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ABSTRACT

Fiberreinforced polymer composites (FRPs) are extensively utilized in many
industries due to their remarkable mechanical properties, corrosion resistance and light
weight attributes.  Notwithstanding, FRP laminates are critically susceptible to
delaminatons, which are often initiated due to invisible interlaminar cracks. Delaminations
in turn weaken the overall strength and stiffness of FRPs, thus degrading their longevity
and inservice reliability. Delamination phenomenon, which is one of the most cammo
failure modes in FRP structures, is considered as a matrix dominant failure, because it is
governed by matrixbés fracture toughness an

Therecent emergence of carbon ngasticles (CNPs), such as carbon nanetub
(CNTs) and graphene nanoplatelets (GNPs), have, however, enabled the engineers and
scientists to develop a new generation of rdfultictional modifiers for FRP composites.

As a result, new breeds of FRPs, with remarkable mechanical, electrical amalther
properties have been generated in the recent yidargever, the endeavor has not been
without significant challenges; indeed, the production cost of CNPs, coupled with the effort
(cost) associated with uniform dispersion of CNPs in resins, have oeendd the major
challenges encountered in the fabrication of CNP nanocomposites.

In the first section of this thesis, therefore, the details of an integrated and
systematic investigation into the influence of processing parameters on théumetibnal
performances of GNP/epoxy nanocomposites are presented. The obtained results led to the
establishment of an optimized method for dispersing GNPs in epoxy resins, as a function
of the configuration and geometry of the GNPs. In addition, a design diagseabebaa
developed by which one could design GMfhforced composites, for a given application,
in an effective manner.

In the second part, the details of efforts expended in studying the fracture and
toughening mechanisms of GMfanocomposites, and thesassment of their interlaminar
fracture toughness (IFT) of FRPs formed by the @BiRforced resins, are presented. As
another contribution to the field, the performance of a @&ifforced epoxy was further
enhanced by functionalizing the GNPswitharsita agent . Moreover, to
knowledge, for the first time, the fracture mechanics of @&lRforced epoxy under pure
modes | and Il fracture are assessed qualitatively and quantitatively, using the micro
structural analysis technique. Fuethore, in response to the lack of a comprehensive test
method for evaluating the mode Il IFT of FRPs reinforced by GNPs, a new tiassel
test method has been developed and proposed. It will be shown that the fracture
toughnesses of both GNP nanocosifes and modé IFT of the FRPs formed by the
GNP-reinforced resin were significantly enhanced, while it will be demonstrated that
inclusion of GNPs in the resin produced much less enhancement when the nanocomposite
become subjected to maedleand-Ill fr acture in comparison to the meti&acture.

Finally, the mechanical response of the developed resilient-i8Nrced epoxy
adhesive is evaluated under various strain rates subject to both tensile and compressive
loading schemes. Empirical models were also developed and proposed based on the
perfomed experiments. The models enable one to predict the stiffness of such
nanocomposites, under different stain rates, based on the weight content of GNPs.
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Chapter 1: Introduction

1.1 Fiber reinforced composites

A fiber-reinforced polymer (FRP), also known as fipeinforced plastic, is made of
a polymer matrix, that could be thermoplastic or thermoset resin, reinforced with different
type of fibers such as glass, carbon and aramid or a hybrid of these fiblesscéiiRd also
be categorized based on their resin types (e.g., epoxy, polyester and vinyl ester), and fiber
configuration (chapped, short or long fibefs). The main advantages of FRPs are their
relatively large specific strength and stiffness, which loomd with their low density,
enables engineers to achieve significant weight reduction in their designs. In addition,
superior fatigue response, corrosion resistance, higher flexibility in design, better damping,
reduced flammability and lower radar situr&, and in some cases, lower electrical and
thermal conductivity are some of the positive attributes of FRPs that renders them as
suitable engineering materials. As a result, they are broadly used in diverse industries like

aerospace, automotive, marjmenstruction, and recently, in oil and gas indufty

FRPs are classified as orthotropic materials, a subcategory of anisotropic materials.
Continuous fiber composites are normally laminated; that is, the individual layers of fibers
or fabrics (pliesor laminae), which could usually have different mechanical properties
along the fibers, and normal to the fibers, are stacked at various angles to optimally achieve
the required strength in the primary load direction(s). While FRPs have remarkable in
planeproperties, they are weak in the directions that their matrix is subjected to load (e.qg.,
throughthe-thickness of a laminate). Therefore, in general, FRPs become vulnerable in the

matrix dominated loading conditions.



High raw material costs and usualligh fabrication and assembly costs, adverse
effect of both temperature and moist{8¢ inferior strength in the out of plane direction
(and also in any other directions where the matrix is subject to the primary load), and
susceptibility to impact are ¢hmain disadvantages of FRPs. Since FRPs are the
combination of fibers and matrix, the flaws could exist either in fibers, in matrix or in the
fiber/matric interface. As a result, FRPs are considered as complex systems, thus making
the task of damage detam in structures made of FRPs, with the currently available

techniques such as acoustic emission and ultrasonic, very challenging.

1.2 Delamination in FRP laminates

Due to the relatively weak interlaminar strengths of FRPs, delamination is one of the
most @mmon types of damage in laminated fioeinforced composites. Delamination
can form any moment during the life of a FRP structure (i.e., starting from its

manufacturing, transport, and-service).

Pagano et aJ4] showed that the technological causesdefamination could be
grouped within two categories. The first category includes delamination due to section
curvature, such as curved segments, and tubular, cylindrical and spherical configurations
(e.g., pressurized containers). In all such cases, ¢thmah and shear stresses at the
interface of two adjacent piles can cause loss of adhesion and the initiation of an
interlaminar crack. The abrupt changes in sections, such as phpfisppnions between
stiffeners and thin plates, free edges, and bgiiets are the second category that promote

delaminations in FRPs.

Environmental effects such as temperature and moisture could also be added to these

categories. The difference between the thermal coefficients of matrix and reinforcement
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results in diffeential expansion/contractions between the piles during the curing process
of a laminate. The residual stresses originated by this phenomenon could potentially
become a source of delaminati}. Similarly, the different expansion in the plies of a

laminge due to moisture absorption can also cause delamirjétion

Delamination may also originate during the manufacturing stage due to the shrinkage
of the matrix during the curing process, or due to the formation of-resirareas that
result from poor ctices when laying the pilgs, 8]. During the service of FRP structures,
delamination may originate due to various circumstances, such as transversely
concentrated loads created by a-‘eslocity impact event. Impact could also be considered
as one oftie most important sources of delamination in composite structures. Interlaminar
cracks may originate from internal damage that could exist in the interface between
adjacent plies. This could occur as a consequence of an impact caused by the drop of a
tool during production, assembly, or maintenance of FRP structures, or due to impacts of

objects, as well as ballistics.

According to Bolotin[7, 8], two types of delamination can be considered: internal
delamination Figure 1-1) and neassurface delamination F{gure 1-2). Internal
delamination originates in thieaner ply interfaces of the laminate and can be due to
interaction of matrix cracks, and ply interfaces. The delamination originated by a transverse
matrix crack in plies orthogonal to the compressive load is a common example of this type

delamination.

Internal delamination adversely affects the stiffness of a composite structure,

specifically when the applied loading subjects the macompressive or flexuralf the



structure is subjected to a compressive loading condition, then itbé@achg capaty is

influenced by existence of delaminations by a significant margin.
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Figurel-1. Internal delamination:(a) disposition across the laminate and (b) effec
the overall stability under a compressive loading §idte

A nearsurface delamination, as the name indicates, originates near the surface of
the laminate and represents a more complex scenario than an internal delamination. In this
case, the deformation of the delaminated part is less influenced by the deforofdkie

rest of the laminate.



Figurel-2. Nearsurface delamination:(a) open delamination in tension; (b) clos
delamination in tension (c) open buckled delamination; (d) closed buckled
delamination; (e) edge buckled delamination and (f) edge buckled with seconc
crack[7]

Delamination is den discussed in terms of interlaminar fracture toughness (energy
release rate) in FRP composites. When a delamination develops, all three modes of fracture
shown inFigurel-3become wusually involved as a resul
Therefore, a complete understanding of fracture mechanics of FRPs is necessary in order

to evaluate the delamination initiation and propagation in FRP cotepos



Mode | Mode Il Mode Il
(Opening) (Sliding shear) (Tearing shear)

Figure1-3. Different mode of fractur{9]

1.3 Carbon nano nanoparticles

A nanoparticle (NP) is defined as a particle with one of its dimensions being less than
100 nm[10]. In fact, a NP is considered as a bridge between material configuration in
atomic and bulk scales. The key advantages of -sem@omaterials are as fols[11]:
large specific surface area, high surface energy, reduced numbers of structural
imperfections, and distinctively different physical properties from those of the same
material in its bulk state. Unlike bulk materials, whose properties are famty s
independent, NPs exhibit siependency. This sizependency is due to the significant
increase in the ratio of the atoms on the surface of the particle to the total atoms forming

the particle, as nanoparticlebés di mensions

The excellehcapability of carbon NPs in ameliorating different properties of resins
or matrices has persuaded researchers to perform extensive investigations into the behavior
of carbon NPreinforced polymers. As shown idigure 1-4, there are three common
configurations of carbon nanofillers, including zero dimensional or spherical particles,

such as nandiamond particles (NDP), ordimensional or cylindrical fillerssuch as
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carbon nanotubes (CNTs) and carbon nanofibers (CNFs), arditvemsional nanofillers

such as graphene nanoplatelets (GNPs).

