mixing method requires. By subjecting shear force to the polymer

matrix and graphene, melt mixing works on the idea of physical mixing. Melt mixing
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is done with extruders, kneaders, calenders, or other similar machines, and this

approach is usually suitable for fabricating thermoplastic polymers. The use of high

temperatures softens the matrix material, allowing for better graphene filler dispersion

in the mixture. Furthermore, the main benefits of melt mixing can be linked to the

procedure’s cost-effectiveness and the ability to process vast quantities of materials

[39, 40].

1.1.4.3 In Situ Polymerization

For the creation of nanocomposites, in situ polymerization is a unique and extremely

successful approach. When compared to alternative production methods, this

method allows for better filler dispersion inside matrix material. The separation

of monomers and fillers in a solvent by mixing or sonication, is required for the

creation of polymer-graphene nanocomposites. When an extra curing agent is added

to a monomer solution containing well-dispersed fillers, the polymerization process

begins, eventually leading to the creation of polymer-graphene nanocomposites The

disadvantage of this approach is that it polymerizes monomers without any graphene,

resulting polymerization rates to reduce [41].

1.2 Objective of the Thesis

In this study, it is aimed to develop the optimum method to be used in the

manufacturing of graphene-epoxy nanocomposite and to make the mechanical

characterization of the nanocomposites produced with this developed method. For

this, the 3RM device and the functionalization of graphene were used as a hybrid in

the production of materials and compression tests were performed on the specimens

produced with different graphene ratios at different strain rates.

1.3 Hypothesis

Observing that there will be an improvement in the mechanical properties of

nanocomposite specimens produced with the manufacturing method in which 3RM

and graphene functionalization methods are used as hybrid.
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2
MANUFACTURING OF GRAPHANE-EPOXY

NANOCOMPOSITES

Well dispersed reinforcing agent ensures improvement in material properties for

emerging nanocomposites. It is equally important to develop a reliable process to

produce nanocomposites as well as choosing the best method for dispersion.

2.1 Manufacturing of Pure Epoxy Specimens

With the intention of observing improvements adding graphene makes inside the

matrix material, first pure epoxy specimens are manufactured as a control group. The

epoxy system has chosen to be Araldite LY564/ Aradur 2954 supplied by HUNTSMAN

to produce pure epoxy specimens as well as using it as a matrix material for

manufacturing nanocomposites for all specimens experiments conducted with. This

epoxy system is widely used in industries such as automotive, aviation, ballistics, and

armor. These industries’ requirements for detailed material properties for this epoxy

system are played a big role when deciding what matrix material to use. Another

reason this epoxy system is chosen is because of its hardener agent Aradur 2954 which

has a delayed hardening time. This delayed hardening time is allowed us to complete

every mixing and degassing operation before the curing process is started.

2.1.1 Developing The Mold to be Used in Specimen Manufacturing by Soft Mold-

ing Method

For pure epoxy specimens, molds are prepared for epoxy/hardener mixture to pour

input into an oven together. Silicon molds are prepared with the method of pouring

inside of a negative mold made from PMMA. PMMA is chosen because of its smooth

surface with the intent of acquiring smooth surfaces silicon molds. PMMA rods with

the same diameter as specimens cut with a lathe to a length 2mm longer than the

specimens. PMMA rods were then affixed to a rectangular shaped PMMA plate using

chloroform. Lastly, four PMMA sheets which are 5mm higher than rods fixed together
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to a rectangular shape to enclose rods.

Figure 2.1 PMMA negative mold

Figure 2.2 Silicon mold prepared for compressive test specimens

RTV2 mold silicone is then poured inside negative mold made from PMMA to make

specimen molds. Negative mold designed to hold 20 cylindrical rods and it’s reusable.
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This way silicon molds to hold 20 specimens can be produced a number of times.

RTV2 mold silicon is chosen because of its heat resistance and flexibility so mold can

withstand the temperatures oven reaches while epoxies curing process and after the

curing, specimens can easily be extracted from the mold.Photographs of the negative

mold and the mold are shown in Figures 2.1 and 2.2.

2.1.2 Steps of Production For Pure Epoxy Specimens

Several attempts have been made to produce specimens suitable to conduct

experiments with. In the first stages of production effort specimens have had

roughness on their surfaces caused by air bubbles trapped inside the mold. With the

estimation of rough surfaces (dents and notches shaped like bubbles) on the specimens

that can affect negatively mechanical properties, several improvements are made to

the production method to obtain smooth-surfaced specimens.

In the first method, epoxy Araldite LY564 and hardener Aradur 2954 mixed with the

ratio 100:35 by weight as recommended by the supplier. The amount of epoxy and

hardener to use is decided by calculating the volume of one specimen and multiplying

that value by the targeted number of specimens and then volume value converted to

weight.

• Required epoxy and hardener are weighted using the precision scale with the

aforementioned ratio taken into account. Required epoxy and hardener are

poured into a beaker.

• Epoxy and hardener mixed using a magnetic stirrer for 15 min at 500 rpm.

• The mixture is then put in a vacuum oven and degassed for 70 min.

• After the degassing process mixture is poured inside the silicone mold and put

in an oven for the curing process.

• The mixture is cured in a preheated oven at 80◦C for 1h.

• Lastly, the mixture is post-cured at 160◦C for 4h.

After these procedures very rough-surfaced specimens has been obtained( Figure 2.3).

To improve surface quality several steps are added to the first method:

• Amount of time epoxy and hardener mixture stayed on the magnetic stirrer

increased to 20 min and mixing speed increased to 750 rpm.
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Figure 2.3 Pure epoxy specimens obtained with the first method

• Instead of the vacuum oven a separate vacuum chamber is used and the mixture

is degassed inside the vacuum chamber for 70 min. After the degassing process,

it is observed that air bubbles gathered at the top of the mixture.

• Air bubbles which are gathered at the top of the mixture then quickly removed

using a flame torch.

• Lastly mixture is molded and cured in the same way as the first method.

Figure 2.4 Pure epoxy specimens after improvements

After the added steps significant improvement observed in the surface quality ( Figure

2.4).
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To completely remove the roughness from the side, top, and bottom surfaces

improvement effort is continued.

• Amount of time mixture degassed inside vacuum chamber increased to 90min.

A flame torch is used to remove gathered air bubbles.

• Mixture then poured inside the silicone mold and degassed for another hour.

The remaining air bubbles gathered at the top of the mold were again removed

using the flame torch.

• Mixture cured with same methods. Specimens removed from the mold have had

smooth surfaces and are in ideal condition to using in experiments (Figure 2.5).

Figure 2.5 Pure epoxy specimens used in experiments

Additionally, the specimen length projected to be 22 mm at the planning stage reduced

to be 12mm because of the buckling behavior observed during the first experiments.

Buckling problem did not observed after the readjustment of dimensions. Final

specimen dimensions are decided as 12 mm in diameter and 12 mm in length for

all specimens used in experiments. Specimen dimensions are shown in Figure 2.6 .

2.2 Manufacturing of Graphene-Epoxy Specimens

According to the literature, there are several methods to produce nanocomposites.

Mostly used methods to produce nanocomposites are Three Roll Milling (3RM),

sonication, high and low shear mixing. Chandrasekaran et.al at 2013 compared

these methods to investigate the effects of production methods on the electrical and

thermal conductivity, fracture toughness, and storage modulus of the nanocomposites
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Figure 2.6 Technical drawing showing specimen dimensions

produced. Researchers in their study achieved good dispersion for both methods

they have been used but the specimens produced with the 3RM method showed

better electrical conductivity. This behavior can be interpreted as the 3RM method

has provided better uniform dispersion and exfoliation of graphene. Researchers

also in line with this interpretation have decided to complete their research using

only 3RM specimens for mechanical and thermal characterization [42]. At another

research from Prolongo et. al, high shear mixing and 3RM methods got compared.

Researchers produced specimens using 3RM, high shear mixing, and a combination

of two methods. In this research specimens produced with the 3RM method and

combination, the method is shown similar thermal and mechanical behaviors which

are superior to specimens produced with high shear mixing. This case shows us that

high shear mixing although provided uniform dispersion failed to exfoliate graphene

inside the matrix material. Researchers also recommended the 3RM method instead

of high shear mixing while producing nanocomposites [43].