(d)
Figurel-4. TEM micrographs of different configurations of carbon nanoparticles;
ND [12] (b) CNT, (c) CNF and (d) GNP

Carbon nanoparticles possess remarkable mechanical, electrical and thermal
properties, which shows their potential for the modification of the conventional FRP
mechanical, electrical and thermal properties. As an example, the elastic modulus of

SWCNTSs carbe as high as 1 TPa and 60 GPa tensile ultimate strength. Moreover, they



can carry the highest electrical current density of any known materials (i.@j 408 ),

and their thermal conductivity is typically around 178D0 W/mK[13].

All these impregse features have encouraged the researchers to explore the
reinforcing effect of nanmaterials when included in different polymer matrices. The main
disadvantages of carbon namaterials are known to be: (a) the inconsistency in the quality

of carbon NB, especially in their maggoduced form, and (b) their relatively high cost.

1.4 Motivations and contributions

Developing a highly resilient adhesive using graphene nanopdtetee main aim
of this research. Aforementioned statements revealed thas iasth as epoxies play an
important role in keeping fibers along the desired orientations, and transferring load from
on fiber to another in FRP composites. As also stated, a failure mode such as a
delamination, which is considered as a matrix dominaaddré, usually initiates and
grows within matrix or at the interface of matrix and fibers in FRP laminates. Therefore,
improving the properties of the matrix would in turn lead into improvement in the response

of FRPs.

Carbon nanoparticles, specificallyarbon nanotubes (CNTs), because of their
remarkable material propertieas(will be discussed in detail ohapter 2), have been
widely utilized to enhance the mechanical, electrical and thermal properties of adhesives.
In this research, planar carbon npadicles,specificallygraphene nanoplatelets (GNPSs),
areused to modify the material propertiesepbxy resin/adhesivélot only do GNPs offer
positive multifunctional attributes to their host adhesives, betause of their simple
production technigque and abundancy of graphitic sources in nattiney arealso

significantlyless expensive than other carbon nanoparticles. Therefore, production cost of
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GNP-based nanocomposite®uld bemuch less than those made with CNNenetheless
the production cst of GNRnanocomposites could be further reduced by improving various

features of the existing manufacturing techniques (see chapter 3 for more details).

It should,howeverbe noted that althougBNPs could improve certain mechanical
properties of adhesives, their potential agglomeration could cause the onset of a
delamination in multscale laminated FRPs whose resins are reinforced by GNP.
Therefore athoroughunderstanding of the fracture menisans of both resins reinforced
by GNPs, as well as FRPs formed by such reinforced resins would be necessary, which

also forms anajor objectiveof this research (see chapterfdr more details)

I n summary, the f ol |l owi nmaincdntdutomséorthe s de s

field of research:

V Optimization of the existing dispersion methods of GNPs in epoxy resins
based on the structural features of GNPs, and production cost of
nanocomposite.

V Evaluation of the effect of the synergy of CNTs and GNP#herfracture
toughness of GNP/epoxy resin nanocomposites.

V Establishment of modes | and Il fracture and toughening mechanisms of the
GNP-reinforced resin based on quantitative and qualitative assessment of
fracture surfaces of GNPased nanocomposites ugstannineelectron and
atomicforce microscopes.

V Introducing a new GNP functionalization methodology using a silane agent
to improve the mechanical properties (i.e., stiffness and fracture toughness)

of GNP-based nanocomposites.
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V Evaluation of the interlamar fracture toughness of an-dgkass fiber
reinforced composite, with its resin reinforced with different types of GNPs
(i.e., asreceived and functionalized GNPs) under modes |, Il and Ill fracture.

V Quantitative establishment of the influences of fumalzed GNPs on the
fracture mechanism of FRP composites filled with GNPs.

V Development of a ser@mpirical micremechanical model for prediction of
the stiffness of a GNBased nanocomposites under various tensile and
compressive strain rates.

V Development of a new procedure for the evaluation of-mmixie (HII)

fracture toughness of neat epoxy resins using the saaglenotch beam.

1.5 Thesis layout

This thesis follows the Apaper formato
DalhousietUni ver si tyés Faculty of Graduate Stud
conventional thesis format, but it presentsréroductory section, followely a collection
of manuscripts that have either been published, accepted for publication or are under
review in scholarly journals. In the end, a general conclusion section, followed by the

recommended research works for future endeavors finalizes the thesis.

From the technical perspective, in order to accomplish the overall set goal of the
doctoral prgect, which essentially involved the development of a highly resilient
resin/adhesive, a systematic and extensive study has been conducted, whose details will be
presented within a total of six chapters. As stated earlier, each chapter is, in fact, a

mantscript, which is either published or accepted for publication (i.e., chap&rgand
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8), or has beerconditionally acceptedor publication is peereviewed journalgi.e.,

chapter6).

The collective tasks carried out within the project can alsoabegorized within
three distinct phases. First, the details of an integrated investigation into the influence of
processing parameters on the mifutictional performances of GNP/epoxy
nanocomposites are detailed. In the second phase, details of thecowolikcted for
characterizing the fracture and toughening mechanism in GNP nanocomposites and
interlaminar fracture toughness assessment of FRPs reinforced by GNP are presented.
Finally, the mechanical behavior of a GNP/epoxy adhesive is assessed uretendiff
strain rates. The following sections briefly describe the contents of each chapter of this

thesis.

Chapter 1 (i.e., the current chapter) provides a brief introduction to FRP materials,
the delamination phenomenon, and carbon nanoparticles. Thedigemzation and the

correlation among its chapters are also presented in this chapter.

Chapter 2 presents a summary of the literature review conducted throughout the
course of the project. It should be noted that each manuscript (that forms a chisgter), a
provides detailed literature review for the particular topic that has been addressed within
the chapter. Chapter 2 outlines the various techniques used for production of
nanocomposites. A summary of t he ot her
invedigated the influence of different types of carbon nanopatrticles on thefomdtional
performances of composite structures, and adhesively bonded joints is also presented in
chapter 2. It should also be noted that some of the materials presentedén 2lap the

specific contributions of the author, which could also be found irautitored manuscript,
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ent i t | eedhanédNfalimesivesA Cr i t i c apublisResl vni teewjaurnal of

Review of Adhesives and Adhesion.

Chapter 3 presents a detailed esimental approach for achieving an optimized GNP
dispersion method in epoxy resins for developing a nanocomposite with significantly
improved mechanical, electrical and thermal properties. The motivation for this work was
the provision for processing aghily resilience adhesive, in a cagtective manner, which

would be used in the other phases of the investigations conducted by the author.

Chapter 4 details a comprehensive stednducted into characterizatiaf the
fracture response and tougheninghrnism othe GNP-reinforced epoxy under both pure
modes | and Il fracture. A quantitative study vedsoperformed to assess the roughness
of the tested nanocompositesdé fracture sul
between the energy releasge of the nanocomposites and their fracture surface roughness.
A combined toughening/pure modlefracture mechanism is also proposed based on the
observed procesmone characteristic of the nanocomposites. Moreover, the applicability
of linear fracture mechanic approach for assessing the response of GNP/epoxy

nanocomposites is also investigated.

Chapter 5 outlines the details of an experimental framework used for the
enhancement of performance of GNP reinforced epoxy nanocomposites by functionalizing
GNPs with a silane agent. The main aim of the work described in this chapter was to obtain
a more superior nanocomposite by achieving more even dispersion quality of the GNPs
(by functionalization) in resin. The enhancement gained by the new functiolalizat

method was confirmed by the standard chemical analysis. Furthermore, the gain in the
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Mechanical properties of the nanocomposites processed with the functionalized GNPs was

also compared against the gain obtained by the other functionalization methods.

Chapter 6 presents a detailed experimental study on the enhancement of the
interlaminar strength of FRP structure using unmodified and modified GNPs. The
interlaminar fracture toughness of FRP laminates were evaluatiedpure mode I, 1l and
[l fracture. To assess the interlaminar fracture toughness in mode lll, a new methodology
was developed based on the twisting edge notch FRP specimens loaded by a torsion test

machine.

Chapter 7augments the worked describer in its previous chapter. It prebents t
details ofa combined experimental and finddement approachimed atevaluating mix
mode I/lll stress intensity factor ahe epoxy resin using the singledgenotch beam
specimen Thisspecimen configuration is widely used for evaluating the ptnagn mode
| fracture toughness of plastic materidfreover, the procedure is equally applicable for
assessing other polymeric resins, antébeved to be extendable for characterizing the

fracture response of GNfeinforced polymers.

Since FRP struares and adhesively bonded joints could be subject to different
loading rates, thus gaining an insight into the response of nanoparticle reinforced epoxy
adhesives under various loading rates is of paramount importance. The work presented in
chapter 8 isa natural progression of the characterization effort. Ta@ter presents the
details of the investigatioiargeting the effect dtrain rate on the tensile and compressive
response of GNHPeinforced epoxy compositeli.also describethe methodologyhat lead
into development of a serempirical model for assessing the response of -@GtiHorced

epoxy nanocomposites under different strain rates as a function of their GNP content.
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Finally, the last chapter is dedicated to summarizing the various ségmethe
studies presented in the earlier chapters, and the conclusions. The chapter also presents

aut horodés recommendations for the extension
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Chapter 2: Literature review

2.1 Introduction

This chapter aims at summarizing the recent advances made in the development of
resilient adhesives reinforced with carbon nanopartciles (NPs). Different aspects -of nano
reinforced adhesives, including various methods used for formulating and fabricating
nanocomposites, their function and mechanism, as well as their advantages and
disadrantaged are discussed. In addition, recent progresses made in improving the
mechanical, electrical and thermal properties of adhesives reinforced by carbon NPs are
also reviewed. It should be noted that most parts in this chapter have been taken from a
manuscript which was coauthored by the auth@vith permission ofthe publisher),
e nt i tNanekEhhancéd Adhesives: A Critical Review publ i shed in th
Adhesives and Adhesioithe materials taken have been the specific contribution of the

authorin that manuscript.