While producing nanocomposites using the 3RM method some unique properties stand

out. These are in order of importance: distance between rolls up to 5 µm, rolling

speed, and the number of cycles. To determine the best parameters for 3RM to use

for the purpose of obtaining specimens with the best material properties a detailed

literature review among the research which used the 3RM method is conducted. Gojny

et. al in their research have set gap distance (distance between rolls) to 5 µm and

observed 12% improvement in Young modulus [44]. Prolongo et. al at their research

which they are used graphene 3% by weight set the gap distance to 5 µm and apron

speed to 250 rpm and observed 22% improvement in tensile modulus [43]. At another

research by Olowojoba et. al gap distance have been set to 5 µm and 13.25% increase

have been observed in storage modulus [45]. Lastly Wang et. al set the apron speed
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to 250 rpm and observed 48.8% increase in elasticity modulus [46]. Considering this

information obtained from the literature review it is decided to set the gap distance to

5 µm and apron speed to 250 rpm for all the specimens to be produced with the 3RM

method.

2.2.1 Three Roll Milling Method

3RM method works on the principle of three rolls turning at different speeds and

opposite to each other with the intent of creating shear stress. One of the main

reasons wanted mechanical properties can not reach while producing graphene-based

nano-materials is the agglomeration of graphene flakes inside the matrix material.

In this thesis, it is planned to use the three-roll rolling method to prevent the

agglomeration of graphene flakes. Three rolls on the device are named feed roll,

center roll, and apron roll. While using 3RM paste-like substance is poured between

the feed roll and center roll, most of the material accumulates in the area between

these rolls. Material that can pass through the rolls is subjected to large shear stresses

due to the speed difference between the rolls. Between the center roll and apron roll

material is subjected to even larger shear stresses due to the larger speed difference

between these rolls. Material gathered from the apron roll is in a state that is properly

mixed and free from agglomerations (Figure 2.7). This cycle can be repeated several

times to achieve better mixture quality.

Figure 2.7 a) Three roll milling configuration, b) High shear region between the rolls

For the production of specimens used for the experiments Exakt 80E three roll milling

device is used (Figure 2.8).
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Based on the results of the experiments conducted with graphene-epoxy specimens

produced with 5, 6, 7, and 8 cycles, the optimum number of cycles to use while

producing nanocomposites is decided as 5 cycles. The reasoning behind this decision

will be discussed in detail in Chapter 3. Again based on the same experiment results

lack of improvement in the viscoplastic region is observed. Therefore it is decided

to proceed with experimental work with specimens produced with functionalized

graphene with the intend of achieving better dispersion and consequently better

mechanical properties.

Figure 2.8 Exakt 80E Three Roll Mill device

2.2.2 Functionalization of Graphene

Another problem to overcome while producing nanocomposites with graphene as

a reinforcing material is the interface interaction between matrix material and

graphene. The reason why interface interaction has a negative effect on the

mechanical properties of produced nanocomposites is the agglomeration behavior

of graphene caused because of the van der Waals bonds between graphene flakes

[47]. In literature, two different methods are used to overcome this effect. The

first of these methods is the method of forming covalent bonds between the oxygen
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functional groups of graphene. The second method is the method of attaching

molecules to graphene flakes with non-covalent bonds. Among the non-covalent

functionalization methods, polymer wrapping, surfactant absorption, p-p interaction,

and hydrogen bonding are the most widely used [48, 49]. Li et al. non-covalently

functionalized graphene using poly (sodium 4-styrenesulfonate)(PSS) and produced

nanocomposites using this functionalized graphene and epoxy resin. And the

yield strength and modulus of elasticity were improved for the nanocomposite

produced [50]. Zhang et al. in their study in which they examined both covalent

and non-covalent functionalization methods, an improvement was observed in the

mechanical properties of nanocomposites produced with graphene functionalized

using Triton X-100 [51]. With the literature review, it was revealed that

nanocomposites produced with graphene functionalized using Triton X-100 showed

improved mechanical properties [48, 52, 53].

Figure 2.9 Functionalization process of graphene

As a result of the limited studies in the literature on the functionalization of graphene

using Triton X-100, the optimum proportional material values to be used were

determined [48, 51, 52, 54]. For the functionalization of graphene, first graphene

(0.1 g), purified water (100 ml), and triton X-100 (0.15 g) were mixed in a beaker.

This mixture was then kept in the sonication bath for 45 min. After sonication, the

mixture was stirred for 12 hours at 65 °C with a magnetic stirrer. After mixing, the

Triton X-100 – graphene mixture, which was homogeneously mixed, was filtered on

the filter paper until only graphene remained. Finally, the filtered graphene was dried

in a vacuum oven at 60 °C for 12 hours. The process is shown schematically in Figure

2.9.
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2.2.3 Nanocomposite Production

In the production of nanocomposite test specimens, functionalized graphene(f-GNF)

and Araldite LY564 epoxy resin / Aradur 2954 hardening agent set produced by

Huntsman were used as explained in detail in the previous sections. Appropriate

molds from RTV2 mold silicone were produced for the production of the test samples

in the desired dimensions. The three-roll rolling method was used to prevent

agglomeration of f-GNF inside the epoxy matrix material.

Figure 2.10 Production of nanocomposite specimens using 3RM

While the graphene epoxy mixture is mixed for the production of nanocomposite

test specimens and poured into the mold, the gases remaining in the mixture form

undesirable air bubbles and roughness after curing. In order to prevent this situation,

which reduces the mechanical properties, degassing under vacuum was applied

separately after the mixing process and pouring into the mold. The gases in the

mixture under vacuum accumulated on the surface of the mixture and then were

removed from the mixture using a blowtorch. Finally, graphene epoxy resin and

hardener were cured using an oven, according to the manufacturer’s recommended

temperature and time (Figure 2.10).

The production process steps are given below in substance.

1. Graphene and Araldite 564 epoxy resin were placed in the same beaker at

various weight percentages.

2. Graphene and epoxy resin were mixed at 400 rpm for 15 minutes using a

magnetic stirrer.
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3. The mixture was rolled for 5 cycles by adjusting the distance between the rolls

of the 3RM to be 5 µm and the roll rotation speed to be 250 rpm.

4. After the uniform dispersion of f-GNF inside the epoxy matrix, Aradur

2954 hardener was added to the mixture in the ratio recommended by the

manufacturer, in a ratio of 100:35.

5. The mixture with added hardener was mixed at 400 rpm for 15 minutes using

a magnetic stirrer.

6. The beaker containing the mixture was placed in a vacuum and degassed at

room temperature for 60 minutes.

7. After the air bubbles that collected on the upper surface of the mixture was

cleaned with a blowtorch, the mixture was poured into a silicone mold.

8. In order to purify the gases that may be trapped in the mixture during pouring,

the mold was placed in a vacuum and degassed for 60 minutes.

9. After the air bubbles on the mold was cleaned with a blowtorch, the mold was

placed in a preheated oven at 80ºC and pre-cured for 60 minutes. At the end

of 60 minutes, the oven temperature was increased to 160ºC and the curing

process was carried out for 240 minutes.
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3
CHARACTERIZATION OF GRAPHENE-EPOXY

NANOCOMPOSITES

3.1 ARALDITE LY564 Epoxy Compression Test Results

Compression tests were carried out at different strain rates at room temperature with

the Instron 5982 universal static test device with a measurement accuracy of +/−
0.5% at YTU Central Laboratory. Specimen diameter is d= 12 mm, length, L= 12

mm. In order to determine the viscoelastic and viscoplastic behavior of the epoxy,

compression tests were carried out at 3 different strain rates (0.001, 0.01, and 0.1 /s)
until damage. Tests were performed at least 3 times in all conditions and averages

were taken. True stress-strain curves are given in Figures 3.1, 3.2 and 3.3.

Figure 3.1 Compression test results at strain rate 1.E-3 /s for pure epoxy material (3
test repetitions)
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Figure 3.2 Compression test results at strain rate 1.E-2 /s for pure epoxy material (3
test repetitions)

Figure 3.3 Compression test results at strain rate 1.E-1 /s for pure epoxy material (3
test repetitions)
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As can be seen in Figure 3.1, 3.2, and 3.3 the compression curves obtained from the

repeated tests are almost coincident. This shows that the uncontrollable elements are

avoided in the tests, and the tests yield highly reproducible results.

The results obtained by taking the arithmetic averages of the tests performed at each

speed are given in Figure 3.4.