2.2 Development of polymerbased nanocomposites

The first step in deployment of nanostructured materials is to devise a suitable
strategy for their manufacturing process. Depending on the type of NPs, a number of
production methods couldebincorporated. For example, in selecting an effective and
efficient dispersion technique, one should be concerned that the process would not damage
NPs, and that the process would yield consistent results, and would be suitable for mass

production.

Perhas the prime challenge in manufacturing of polybased nanocomposites is
the attainment of a uniform dispersion of NPs in the polymer matrix. Due to the small
dimensions and relatively large surface area of NPs, the intermolecular forces attract
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individual particles to one another; as a result, they tend to form large clumps or
agglomerations. In order to promote the efficiency of nanocomposites, it is vital to
minimize the formation of such agglomerates and ensure a uniform dispersion of NPs. This
task ecomes more challenging as the volume content of NPs in a polymer increases,
which, in turn, elevates the viscosity of the host polymer, thereby making it less workable.
As an examplerigure2-1 generated by Pinto et §l], reports the increase in the viscosity

of poly vinyl acetate (PVAc), as a function of GNP content and shear rate.

'ﬁ O PVAc+ 2 wt. % GNP
A PVAc+ 1 wt.% GNP
w 25 2 < PVAc + 0.1 wt. % GNP
s O & PVAc
—
.
=
wv
9 15
R
5

Shear rate / s

Figure2-1. Brookfield viscosity GNP/PVAc as a function of shear faje

An acceptable dispersion status can usually be achieved through two steps: (i) by
distribution of NPs within the matrix, and (ii) by dispersion of NPs. A mechanical stirrer
is usually used fiodistributing nanoparticles; however, depending on the selected method
of dispersion, the distribution step may be avoided. For the second step (i.e. the dispersion),
several methods have been developed. The selection of the most suitable method would
deend on the type of NP, matri x and nanocol

used techniques for dispersion of nanomaterials are briefly discussed.
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2.2.1 Sonication

Sonication is the act of applying higimergy sound waves to disperse NPs in a
matrix. For his purpose, usually ultrasonic frequencies greater than 20 kHz are employed,
which is referred to as ultrasonication. Dispersion by ultrasonication is accomplished by
the ultrasonic cavitation developed at the end of the probe, which generates high speed
liquid jets with velocity as high as approximately 1000 km/h. The highly pressurized liquid
is then forced between NPs agglomerates, thereby separating them from one another (see
Figure2-2). In addition, the NPs that are accelerated with the liquid jets may also crash

into one another, resulting in a further dispergjn

Figure2-2. Cavitation phenomenon occurring during ultrasonication in two differ:
shaped probg2]
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2.2.2 Threeroll milling (Calendering)

The threeroll mill machine (calender) exerts shear forces to the matrix through
three adjacent rollers, with a tiny gap in beém them. The rollers rotate in opposite
directions at progressively increasing speeds to break down NPs agglomerations, thus
dispersing them into the matrixigure2-3 shows the schematic of calendering mechanism.
The material is loaded between the feadd centerollers. Because of the narrow gaps
between the rollers, essentially all the material woelshain in the feed region. The
mixture makes its way through the rollers, experiencing very large shear force magnitudes,
which in turn, disperse NPs in the matrix. As the resin comes out the other side of the
rollers, the material, which remains on theteemoller (as a very thin layer), goes through
the gap between the center roller and apron roller, experiencing even larger shear force
resulting due to the higher rolling speed. The sharp {edfge plate located immediately
adjacent to the last rollepltects the processed material from the apron roller. The-three
roll milling process may be repeated for a number of cycles, until the material is perfectly
dispersed. Calendering has proven to be a very effective means for dispersing different

types of N, especially carbebased NPs in resir3].

Feeding Material

@ collection

Feed Center Apron

Figure2-3. The schematic of calendering mechanism
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2.2.3 High-shear mixing

A high-shear mixer, which has also been used for dispersing NPs within resins,
consists of a driven vertical shafbgether with a higishear disk type blade. The blade
rotates at up to 5000 rpm, which creates a radial flow pattern within a stationary vessel. As
shown inFigure2-4, the rotating blade creates a vortex that pulls in the material within the
vessel toward the blades sharp edges. The blades surfaces then mechanically tear apart the
particles, thereby reducing theizs, and at the same time dispersing them throughout the

resin[4].

Figure2-4. The vortex created by rotating bladép

2.3 Multi -functionality of carbon NP composites

2.3.1 Mechanical properties
Numerous researchers have reported enhancement in the stiffness of polymers by

addition of carbon NPs to various resjBs6]. It is believed that the increase in stiffness
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of polymers that include NPs is due to the constraint imposed on molecular yruftiiie
polymer chains. In fact, NPs that usually have much greater stiffness than their host
polymers are nested within the spaces that exist among the polymer chains, thus reducing

chains flexibility[7].

Considerable efforts have been expended by relses with the aim of identifying
or developing accurate and reliable models for predicting the stiffness of nanocomposites.
The HalpinrTsai model is one of the most commonly used models for predicting the
Young6s modul us Accbrding to dis ncodeintheonsakinueedtainable
Youngd modulusof a compositewith uniform fiberdistributionand perfect fiber/matrix

bondis given by

_&31+2(/) v, 51+2.M, O
“® 1hv, 814y, Br (2-1)
in which
_ EJ/E,-1 E/E, 1
"Eieeay P ER R T @2

whereEci s t he Young6s mo diudandks are the lenptle averagemmp o s it
di ameter and Youngds mB.dwsl UwsheofYotumeg 6rse imofda

matrix, andv: is reinforcement volume content.

A

Figure 2-5 shows the accuracy of Halpihs ai 6 s model against t
results for epoxy/CNT nanocomposités seen,lere is a noticeable difference between
the experimental and theoretigapredicted resultsThis ismainly due to the underlying
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assumptions used in developing the model (ir@formity in distribution of reinforcement,
perfect bond betweeanatrix and reinforcement, and the absence of any void in the matrix).
As a result, various researchers have proposed modifications to the model in order to

improve its predictive accuracy when applied to nanocomposites
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Figure2-5. Comparison of the experimental results and theoretical predictions o
Youngbés modulus of MWNTI[8reinfo

In general, failure in FRPs is categorized as: (i) interfacial failure, in which a crack
would initiate at the adhesive/fiber interface and subsequently propajgteohesive
failure, in which a crack would initiate and propagate within the matrix. Either of these two
scenarios could occur, depending on the interfacial bond strength, ftaciginaess of the
adhesive, and presence of probable voids and microcracks within the adhesive. In the case
of cohesive failure, the fracture toughness of adhesive is the key factor that governs the

mechanical strength, in particular, if miecoacks are @sent within the adhesive.
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The use of NPs for enhancement of the fracture toughness of resin has been reported
by several researchdEs 9]. The effect of inclusion of different carbdased NPs on the
fracture toughness of an epoxy resin under diffefeatture mode was investigated.
Figure 2-6 shows the experimental results obtained for pure epoxy and three types of
nanocomposites. It is seen thia¢ value oKerrs changesrbm model to that ofmodell in
the cases of both the ateepoxy andnanediamondepoxy nanocomposite. However, by
adding thecarbon nano fibersQNF) and graphite oxidereinforcements, the maximum
valueof Kesfoccursunderamixedmode stateand theras the fracture state transfers from
themixedmode tahemodell state theenhancemertf Kesfin nanocomposites reinforced

with CNF andGNP decreases graduall¥O0].
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Burkholder et al[12] investigated the effectiveness of CNTs as an epoxy adhesive
additive for bonding steel to composite and composite to composite materials. The results,
shown inFigure2-7, revealed that the additions of CNTs to epoxy adhesive enhanced the
fracture toughness of their adhesively bonded joints. However, hightents of CNTs

could decrease the properties by a significant margin (likely due to agglomeration).
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Figure2-7. Normalized values of fracture ener@yc, for (a) steelcomposite and (b)
compositecomposite adhesive joints (the codes in the legend refer to variou
dimensions and functionality of CNT as described in referdi@g)

Two principal mechanisms that contributeeohancethe fracture toughness
polymers reinforced with NPs are: (i) crack deviation, and (ii) crack bridging. Either of
these mechanisms may be dominant over the other one, depending on the geometry of NPs
and loading states. For instance, in nanocomposites hosting CNTs of lomdyicgli
shapes, the maanergy dissipating mechanisnthe crack bridging. This is because CNTs
have very small diameters compared to their lengths, and thus, the crack deviation might

take a secondary roJé].

The crack deviation mechanism can be identified by investigation of the roughness

of fracture surfaces of nanocomposifes., the higher is the roughness of the fracture
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surface, the more the crack would be deviated from its original )plaigeire 2-8 shows

the increase in fracture surface roughness as a function oM@ tontent. On the other
hand, detection of crack bridging mechanism requirgh magnification micrographs.
The lridging mechanism plays an important role in improving the fracture toughness of
compositesWhen a NP bridges two fracture surfaces, it may either fracture or pull out
from one of the surfaces, depending on the embelgdgth, interfacial strength, angle to
fracture surface and flexibility of the NP. A micrograph illustrating the bridging

mechanism in CNT/epoxy adhesive is showfigure2-9
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Figure2-8. Mode fracture surfaces of (a) neat epoxy (b) 0.1 wET/epoxy (c) 0.5
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Figure2-9. Micrographs showing the participation of CNTs, marked wititev
arrows, while bridging and (b) as being putleat [14]

2.3.2 Electrical properties

Common polymers used in structural application are not electrically conductive. In
contrast, some types of NPs, especially carbon NPs, are superconductive. Therefore,
addition of an appropriate amount of such NPs to polymers could significantly decrease
their el ectrical resistance (also referred t
are two different types of thresholds, namely: static and kinetic thresholds. The static
percolationthresholdrefers to a situatiomwhen randomiydistributed filer particles form
the percolating paths. Ithe kinetic percolation, the particles are free to mawereby
forming a conducting network at much lower particle conioins [15]. Different
parametershowever, could affect theresulting electrical condctivity, including the

fabrication method, matriwettability of filler, and filler dimensionslt is noteworthy to
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mention that while aeffective method of NEispersiorwould result in better mechanical

propertiesjt maylower nanocompositéelectrial conductivity[16].