Figure 3.4 True stress-strain response of pure epoxy (Araldite LY564) at three
different strain rates (1.E-3, 1.E-2, 1.E-1 /s)

As can be seen from Figure 3.4, the modulus of elasticity and yield stress were

increased with increasing strain rate. It is observed that the change in stress with

strain increase in pure epoxy specimens is parallel for all strain rates. This change can

be summarized as a linear increase in the elastic region, a small non-linear behavior

in the yield region, an insignificant strain-softening after the yield region, and a very

significant nonlinear hardening that continues until failure. These results seem to be

consistent with those in the literature [55].

As will be noticed when the results are examined in more detail, the change in the

modulus of elasticity for different strain rates is quite limited. In other words, there is

little rate dependency in the elastic region. As it is known, elastic deformation occurs

in the form of elastic elongation of the chains as the covalent bonds between the

polymer chains reach the chain length in the epoxy and are distorted [45]. The dense
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cross-links in Araldite LY 564 strengthen the covalent bonds between the polymer

chains and reduce the effect of the strain rate.

While softening and subsequent hardening were observed in most epoxy materials,

post-yielding softening behavior was not observed in Araldite LY 564. The material

showed hardening behavior without showing softening after yield. A non-linear

hardening behavior was observed. The peak point of the transition point from linear

to nonlinear is accepted as yield strength [46]. As the tensile value exceeds the yield

strength value, the material begins to deform plastically. The plastic deformation here

can be explained by the stretching, turning, sliding, and dissolving of the cross-linked

chains in the polymer causing permanent deformation. Initially, the chains are highly

intertwined; When the tension is high enough, the chains begin to unravel. However,

it is observed that there is very little strain softening in the material. From this point

onwards, a resistance occurs against continued deformation, and the strength of the

specimen increases. With increasing stress, the chains in the epoxy are oriented in the

direction of the deformation, and hardening occurs to complete the deformation of

the chains. Ultimately, a high-stress value is required for the specimen to break at a

certain strain value. It has been determined that this strain range is between 0.36 and

0.4 mm/mm for three different strain rates.

Since the temperature was assumed to be constant (room temperature) in these

compression tests, only the effect of strain rate on mechanical properties (modulus of

elasticity, yield strength, etc.) was examined. The fact that the mechanical properties

are strongly dependent on the temperature and the rate at which the material deforms

is due to the viscoelastic, viscoplastic properties of the polymer (epoxy).

The modulus of elasticity was calculated between 0.005 and 0.025 mm/mm strains

in the elastic region. The yield strength is calculated as the first point where the dσ
dϵ

is zero, that is, the linearity ends. Looking at Table 3.1, it is seen that the elastic

modulus and yield strength values increase as the strain rate increases. These values

only increase as a function of the strain rate (temperature constant up to the yield

point). The increase in the mechanical properties here has emerged as a result of the

decrease in the mobility of the molecules of the epoxy chains [56].

According to Figure 3.4, although strain hardening occurs at high strains as the strain

rate increases, it is seen that the slope of the strain hardening curve decreases as the

strain rate increases. It is also seen that ductility increases as the elongation increases.

The mechanical properties obtained as a result of the compression test are given in

Table 3.1.
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Table 3.1 The mechanical properties of Araldite LY 564 epoxy obtained from the
quasi-static compression test

Strain Rate (1/s)
Yield

Strenth (MPa)

Elasticity

Modulus (MPa)

Ultimate

Strength (MPa)

1.E−1 137 1987 474

1.E−2 124 1542 420

1.E−3 119 1465 449

3.2 f-GNF - Epoxy Nano-composite Compressive Test Results

Compression tests of nanocomposites were carried out with Instron branded universal

static test device with model number 5891 (100 kN capacity) in YTU Central

Laboratory at room temperature and under three different strain rates. Specimen

diameter and length were determined as 12mm for both dimensions. Since the tests

will be performed at three different strain rates as 0.001, 0.01, and 0.1/s, the sample

lengths measured before each test were multiplied by the desired strain rate (1/s),
and strain rates (mm/s) were determined. The calculated strain rates were entered

into the test device. During the experiments, the measurement of the strain and the

speed control was made with the crosshead movement of the test device as position

controlled. The tests were repeated three times to check the repeatability of the test

results for each strain rate.