The DC electrical conductivity of CNT/epoxy for different NP contents was
measuredby Ayotallahi et al.[8]. As seen inFigure 2-10, the resistivity decreases
dramatically as the filler conterdpproaches the value resulting inttee electrical
percolation thresholdMoreover, the conductive network othe NTs is formed at
approximately0.25 wt% Similar results weralsoreported by Yu et a[17] and Wang et

al.[18] for the surface electrical resistivity of epoxy adhesives.

Furthermore, everal analytical and serempirical models have been proposed for
predictingthee | ect ri cal conductivity of nanocompo:
vol ume [18pd e boand [RYandasrecembypredosed model bagedhe

average inteparticle distancg21].
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Figure2-10. Electrical resistivity of epoxy/CNT nanocomposité

Electrically conductive adhesives could have a variety of applications, including

magnetic painting, circuit boards, damage sensing and solaf2zll23] In adlition to
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the mentioned applications, the use of conductive adhesive for structural health monitoring
purposes has recently attracted considerable attention. Lim[2dpused a conductive

CNT modified adhesive (in addition to an acoustic emission settsmonitor the effect

of adherend surface treatments on the failure mechanism of a single lap joint (SLJs). The
results are shown ikigure 2-11. For their untreated adherend, the electrical resistance
increased in a stelke manner, which represented the sudden failure of adhesive. A
potential weak interaction between the steel and adhesive could result in a low overall shear
strength of the ABJwhile the change in the resistance (i.e., the jumps in the electrical
resistance) could signify the onset of a damage long before the specimen reaches its
ultimate shear strength. On the other hand, in case of ¢edated adherend, the resistance
increases gradually throughout the loading regime, which would indicate that a progressive
damage event is occurring during the loading cycle, possibly due to presence of damage in

the adhesive layer.
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Figure2-11. Mechanical, electrical and acoustic emission responses of
(a) untreated specimens (b) salimeated specimens (wherés the shear stress adds the
displacement)
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2.3.3 Thermal properties

Inclusion of NPs in adhesives could also alter the thermal properties of adhesives,
including their thermal conductivity ancbefficient of thermal expansion (CTE). For
instance, the thermal conductivity of CNTs at room temperature can be as high as 6600
W/m°K. Therefore, the thermal conductivity of the host polymer reinforced with these NPs
would be significantly altered. The main applications of thermally conductive adhesives
are in heat sink bonding, potting/encapsulating sensors and in fabricatioowef p

semiconductors.

2.4 Effect of carbon NPs onthe performance ofadhesively bonded joints

Essentially, two decades of research has been devoted toward developing NP
reinforced adhesives. Achieving higher mechanical propertiesifegsively bonded joints
(ABJ9 has beernhe main objective o& majority of the studies conducted in this field. The
increase in the mechanical strendph ABJs can be more accurately described as the
increase in their peel and shear strengths. Several researchers have steffedtshef
inclusion of different types of NPs on the shear and peel strengths of adh€ahle2-1
and Table 2-2 have been prepared to provide a summary of some of the most notable
studies, and to compare their findings related to the enhancement of peel and shear
strengths, respectivebjis can be seen, a wide range of redudtsbeen reported in regard
to the influence of NPs on the shear and peel strengths of adhesives. The reported results
with an astonishing range from 75% improvement to 30% degradation in the properties.
This enormos range stems from a large number of parameters that influence the final

results, including the manufacturinglated factors, quality of NPs, particle size, and
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functionality of the NPs, to mention a few. However, more consistent results could be

expectedy elimination of the undesirable perturbations.

Table2-1. Influence of carbon NPs on the peel strength of the host adhesives

Adhesive NPs Adherends NP wt% ST Reference
Increase (%)
0.1 7.9
PVAC CNT Glass/Steel 0.3 26.3 [18]
53
Epoxy CNT White iron 1 29 [25]

Table2-2. Influence of carbon NPs on the shear strength of the host adhesives

Strength
Adhesive NPs Adherends NP wt% Increase| Reference
(%)
Epoxy CNT Copper 0.8 -19 [26]
0.5 8
Polyimide | MWNT Steel 1 23 [27]
1.5 4
Epoxy MWNT | Carbon/epoxy é ig’ [28]
0.75 36
PVAC Graphene Wood 1.5 136 [29]
3 309
0.1 41
0.15 52
0.3 49 [1]
PVAC Graphene | Beech venee 05 33
1 15
2 8
0.5 17
1 40
Epoxy Carbon blacl Glass/epoxy 1.5 46 [30]
2 38
3 9
Glass/epoxy 0.5 14 [31]
Epoxy Carbon blac composite, 1 >3
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1.5 13
2 9
3 2
0.25 -3
Epoxy CNF _Carbon 0.5 5 [32]
fiber/epoxy 1 5

The durability of ABJs could be significantly reduced by environmental stresses
arising from the moisture and difference in temperature. The absorbed fluids may plasticize
and induce relaxation of adhesi ves; tesas wel |

the latter is considered to be one of the primary causes of failure off28Js

The durability of a CNT reinforced epoxy adhesive bonded aluminum alloy joints
utilizing the Boeing wedge tef34] (seeFigure2-12) subjected to humid conditions was
studiedby Yu et al [35].The effect of the CNT content on the durability and failure mode
of the joints were assessed as Wwell35]. The wedgedst creates a relativelygh stress
concentration at or near the interface, th

caused degradation. Therefore, the test is usually used to provide quantitative durability

data for ABJs.
.‘C /
%’f
19.1 mm. E } Aa-—-l
(0 75in.)
INITIAL Ao =CRACK GROWTH AFTER EXPOSURE
CRACK
LENGTH

Figure2-12. Configuration of the wedgeest specimef34]

As shown inFigure 2-13, for the specimens bonded with Chdinforced epoxy,

the initial crack length depended highly on the GN@eight fraction. The initial crack
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length decreased when CNovgeight fraction wasncreased from 0 to 1 wt%, but then it
increased only slightly as the CNT weight fraction increased from 1 to 5 wt%. The initial
crack length for the joint with epoxy filled with 0.5 wt% CNTs was 70.3% lower in
comparison to that of the joint made with nepbxy. However, the best results were
obtained for the joint made with epoxy containing 1 w% GNbviously, the addition of

CNTs into the epoxy significantly improved the bond strength of the ABJs.
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Figure2-13. Crack propagation length of the CNé&inforvcedepoxy adhesive joints
as a function of immersion time in 80 water[{35]

Recently, the effects of different NPs and loading rates on the ultimate strength of
adhesively bonded single lap joints (SLJs) have also been reported by Soltannia and Taheri
[36]. The average ultimate shear strength of SLJs with graphite adherendsmsasead
by as much as 32% (relative to the neat adhesive), when SLJs were subjected to a high
loading rate. The observed increase in average was also quite significant (average of 26%

improvement), whetheir SLJs were tested under the quasatic loadilg rates.
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Figure2-14. Effect of loading rate on nasreinforced adhesively bonded sindgg joints with
graphite/epoxy adheren{i36]

A large volume of information related to the change in the stiffness, and the details
in the response of an epoxy resin reinforced with various NPs, bonding bothagidss

carbonreinforced epoxy adherends have also been reported by Soltannia and8gheri
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3.1 Abstract

Graphene nanoplatelets (GNPs) are recently developed nanopatrticles that are formed
by stacks of short diskke layers of graphite. They cost considerably less than their carbon
nanotubes (CNTSs) counterparts, and can be potentially used to generateimotitinal
material systems. However, there are significant number of structuraedits between
GNPs and CNTs. It is therefore timely to review and optimize the current processing
techniques used for generating GN&ocomposites. In this research, a scalable shear
mixing approach (i.e., a threell mill) is utilized for achieving uiform dispersion of
different fractions of GNPs in an epoxy resin. Then, the stiffness, electrical and thermal
conductivity and linear coefficient of thermal expansion of the resulting nanocomposites
were evaluated. The gocessed nanocomposites exhibisggnificant improvement in
their thermal properties, but a moderatereasein stiffness. The electrical percolation
threshold of the nanocomposite occurred at higher concentration of GNP than that
predicted by the available micromechanical modelss iBrattributed to the change in size
of GNPs, which occurs as a result of manufacturing process, as observed by scanning

electron microscopy.

3.2 Introduction
Graphene nanoplatelets (GNP) are a class of 2D graphitic nanofillers, which are
formed by stacks afraphite layers bonded to one another by weak Van der Waals forces

[1]. In addition to possessing impressive mechanical and thermal properties as the classical
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2D nanofillers such as nanoclays do, GNPs offer superior electrical properties. As a result,
they are considered as distinctive nanofillers, since they can be utilized to improve the
mechanical and electrical properties of polynj2rd]. Furthermore, in contrast to carbon
nanotubes (CNTs), whose production requires intricate manufacturing procimsses
making them relatively very costlyp, 6], highly pure GNPs can be derived from the
available and plentiful sources of natural graphite, using the conventional mgth8ts
Accordingly, utilization of GNPs in various engineering applicationddcba rendered as

more costeffective than higher cost CNTSs.

Several researches have experimentally assessed various beneficial effects of GNPs
when added to various resif%13]. As a result, several theoretical and semi empirical
models have been devpkd for predicting the elastic modulus and electrical conductivity
of GNP-nanocomposited 4, 15] The results have revealed that in a majority of cases, the
elastic modulus of GNHAanocomposites could be improved with addition of GNPs in
resins, while howver their ultimate strength and strain would be degrfi®idit has also
been demonstrated that the thermal conductivity of @&Bifbcomposites could be
significantly increased, even when small amount of GNPs is included in [&Rink6]
Moreover, ithas been observed that the electrical resistivity of a-G&f®composite
would abruptly decrease when the concentration of GNP in the resin exceeds a specific

value, referred to as t 18 15 el ectrical per

Dispersing GNPs in resirs ithe main challenge of processing a nanocomposite,
because the optimum enhancement in the properties of a resin could be attained provided
that the nanoparticles are uniformly dispersed within resin. Various dispersion techniques

and processing, and theasultant effects on the properties of GNdnocomposite, have
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been previously studigd 7, 18] The collective results have revealed that in general very
large amounts of energy is required to uniformly disperse CNT patrticles in resins. This is
due to the generation of large interaction forces amongst the CNTs, which should be
overcome, in turrincreasingthe production cost, especially if one wants to engage in

industrial scale applications.

When the processing of GNRnocomposites is concerned, one sees that most
researchers have essentially adopted CNT related processing methods for prefdaration o
GNP reinforced resins. Processes such as the high shear fa&jngltrasonication and
threeroll mill calendering16] are the commonly adopted methods. It should be note that
GNPs and CNTs have several distinct inherent differences, includingénaciion force
among a GNPO6s stratified | ayers, geometry,
that the adoption of a dispersion method that is commonly used for production ef CNT
nanocomposites to process GR&ocomposites could exhibithzerse effects on the
propertes of the GNFPhanocompositesTherefore, a better understanding of the
relationship between processing techniques and resultingr@Nétomposite properties
is required for reducing the fabrication cost, thus facilitatingsiréalscale manufacturing

of such nanocomposites.

As mentioned earlier, calendering is the most promising method for dispersion of
nanoparticles. One of the most critical parameters that controls the quality of resulting
nanocomposite in this technique i t he rol |l ersé gap distance
knowledge, the effect of processing on the GNP structure, and the resulting GNP
nanocomposite properties have not yet been explored. Moreover, our literature review

revealed scarcity of research workrgference to the coefficient of thermal expansion
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(CTE) of GNRreinforced nanocomposites. The CTE of composite materials governs two
important phenomena: (i) the magnitude of the thermal residual stresses that develops
during fabrication of the polymdyased composite materials and (ii) those stresses that
could be developed as a result of an applied thermal field onto the materials during their
service. The CTE of neat epoxy is approximaf@sy10° /°C, while the CTE of Flass

fiber is around 5.1x18/°C. Thus, the magnitude of the resulting expansion and contraction
of the resin would be greater than those of the fibers it is hosing during the heating and
cooling cycles of the curing process (by roughly 14 times). This phenomenon would in turn

createlarge magnitudes of residual stress.

In this study, the aseceived commercially available GNPs were dispersed in an
epoxy resin using a threeo | | mill . The  aq#0 éand 0 gmap was
order to investigate gap distance effect be hanocomposite properties. The elastic
modulus, electrical resistivity, thermal conductivity and CTE of the resulting
nanocomposites were assessed experimentally. The integrity of the various available
models (i.e., HalpiTsai and others) for estimagjthe mechanical and electrical properties

of such nanocomposites was also examined.

A comprehensive statistical study was also conducted on the influence of GNP size effect
on the fracture surfaces of the nanocomposites using the scanning electronapigrosc
this was done to further explore the effect of different preparation processes on the resulting

GNP-nanocomposites.

It should be noted that all part of this research (i.e., graphs and calculatidims)yolume

fractionof the particledias been carerted topercentweight This is,because one could
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easily weighhanoparticles, and that the weight percent provide® sensas opposed to

thevolumefractionof the particles.

3.3 Experimental Investigation
3.3.1 Materials

Araldite LY564 (Bisphenol\ epoxy resin)with density of 1.2g/cn? was used
with Aradure 2954 hardener (a cycloaliphatic polyamine hardener). Thab®and low
viscosity epoxy system is available through the Huntsman (west Point, GA). The GNP
nanoparticleswith density of 2.0g/cn? used in this research were obtained from XG
Science (Lansing, MI), having an average thickness, t,dhand an average patrticle
diameter, D, of 25 &(seeFigure3-1a and b). As shown iRigure3-1b, the GNP particles
are assumed to be a ditke geometry with diameter, D, and thickness, taihthe

forthcoming micromechanical model discussions.

(a) (b)
Figure3-1. X-GnR-25 (a) SEM image; (b) schematic of the idealized GNP

3.3.2 Specimens preparation
To fabricate the GNHhanocomposite reinforced epoxy specimens (GNPRE),

firstly, the appropriate amount of GNP were distributed into the resin using a mechanical
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stirrer operated at 2000 rpm for 15 minutes. Then, the mixedi@diR slurry was further

processed through a threeo | | mi | | (Torrey Hill Technol og
rotating speeds were kept constant at 174, 84 and 31 rpm for the apron, middle and feed
rollers, respectively. The dispersion of GNP was promoted with three different roller gap
distances 020, 40 and 60 ¢ for the considered GNP weight percent in resin (i.e., 0.5, 1,

1.5 and 2 wt%).

The dispersion process was repeated seven times for each concentration of GNP.
After the dispersion process, the appropriate amount of hardener was adaedesin
and mixed using the mechanical stirrer set at 100 rpm for 10 minutes. The mixture was
degassed in a chamber-28 in-Hg for 30 minutes. Finally, the mixture was poured in the

molds and cured at 180 for half an hour and then pestired at 163 for 8 hours.

3.3.3 Testmethods

Dog-bone shaped tensile coupons made from the neat resin and GNPRE with
dimensions of specimen type V of ASTM D638 standdr@]. The specimens were
subjected to tensile loading to evaluate the stiffness of each speéimérstron serve
hydraulic universal test machine (model 8500ith a 100kN load cell was used to run
the tests. A laser extensometer was used to measure the precise gauge length deformation
of the specimens. The tests were conducted at a spe@adhofiin At least five specimens

were tested for each case.

To measure the electrical resistivity of GNPRE, rectangular specimens with
dimension of 6nmx 10mmwere cut from a 3nmthick bar casted with the dimensions
of 100mmx 20mm The electrical resistity of the neat epoxy and GNPRE specimens

with less than 1 wt% GNP was measured through the thickness of specimens as
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recommended by ASTM D25720]. For the remaining specimens, the electrical
conductivity was assessed through the axial axes of the sppexias per ASTM D4496

[21].

The thermal conductivity of the GNPRE specimens was assessed using a physical
property measurement system, PPMS (Quantum Design San Diegd,cfapricate the
specimens required for evaluation of the thermal conductivitgaimples used to evaluate
the electrical resistivity were cut into cuboid shaped specimens withtBickness and 5
to 7mnf¥ cross section. All the specimens were tested at 25d 803 under steady sate
condition (as described [22]), in order to evalate the thermal conductivity of GNPREs

at room and elevated temperatures.

The CTE measurements of GNPRE were carried siagwa differential dilatometer
(DIL 420 PC,NETZSCH GmbH Burlington, MA), according to ASTM E27833].
Rectangulabarshaped specimens, with approximate dimensions @3 x 6 mmx 25
mm,were made fronGNPREshaving various GNP weighdontents. The end surfaces of
each specimen weraachined angbolished to ensure the surfaces were parallel, so that
they could be positioned prisely within the measuremeptobesof the instrument. The

CTE was measured @03 for all specimens.

3.4 Testresults
3.4.1 Tensile modulus

Figure3-2 shows the average values of the tensile elastic modulus of each group of
GNPRE specimens. As expected, inclusion of

The highest Youngds modulus was obtained w
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GNPREs made by gap distances of 20 um and 60 um ranked second and third, respectively.
As seen, while the stiffness of GNPRESs were increased for the gap distances of 20 and 40
pm compared to that of the neat epoxy resin, the stiffness of GNPREs were degraded when

the gap distance of 60 um was used.

<
[
e + gap distance 20 pm
n
=)
g A gap distance 40 um
o
2.4 - _
S ® (gap distance 60 pm
8 $
w é «++++ General Halpin-Tsali
2.2 - $
= =2D-Halpin-Tsai
2 1 = 3D-Halpin Tsai
¢
1.8 I I I 1
0 0.5 1 15 2

GNP weight percent

Figure3-2. Variation in the elastic modulus of GNPRE as a function of roller ge
distance and GNP content

Micromechanical models, such as the walbwn modifiedHalpin-Tsai, have
been utilized by several researchers for predicting the mechanical properties of
nanocomposites (for more details $£8]). However, such models are idealistic models
and do not consider factors like the agglomeration;pefect intefaces between GNPs

and matrix, bending of GNP in the matrix, flaws in the GNP structure and presence of voids
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in nanocomposites. The comparison of the values of the elastic modulus predicted by the
modified HalpinTsai (both 2D and 3D versions) and thosaleated experimentally are
illustrated inFigure3-2. As can be seen, the general Halpgai model overestimates the
elastic modulus of the GNPRHhis is because this model assumes that the GNP are
perfectly aligned and uniformly dispersed. On the other hand, the values predicted by the
modified HalpirTsai (which account for the 2D random orientation of fillers) better agree

with the experimet results.