3.2.1 Determining the Optimum Number of Cycles in 3RM

The three-roll milling procedure shown in Figure 2.10 is used to obtain homogeneous

graphene distribution in epoxy. The procedure of running the mixture through the

rollers is repeated numerous times to provide improved homogeneity. Investigating

the effect of cycle number on mechanical parameters yielded the optimum number

of cycles. Initially, the nano-composite generated with varied cycle numbers in

3RM was tested at 1.E-2 /s strain rate to optimize the three roll milling dispersion

characteristics. Figure 3.5 shows the real stress-strain curves for various cycle

numbers.

As shown in Figure 3.5, the compression behavior of nano-composite materials created

with various cycle numbers follows a similar pattern to that of pure epoxy. Compared

to the pure epoxy, the material properties (elasticity modulus, yield strength) in the

elastic region of the nano-composite specimens (made with 0.1 wt% GNF) were

improved. However, it has been discovered that increasing the number of cycles does

not result in a significant improvement in the material’s mechanical properties. When
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Figure 3.5 The true stress- strain curves under compression for specimens produced
with different cycle numbers (Material: GNF- epoxy)

compared to pure epoxy, the material behavior of the nano-composite manufactured

in 3RM with five cycles demonstrated an improvement in the elastic region. The

material behavior of the specimens manufactured with five cycles was found to be

marginally superior to that of samples produced with other cycles (6,7 and 8 cycles).

Furthermore, increasing the number of cycles increases both the sample production

time and the amount of material waste generated by each new cycle (material

remaining on rolls and in used beakers). In light of these circumstances, it was chosen

in this work to manufacture nano-composite specimens with five cycles using the 3RM

method.

3.2.2 Compression Test Results for Functional Graphene - Epoxy Nano-

composite Specimens

Compression test results of 0.1 wt% functionalized graphene (f-GNF) nano-composites

under 0.001/s strain rate are given in Figure 3.6. As can be seen from the figure,

the compression curves obtained from repeated tests are very close to each other.

This shows that the tests give reproducible results. Similarly, three-repeat tests were

performed for the other two strain rates, and these tests also gave similar results.
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Figure 3.6 Compression tests of 0.1 wt% f-GNF-Epoxy nano-composites at 1.E-3 /s
strain rate (3 test repetitions)

Situation in Figure 3.6 is also valid for samples produced using 0.5 wt% of f-GNF. The

true stress-strain curves obtained for each strain rate are shown in Figures 3.7 and

3.8, respectively, by taking the arithmetic average of repeated tests of the samples

produced with different f-GNF ratios by mass (0.1 and 0.5 wt%).

The pattern of change in material behavior of nanocomposites (containing 0.1 and 0.5

wt % f-GNF) follows a similar trend at all three strain rates, as shown in Figs. 3.7 and

3.8. The elasticity modulus and yield strength of nanocomposite materials increase as

the strain rate increases. The slope in the linear region determines elasticity modulus,

while the peak point in the region where linearity ends determines yield strength. The

viscoelastic region is defined as where the stress-strain curve follows a linear trend

until the yield point. The viscoplastic region on the other hand starts after the yield

point and continues until the fracture. The viscoplastic region includes rate-dependent

behaviors of material that are strain softening and hardening. It can be seen in the

viscoelastic region there is a linear increase of the true stress-strain curve starting

from the first loading, and rate dependency is minimal in this region. This behavior

can be understood by the limited increase in the elasticity modulus. All specimens

manufactured with f-GNF and epoxy are shown an insignificant softening behavior

after the yield point and a noticeable non-linear hardening after the softening. Rate
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Figure 3.7 True stress-strain curves of f-GNF-epoxy nano-composites with f-GNF
content of 0.1 wt% at three different strain rates)

dependency is more evident in the viscoplastic region compared to the viscoelastic

region. The improvement in the material properties as the strain rate increases can

be explained by the restriction of the movement of the polymer chains that causes a

stiffer material response.

The true stress-strain behaviors of f-GNF- epoxy nano-composites with f-GNF content

of 0.1 and 0.5 wt % compared to pure epoxy at three different strain rates of 1.E-3,

1.E-2, 1.E-1 /s, are shown in Figs. 3.9, 3.10 and 3.11 respectively.