To further explore the influence of the roller gap distances on the properties of the
GNPRE, the fracture surfaces of the GNPREs were examined using a field emission
scanning electron microscope, SEM, (Hitachi $4700, Dallas, TX). TheSEM
micrographs of the GNPREs made by the gap distance of 60 um, shdwgure 3-3c
evidence large agglomerations of GNPs on the fracture surfaces. On the other hand, an
acceptable dispersion is seen in specimens prepared using roller gap distances of 20 um
and 40 um (se€igure3-3a and b). Examination of the results indicated that not only did
the presence of agglomerations reduce the density of the effective ilaleafaas between
the GNPs and resin, but they also acted as equivalent flaw regidiisn causing the
reduction of GNPRESs elastic modulus. Further examination of the experimental results
obtained for the gap distance of 60 um indicated that the apgblesstt force by the rollers
was not sufficient to overcome the GNP fl a
agglomerates formation. This observation also corroborates with thémwoslin notion
that more uniform dispersion could be obtainedasr esul t of reduced ro

However, the decline in the values of the elastic modulus when the gap distance was
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reduced from 40 um to 20 pm indicates that dispersion is not the sole parameter that

governs the mechanical properties of GNPRE.

[ R R N R A e e

20.0um
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Figure3-3. The existence of agglomerations on the fracture surface of GNPR
specimen with 2 wt% GNP content, processed by roller gap distah@20 & (b)
40‘ dand (c) 60 a
Another parameter governing the stiffness of the GNPREs is believed to be the load

transfer mechanism between the matrix and GNPs. This mechanism is partially governed
by the interfacial strength created by theak Van der Waals bond between GNPs and
matrix. In addition, there would be the contribution of thesm| | ed fAmechani c:
mechanism, created by the physical constraint of individual GNPs by the surrounding
matrix [24]. The elastic modulus of GNIBsconsiderably larger than that of the commonly
used polymers; thus, the presence of GNPs in a polymer reduces theatgeular
mobility, leading to higher stiffness of GNPRESs. As one would expect, therefore, the higher

the load transfer is between G&IRnd matrix, the higher would be the mechanical

properties of the GNPRE.
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Since the aspect ratio of GNR.e., D/t) affects the mechanical interlock between
the GNPs and the resin, an attempt was mad
using mcrographsobtained using a SEMSince it is difficult to measure the actual length
of GNPs (even by using a SEM a statistical study was performed on the SEM
micrographs, by which the lengths of randomly selected individual SGi¥Eqging the
fracture suiaces were measured. It should be noted the repeatability of an analysis depends
on the number of samples being considered in the study. Therefore, to ensure that a
sufficient number of GNPs were considered, the change in the average value of the
collectad data was calculated and monitbnehile accumulating new data. When the
change in the average of the collected data from one reading to another reading
corresponding to a new input did not vary noticeably (i.e., with a maximum difference less
than 5%), hen the number of the collected samples was considered adequate for addressing

the repeatability issue.

It is recognized that the measutedgth of a bridged GNP on the fracture surfaces
does not necessarily represent the real characteristic lentjtt GNP neverthelesghe
length is considered to be acceptable fqualitative anccomparative statistical study, so
long as a sufficient number of individual GNPs is considered. These measured lengths will

be referred to asthetGNRs, héreafter.dgi ng | engt ho of

In summary, in order to determine the influence of roller gap distance on the load
transmission mechanisms between the GNPs and resin, the distribution of bridging lengths
of GNPswasassessed in samples having different GNP confénéstesults are illustrated
in Figure 3-4, revealingthat the effective lengths of bridged GNPs varied from less than

10 um to more than 10 um asumnttion of the increasing GNP weight content.
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Figure3-4. Distributi(b())n of GNP6s bridge
contents whethe gapdistances of (a) of 20 aand (b) 40 awere used.
It should be noted that threeroll mill disperses GNPs in resin by applying a
combined shear and normal forces to GNP agglomerates travelling through the rollers due

to the variable speeds of the rollers. A careful study of SEM images dfpicimens

indicated that not only did the applied shear force in hbéhadoptedyap distances
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separated the GNP flakes (stratification), but it also fractured them, thus reducing their

effective bridging lengths.

Considering the fact that all GNPREesimens containing different GNP weight
contents were produced using the same number of calendering cycles, the amount of energy
applied to all the materials would therefore be constant within a selected gap distance. It is
believed that observation of Igar GNP bridging length in specimens with relatively high
GNP contents would indicate that the calendering energy is mainly expended to separate
the agglomerates. However, in specimens with relatively lower GNP contents, the energy
would be consumed byédcturing of GNP nanoparticles. Assuming that there would be an
optimum level of energy absorbed by each particle in a given nanocomposite, in order to
obtainthe acceptabldispersion without causing damage to the particles, the amount of

energy could beantrolled by reducing the cycles of calendering.

The examination of the fracture surfaces of GNPREs as illustratéigjume 3-5
indicates an increasing trend in the average bridging length of GNPa. As can be seen, the
average length of bridged GNPs in the GNPRESs processed by the gap distance of 20 um is
less than that observed for GNPRES obtained by using gap distance of 40 pgovéip

there is a linear correlation between the GNP content and average bridging length.
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Figure3-5. Variation in the average bridged length of GNPs for GNPREs with va
GNP contents

The study of Gojny et dl18] showed thatoller milling CNTs in a resin with
decreasing gap distance (as low asé produced nanocomposites withtter mechanical
properties. This finding suggests that the geometry of nanopatrticle is another inffluenc
factor in reaching the optimum roller gap distance. The main difference between CNTs and
GNPs from dispersion point of view is their flexural stiffness (El). By assuming a typical
dimension for a multvalled CNT (.e., Di=7.5 nm and =15 nm) and the GNP
dimensions used in the current study, it can be estimated that the average flexural stiffness
of the GNPaused in this study is roughly 30@@nes greater than that of typical CNTs.

This indicates that CNTs are much more flexible thawP§, which makes them less
vulnerable to breakage under the bending load generated by the rollers. Therefore, it can
be concluded that smaller gap distances can be used for processing CNT reinforced

nanocomposites, but not for GNP reinforced nanocomposites

It should be noted that the best results were obtained by the gap distances of 20 um
and 40 pum, respectively. In fact, processing of GNPRE by using 60 um roller gap led to a

decrease in the stiffness of the GNPRE in comparison to that of the neafTitesiafore,
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in order to evaluate the influence of dispersion and aspect ratio of GNPs on the electrical
and thermal properties of the nanocomposite, for the remainder of this study, only GNPRE

specimens produced by 20 um and 40 um gap distances areeredsid

3.4.2 Electrical resistivity

Figure 3-6 shows the electrical resistivity of the neat resin and the GNPREs as a
function of GNP content. GNPREs witbw concentration of GNPs show more or less the
same resistance as the neat resin does, and that there is no significant difference between
the electrical conductivity of GNPREs made using the different roller gap distances.
Beyond 1 wt% GNP inclusion, hower, the resistivity decreases markedly. This sudden
decrease in the electrical resistivity of GNPRE in a specific range of filler concentrations
is usually referred to as the fAelectrical

was determinetb occur between 1 wt% and 1.5 wt% for both selected roller gaps.

A neat resin ¢ gap distance 20 um m gap distance 40 um
1.00E+16- gap H gap H

1.00E+154 %
1.00E+14- &
1.00E+13-
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1.00E+09 -
1.00E+08 -
1.00E+07-
1.00E+06 -
1.00E+05-
1.00E+04 I I I I 1
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Figure3-6. Influence of roller gap distance on the electrical resistivity of

nanocomposites with various GNP contents
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The EPT depends on nanoparticlesd di me
There are several analytical and sempirical models available for predicting the EPT of
nanocomposites. Some examples of [@)ch mod
LuandMa i 0 s [26]amta tecently proposed model based on the average interparticle
distance (IPD]15]. The latter model is used to calculate the EPT of thenthick GNPs
with the assumption t ha‘tdtcCERPd&lasedonahiP®dt er Vv a

model. The results are illustratedrigure 3-7.

As the results reveals, in the case of GNPs considered here (with an average
diameter o U @), the IPD model predicted that the EPT would occur at 0.89 wt% GNP.
However, the EPT was measured experimentally and found to be between 1 and 1.5 wt%.
As shown inFigure 3-5, the average characteristic dimension of GNPs must have been
reduced due to the calendering process. Thus, the EPT would be different from the value
predicted by the IPD model, since the IPD model assumes uniform particle idispers
Moreover, knowing the exact aspect ratio of nanoparticles is also important for obtaining
an accurate prediction. However, the evaluation of the exact aspect ratio is very difficult,
especially after the completion of the dispersion process. Thergfa@nsideration of all
the variables that are associated to actual GNPRESs, the model is considered to provide

predictions of the electrical threshold with reasonable and acceptable accuracy.
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Figure3-7. Comparison of the predicted ( IPD model) percolation thresholds ¢
GNPREs and experimentally obtained values

It should be noted that interparticle contiguity seems to be an essential condition to
achieve EPT27].To further explore how the electrictireshold is achieved, the SEM
micrographs of the electrical specimens were investigated. For that, one specimen that was
previously used for evaluating the electrical conductivity was selected from each group of
GNPRE with different GNP contents. The speen was then fractured in half under a
bending load and the fracture surfaces were assessed usBIigNFHE-igure 3-8a shows
the fracture surface d typical GNPRE specimen with 0.5wt% GNP concentrate. The
small arrows identify the dispersed GNPs in the matrix. As evident, the distances among
the GNP are larger than the distance required for the electrons to be able to transfer from

one GNP particleatanother; as a result, the electrical resistivity of the nanocomposite with
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0.5 wt% GNP concentration is quite similar to that of the neat epoxy. Although the
distances among the GNPs in 1 wt% concentrate specimens are estimated to be less than
those of he 0.5 wt% specimens (sBgure 3-8b), nevertheless no GNP clusters could be
observed. It should be noted that the increase in the concentratidtPof@alld increase

the probability of GNP clusteringzigure 3-8c (1.5 wt% GNP) and 8d (2 wt% GNP)
indicates that the electrons could potentially move easily within the GNPs present in the

clusters; as a result, the electrical resistivity of the GNPRE&Mewdramatically reduced.

It is also postul ated that the average
diameter), could play an important role in governing the EPT of a GNPRES. It is therefore
believed that the use of smaller diameter GNPs woeddlt in a relatively higher EPT;
this criterion was demonstrated to hold for GMInforced composites as demonstrated by

Ayatollahi et al[27].

.||'|"||||.||||
10.0kV 11.1mm x1.00k SE(U) 50.0um
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Figure3-8. imges of the fracture surfaces of the electrical conductivity in GNPI
specimens with GNP contents of (a) 0.5 wt%, (b) 1 wt%, (c) 1.5 wt% and (d) 2\
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3.4.3 Thermal conductivity

Table 3-1 reports the thermal conductivity of GNPREs evaluated at room
temperature (25) and elevated temperatung {t 3. The results indicate that the thermal
conductivity of GNPRES increased by insiay the GNP content. The results follow the
same trend when the conductivity was measured at both room and elevated temperatures.
Furthermore, the change in the thermal conductivity of nanocomposite measyredsat
is lower than that measured at room tenapure for the considered GNP contents (see
Figure3-9) . This trend can be attributed to t

thermal condativity would increase.

®gap distance of 20 um @ 25 C [ gap distance of 40 um @ 25 C
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Figure3-9. Influence of roller gap distance on the thermal conductivity of ECRES
different GNP contents (normalized with respect to the conductivity of neat epc
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It should be noted however that in general, neat epoxy resins are inherently poor

thermal conductors. Similar to the electrical conductivity trend discussed earlier, addition

of GNPs to these resins could create a conductive network, thereby increasiayrtied

conductivity of resins. However, unlike in the case of electrical conductivity, full contiguity

of GNPs is not essential for the development of a tangible change in the thermal

conductivity of GNPREs. The heat propagation in GNPs is mainly teiitby the

acoustic phonon phenomenon. Therefore, a uniform network of GNPs resulting from

optimal GNP dispersion could contribute to the steady increase in the thermal conductivity

of

the resultant

GNPRESs. | n

a uedce the pbamgn

diffusion through a conductive pathwgg8]. The higher thermal conductivity of GNPRE,

nano

which obtained when a gap distance of 40 um was used, can be ascribed to higher aspect

ratio of GNP (seé&igure3-4b). Since the large size GNP could most likely create a more

effective conductive network; as a result, the thermal conductivity of GNPREs hosting

larger diameter GNPs should be highert those reinforced with relatively smaller GNPs.

Table 3-1. Thermal properties of GNP-reinforced hanocomposites evaluated experimentally

GNP
content
(wWt%)

0
0.5

1

15

Thermal conductivity (W/m.K)

Room Temperature

Gap Gap
distance: distance:
20( a 40 ¢ &

0.221+0.016

0.261+0.004 0.266+0.001 0.283+0.005 0.289+0.008

0.308+0.016 0.335+0.014 0.320+0.007 0.347+0.005

0.334+0.005 0.348+0.001 0.354+0.002 0.374+0.002

0.355+0.012 0.415+0.009 0.385+0.013 0.450+0.020

distance: 20

Q)

803
Gap Gap
distance:
40 ¢ &
0.250+0.006

Linear CTE( p T #3)

Gap
distance: distance:
20(¢ 9 40( 9

74.87+1.21
68'6fio'1 66.03+2.24
62.13+3.1

2
59.94+2.3

9
55.94+0.5

7

Gap

60.81+1.35
59.38+1.72

54.47+3.45
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As stated earlier, several studies have reported properties of GNPREs that were
produced using more expensive dispersion methods (i.e., processes that could not be
considered as economical and functional for l@cgle GNPRE production). By
comparing theesults reported in those studies and the experimental results reported in the
present study, the following suggestions are offered. Using relatively high roller gap
distances for processing GNPRESs would not negatively influence the increasing trend seen
in the thermal conductivity results. For example, Chatterji @] utilized different
processing techniques (i.e., solvent, ultrasonic and-tiotemill) in order to disperse the
same commercially produced grade of GNP that has been used in tim¢ studg, in an
epoxy resin. They observed an increase of 85% in thermal conductivity at 2 wt% GNP

content, which corroborates closely to the findings of our study.

3.4.4 Linear coefficient of thermal expansion

The experimentally evaluated linear coefficientladrmal expansions (CTE) of the
GNPREs are reported ihable 3-1 and also inFigure 3-10. The results indicate that
GNPREs®6 CTE val ueed thetltar & dhe eneht epoaymgs ahe GNP
concentration increased (deigure3-10). The CTE of the neat epoxy, which was evaluated
to be approximately75xp 11 73 , was clearly reduced in the GNPRE specimens
(Figure 3-10). The results indicate that there is an almost linear relationship between the

CTE and the GNP content.
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Figure3-10. Influence of roller gap distance on the CTE of ECRESs with different (
contents (norm&ed with respect to the CTE of neat epoxy)

It should be noted that all CTE evaluations were performed at,&hich is well
under the glass transition temperaturg, df the epoxy resin (i.e., 140 ). It should be
noted that the CTE of a typical graphene sheet is approxim#téy10° /°C , also
measured at 8T (which incidentally remains the same up to temperature i P2B]).
As a result of this negative CTE, the incorporation of GNPs into epoxy resins would clearly
impede the expansion of epoxy molecules, which results in a significant reduction in

GNPRE6s CTE, at tegnperatures below the T

In the current study, the GNPs wagsentially randomly distributed in the epoxy
resin. Therefore, a model that could accurately predict the CTE of such GNPREs should

be capable of accounting for the geometry and size of the randomly distributed

nanoparticles within the resin. Chqéd0]ex ended t he fAmean fi el d
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originally developed for evaluating the elastic modulus of file@rforced composites, to
evaluate the thermal expansion of composite materials. He suggested the use of following

equations for calculating the loigdinal and transverse CTEs of a composite.

o o
oy LT Do ®)
QcoO v O
Qr o 0w 9)

QcoO 0O
where| is the matrix linear CTE,’Q and™Q are the bulk moduli of nanfiller and

matrix, respectivelyw is the filler volume fraction,/ and[ are the bulk thermal
expansions of nano filler and matrix, respectively (whieres equal tog] | f and

[ istakenasg ) and finally,K; andG; are céculated using Equations 10 and 11.

: Q , ,
b p m P P T @ (10)

‘ , , (11)
O p — p p W— W

In the above equations, is the shear modulus ahdand—ar e f uncti ons of

characteristic ratio (i.e”, O'O) and matri xdés Poissonds rat.i

A of referencd30]).

The predicted results using the above equations are compared with the experimental
results as shown iRigure3-11. The results indicate that C
of the GNPREs conservatively. The experimentally obtained CTE for 2 wt% GNP is
55.94+1.73@¢ 1 3 ), while the CTE calculated by Glwb6 s modegd m#3s). 6 8. 95
l't should be noted that Chowds model consi
volume fraction. As seen, however, the results show that in the case of the GNPs used in

this study, which have relatively high aspeatios that result iri L p, Chowdés mode
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predictions exhibit an average discrepancy of 15% compared to the experimental values.
The results showed that the Chow model was not a suitable model due to the nonlinearity
in the variation of the CTE observedonr nanocomposites. Consequently, a nonlinear
model was developed based on a statistical efituey approach. It was demonstrated

that the model could be used to predict the CTE of @&ilfforced nanocomposite, as a
function of GNP weight content, viita reasonable accurad¢yqure3-11). The application

of the proposed model shows 51% reduction in the CTE of GNPRE when%.GMP is

used. Considering the aspect ratio of the used GNPs, the obtained value corroborates well

with those reported by Wang et[aL].
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Figure3-11. Comparison of the predicted

those obtained by the proposed semipirical model
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3.5 Multi -functional design aspects

Figure3-122s hows the sensitivity of GNPREsO e
function of GNP content. . As can be seen, the elastic modulus of the GNPREs is not
appreciably improved by infusion ofare GNPs in the resin. On the other hand, the
thermal conductivity of GNPREs was increased from 22% to 89% percent with 0.5 wt%
and 2 wt% of GNP, respectively. The change in the electrical resistivity also follows a
specific trend when the resin includeds than 1.5 wt% GNP. The electrical resistivity of
GNPREs did not change significantly below 1.5 wt% GNP content, and the values are
almost equal to that of the neat epoxy. On the other hand, when the GNP content exceeded
that corresponding to the elactl percolation threshold, the electrical resistivity decreased
abruptly from 16° to 1 mgx. One can therefore design a nanocomposite that could
satisfy a specific structural, thermal and/or electrical requirements by using the

relationships illustreed inFigure3-12.
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Figure3-12. multi-functional effect of GNP on epoxy resin

3.6 Summary and Conclusion

In this study, graphene nanoparticinforced epoxy nanocomposites (GNPRE)
with various graphene weight contents were produced by usingrtiitesill calendering
technique. The effect of the adopted processing technique on thefunattonal
properties of the GNPREs (i.e., the elastic modulus, electrical resistivity, thermal
conductivity and linear coefficient of thermal expansion), was experimentally investigated.
The analysis of the observed results promptecconcept of the optimum galistance for
production of opti mal GNP reinforced nano
aspect ratio, geometry and content. This is believed to be the first time that this concept is
being introduced.In summary, inclusion of 2 wt% GNP to thpoxy resin resulted in an

increasef 9% and 12% in the elastic modulus of the GNPREs when roller gaps ofi20
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and 40° dawere used, respectively. The general and modified Halpa models were
utilized for prediction of the moduli. Duetothe modelspoor predi cti ve ca
model s were modified to account for the fi
that the adjusted modified 2D randomly oriented Halfsai model could produce more

accurate results than its 3D form.