It has been observed that adding f-GNF into epoxy led to an improvement in material

properties for all specimens and strain rates compared to pure epoxy ( Figs. 3.9,

3.10 and 3.11). At all strain rates, the elasticity modulus and yield strength values

for f-GNF-epoxy nanocomposites containing various amounts of f-GNF increased

compared to pure epoxy. Table 3.2 shows the elasticity modulus and yield strength

values of pure epoxy (Araldite LY 564) and f-GNF nanocomposites.

According to the literature, improvements in the mechanical properties of

nano-composites are restricted to a particular graphene concentration, which is

roughly 0.1 wt%, but once this level is exceeded, mechanical properties deteriorate
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Figure 3.8 True stress-strain curves of f-GNF-epoxy nano-composites with f-GNF
content of 0.5 wt % under three different strain rates

Table 3.2 The mechanical properties of Araldite LY 564 epoxy and f-GNF-epoxy
nano-composite (0.1 and 0.5 wt% f-GNF) obtained from the quasi-static compression

tests

Mechanical

Properties

Strain

Rate (1/s)

Pure

epoxy

f-GNF -

epoxy

(0.1 wt%)

f-GNF -

epoxy

(0.5 wt%)

Elasticity

Modulus (MPa)

1.E-1 1987 2104 2237

1.E-2 1542 1899 2171

1.E-3 1465 1878 2063

Yield

strength (MPa)

1.E-1 137 153 162

1.E-2 124 142 151

1.E-3 119 134 138
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Figure 3.9 Comparison of true stress-strain behaviors of f-GNF-epoxy
nanocomposites with f-GNF content of 0.1 and 0.5 wt % with pure epoxy at 1.E-3 /s

strain rate.

Table 3.3 The increase in material properties as per centum for different graphene
concentrations and strain rates.

Mechanical

Properties

Strain

Rate (1/s)

Change (%)

(0.1 wt%

nanocomposite

- pure epoxy)

Change (%)

(0.5 wt%

nanocomposite

- pure epoxy)

Change (%)

(0. 1wt%

nanocomposite

- 0.5 wt%

nanocomposite)

Elasticity

Modulus (MPa)

1.E-1 6 11 6

1.E-2 19 29 13

1.E-3 22 29 9

Yield

strength (MPa)

1.E-1 10 15 6

1.E-2 13 18 6

1.E-3 11 14 3
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Figure 3.10 Comparison of true stress-strain behaviors of f-GNF-epoxy
nanocomposites with f-GNF content of 0.1 and 0.5 wt % with pure epoxy at 1.E-2 /s

strain rate.

Figure 3.11 Comparison of true stress-strain behaviors of f-GNF-epoxy
nanocomposites with f-GNF content of 0.1 and 0.5 wt% with pure epoxy at 1.E-1 /s

strain rate.
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due to agglomeration issues [57–59]. However, as seen in Figures 3.9, 3.10, 3.11

and Table 3.2, improvements in material properties have continued to climb above

this concentration level. This improvement is explained by utilizing the methods of

functionalization of graphene with Triton X-100 and effectively dispersing graphene

in the epoxy matrix using the 3RM.

The use of a surfactant to functionalize graphene increases its dispersion in the matrix

material and allows for efficient interface interaction with the matrix material [53]. In

this thesis, hydrophilic and hydrophobic groups in Triton X-100, a non-ionic surfactant,

used to functionalize graphene, were found to be beneficial in the homogenous

dispersion of graphene by adsorbing onto graphene surfaces [53]. Triton X-100’s

hydrophilic groups interact with the matrix material via hydrogen bonding and act

as a link between graphene and epoxy [59]. As a result, both graphene dispersion

and the interface interaction between the matrix material and graphene become more

effective. The manufacturing of nanocomposites using the 3RM process is another

aspect that improves mechanical properties. By breaking the van der Waals bonds in

graphene with the influence of shear stress the agglomeration problem was avoided.

As a result, as shown in Tables 3.2 and 3.3, 0.5 wt% f-GNF composites show the

greatest improvement in both elasticity modulus and yield strength when compared

to pure epoxy at all strain rates.
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4
RESULTS AND DISCUSSIONS

In this study, the optimum method for the manufacturing of graphene-epoxy

nanocomposite was determined and the mechanical properties of the nanocomposite

specimens produced with this method were characterized by conducting compression

tests. Graphene functionalized using Triton X-100 surfactant was homogeneously

dispersed in epoxy using the 3RM device. Specimens containing 0.1 and 0.5 wt%

graphene were manufactured and subjected to compression tests at strain rates of

1.E-3, 1.E-2, and 1.E-1 /s. Thus, the effect of graphene amount and strain rate

on the mechanical properties of the manufactured nanocomposite specimens was

determined.

A hybrid method has been developed in which 3RM and functionalization methods are

used together as a manufacturing method. First of all, the functionalization process

was carried out by using Triton X-100 surfactant to prevent the graphene particles

from forming van der Waals bonds between each other and causing agglomerations.

The f-GNF obtained after the functionalization process was homogeneously dispersed

in epoxy using the 3RM device. The 3RM device exposed the epoxy and f-GNF

mixture passing between its rollers to high shear stresses and broke the van der Waals

bonds that may still occur between the f-GNFs, allowing f-GNF and epoxy to mix

homogeneously.

After the manufacturing method was determined, the characterization phase of the

produced specimens was started. First, pure epoxy specimens were manufactured

and compression tests were carried out. Compression tests were conducted at three

different strain rates considering the time-dependent behavior of the epoxy(1.E-3,

1.E-2, and 1.E-1 /s). At the strain rates of 1.E-1, 1.E-2, and 1.E-3 /s, the elasticity

modulus of the pure epoxy specimens manufactured as the control group were

determined as 1987, 1542, and 1456 MPa, respectively, and the yield strengths

were determined as 137, 124, and 119 MPa, respectively. In parallel with the

literature, it has been observed that the mechanical properties increase as the strain

rate increases. Compression tests on pure epoxy specimens were repeated three times,
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thus confirming the repeatability of the tests.

After the characterization of the mechanical properties of the pure epoxy specimens

manufactured to be used as the control group was completed, the characterization of

the mechanical properties of the nanocomposite specimens was started. Specimens

containing 0.1 and 0.5 wt% f-GNF were manufactured and compression tests were

performed on these specimens. The tests were performed at three different strain

rates and in triplicate, as in pure epoxy specimens. The results of compression tests

performed at different strain rates are as follows:

• As a result of the compression tests performed at 1.E-1 /s strain rate, the

elasticity modulus of the specimens containing 0.1 wt% f-GNF was determined

to be 2104 MPa, and the elasticity modulus of the specimens containing 0.5 wt%

f-GNF was found to be 2237 MPa. At the same strain rate, the yield strength of

0.1 wt% specimens was calculated as 153 MPa and the yield strength of 0.5 wt%

specimens was calculated as 162 MPa.

• As a result of the compression tests performed at 1.E-2 /s strain rate, the

elasticity modulus and yield strength values of the specimens containing 0.1 wt%

f-GNF were determined as 1899 and 142 MPa, respectively. And the elasticity

modulus and yield strength values of the samples containing 0.5 wt% f-GNF

were determined as 2171 and 151 MPa, respectively.

• In the experiments carried out at 1.E-3 /s strain rate, the elasticity modulus

values for the specimens containing 0.1 and 0.5 wt% f-GNF were determined as

1878 and 2063 MPa, respectively, and the yield strength values were determined

as 134 and 138 MPa, respectively.

When the specimens produced using 0.1 wt% graphene are compared with the pure

epoxy specimens, an increase of up to 22% in the elasticity modulus and up to 13% in

the yield strength was observed. This proves that the graphene reinforcement leads

to an increase in the mechanical properties of the epoxy.

In the literature, it has been reported that the use of graphene reinforcement with

more than 0.1 wt% graphene causes a decrease in mechanical properties due to

agglomeration problems. However, between the samples produced with 0.1 and 0.5

wt% f-GNF, an increase of up to 13% in the elasticity modulus and up to 6% in

the yield strength was observed. This proves that the developed production method

solves the agglomeration problem and that a further increase in mechanical properties

can be achieved with more graphene reinforcement. The production method is also
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environmentally friendly, as it does not contain chemical solvents that are harmful to

health and the environment, and is suitable not only for the laboratory environment,

but also for large-scale nanocomposite production.
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