Results als illustrated that no significant change in the electrical resistivity could be
observed in specimens with GNP contents of up to 1 wt%. In fact, the electrical
conductivity threshold could be obtained
prediction ofthe electrical percolation threshold was also evaluated and compared to the

experimentally obtained values, confirming that its predictions were reasonably accurate.

Moreover, the thermal conductivities of GMBnocompositesneasured both at
room and elevated temperatures were significantly increased even when only 0.5 wt%
content of GNP was included in the resirhe increase in the thermal conductivity
followed a linear trend as a function of GNP content. However, theaseia the thermal
conductivity at elevated temperature was observed to be less than that when evaluated at

room temperature.

The CTE value of the GNPREs measured by a dilatometer revealed that CTE of the
GNP-nanocomposites decreased by 15% and 25% wltewt® and 2 wt% GNPs were
included in the resin, respectively. It was also shown that the available analytical models,
such as Chowds model, underestimated the C°
the total di sper si o mapdistanees of 20rand woh éweret he r o
used were 140 min and 60 minutes, respectively. However, the optimum roller gap distance

for a uniform dispersion of CNT was found to be % which corresponds to a dispersion
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duration of 560 minutes. Thereforghen processing GNieinforced nanocomposites, the

total time required for the dispersion process would be 9 times faster with the proposed gap
distance in comparison to that required for processing-@\iforced nanocomposites. It
should also be notetthat in this research, a bentdp threeroll mill was used, which is
suitable for laboratory scale production. This processing technique, however, has the

capability and capacity to be scaled up to an industrial production scale.

Finally, the relationslpis of the various properties investigated in this study, as a
function of GNP weight content were presented in the form of a chart. This chart can be
used to select the appropriate GNP content to generate adiNérced nanocomposite

that would offer opmal multi-functional properties for a given application.
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4.1 Abstract

The objective of this study was to enhance the fracture response and toughness of
epoxy resins in a cogfffective manner. Therefore, an experimental program was designed
to examine the fracture response and toughness (both modes | and Il fracture) of an epoxy
resin reinforced with different concentrations of grapheaeoplatelets and mulvall
carbonnanotube. The resulting nanocomposites exhibited significant improvemtbetri
model fracture toughness, while their metdracture toughness was slightly degraded.
Scanningelectron and atomitorce microscopes produced micrographs revealed the
alteration of the fracture and toughening mechanisms of the resin by eveiaitas
relatively larger plastic deformation, crack deflection, bridging and pinning in 4node

fracture. An empirical fracture mechanism criterion was also proposed.

4.2 Introduction

Fiberreinforced composites (FRPs) have been known to offer remarkaplene
mechanical properties. Notwithstanding, FRP laminates are critically susceptible to
delamination, especially FRPs that are made with relatively brittle resins (e.g., epoxy
resins), since in general, they have relatively low fracture toughness anéibeeakatrix
interface bond strength. As a result, several nanofillers, such as rubber particles and nano
clays, have been utilized in order to increase the toughness of epoxy resins. Although these

nanofillers have shown to improve the toughness of plogyeresins significantly, but in
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turn, they also degrade the stiffness of the reinforced epoxy fdsi2$ by a notable

margin.

Graphene nanoplatelets (GNPs) are new generation of carbon nanofillers, used to
modify the stiffness and electrical conduiiy of epoxy resing3]. GNPs have evidently
more effective improvement on matléacture toughness of epoxy resin in comparison to
CNT-reinforced epoxy resins (CRERS). On the other hand, the electrical percolation
threshold (EPT) of CRERS typically oasuat 0.25 wt% CNT inclusiof#]. However, by
using even relatively much larger GNP patrticles, one could not achieve the EPT with less

than 1 wt% GNP.

It should be noted that very few studies exists that report hddeture toughness
and characteristics of GNieinforced epoxy resins (GRERSs). Shadlou §bhbbserved
13% reduction in modd fracture toughness of epoxy resin reinforced with 0.5 wt%
graphite oxide (GO). Moreover, even fewer studies are available with respect to the
synergy of GNP and CNT on the fracture toughness of epoxy resin. Chatterjdé]et al
compared the modefracture toughness of a GNBinforced epoxy resin (GRER), and a
hybrid CNT-GRER with 0.5 wt% nandillers content. The results showed that the highest
value of fracture toughness was exhibited by the specimen whose CNT content was nine
times of its GNP content. The results of our reviewed literature indicate thaathéotus
of the investigations that have explored the synergy of GNP and CNT has been to achieve

higher electrical conductive nhanocomposites with the lowest possible GNP d@n&int

To the best of author sod Kknowdnsiddratienof t her e
the fracture response and toughening mechanism of GRERs under both puileamdde

modell fractures. Moreover, there is a distinct lack of information on the effect of synergy
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of GNPs and CNTs on modefracture toughness of resins, esiadly in nanocomposites

with greater nandillers contents than those reported in the literature (i.e., higher than 0.5%
wt). Consequently, in this research, the facture toughness of GRERs anGRERS

under pure modé and moddl fracture are experimeally assessed. In addition, the
associated fracture and toughening mechanisms are investigated using a scanning electron
microscope (SEM) and atomic force microscope (AFM). As a result, based on the observed
processzone characteristics of the GRERs acfuae and toughening mechanism is

proposed in modd fracture.

4.3 Experiments
4.3.1 Materials

The GNPs used in this research had an average thickness of 7 nm and an average
particle diameter of 25 ¢ obtained from the XG Sciences (Lansing, MI). The CNTs were
acquired from the US Research Nanomaterials Inc (Huston, TX). The CNT particles had
an average length of 25 &with diameter range of 5~15 nm, according to the vendor
datasheetrigure4-1 shows microscopic views of representative samples of the GNPs and
CNTs used in this investigation. The resin used in this investigation wasareand low
viscosity epoxy resin, Araldite LY564, with its harden&radure 2954, available through

the Huntsman (West Point, Ml).
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Figure4-1. SEM images of (a) GNPs and (b) CNTs

4.3.2 Specimen preparation

To fabricate the hybrid CNGRERS, firstly, the appropriate amounts of CNT were
distributed into the resin using a mechanical stirrer operated at 2000 rpm for 15 minutes.
Then, the mixed CN-Tesin slurry was further processed through a three roll millr€jor
Hill Technology, San Diego, CA) for three cycles. Subsequently, the appropriate amounts
of GNPs were distributed into the CN@&sin slurry, also using the mechanical stirrer
operated with speed of 2000 rpm for 15 minutes. The mixtures of @\T GNP resins
were further processed through the thralémill based on the GNP content. The number
of calandering cycle used to process the hybrid CNT/GNP reinforced resins slurry was
three, five and seven times for 0.2, 0.7 and 1.7 wt% GNP contents, reslyedtishould
be noted that the GRERs were processed with the same methodology, excluding the

mentioned step for dispersing the CNTs in resin.

After the dispersion process, the appropriate amouhn&mfenewas added to the
resin and mixed for additiondb minutes using the mechanical stirrer set at 150 rpm. The

mixture was subsequently degassed in a chamb&8at5 psi for 45 minutes. Finally, the
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mixture was poured into the molds and cured & §0r 1 hour and then posured at 140

3 for 8 hours.

4.3.3 Tests and methodology

ASTM D5045 single edge notch bend (SENB) configurafi@was utilized to assess the
model fracture toughness (K) of the nanocomposites. The dimensions of the specimens
(Figure4-2) were selected such to satisfy the plane strain criterion, as recommended by the

standard, and th€,c was calculated using equati@hl.

0 ")
— "Q— 4-1
oa) 8 0 (4-1)

In the above equation, is the maximum load from the loatisplacement curvég and
Waret he specimends thickness (10 rdy)isand wi

factor related to the geometry of the specimen, which can be calculated using the following

equation.
» H T PBW = p g PUL OBG X g
Q- Qo - - T (4'2)
0 0 W (&)

pC'L',-p'()-

The other variables are shownHFigure4-2.
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Figure4-2. Scheme of fracture toughness specin{ah$or model and (b) for moddl

It should be noted that there exist no known standard test method for evaluating the
modell fracture toughness of such epoxy nanocompositeter planestrain condition.
There are, however, at least three test methods used by various researchers Kagbtain
they are: (i) the unsymmetric fopoint bending test, (ii) thene loaded split laminate
(ELS) test, and (iii) the Arcatest method, with the first one being more prevalently used
[10]. Figure4-2 shows the SENB and loading conditions for evaluakrgand Kjc. A

notable advantage of these test methods is that the same specimen configuration is used for
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evaluating bottK,c andKjc. TheKjc can be evaluated by using the following equation

[10].

(4-3)

p = Qe-

O Q ")
oq) 8 a 0

whereF is the largest magnitude of the load in the Tahspblacement curvé®e— is a

shapédactor, which can be calculated by the following equaftidy.

5 013(<P00— poro @ LP@(P)%— D@wuo— (@0
T8t 0 X

and the other variables are showrrigure4-2.

4.4 Results

4.4.1 Fracture toughness

The evaluatedMode | and modél fracture toughness values of the GRERs and CNT
GRERS reinforced nanocomposites are presentetiabie 4-1. The modd fracture

toughness of the neat epoxy (measured at®.37&1& ) increased linearly as a function

of GNP wt% inclusiorio as high as 1.48 0 &1a in GRERswith 3 wt% GNP (i.e.90%

increase inKic). Nevertheless, the value of meldédracture toughness is considerably

larger than the modefracture toughness in all GRERs specimens, except those including

3 wt% GNPs. On the other handic showed a descending trend in the GR&ERss pe ci men s

as the concentration of GNP increasedjre4-3).
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Table4-1.fracture toughness @RERS and CNIGRERs

Neat 0.5 Wi% 1 wi% 2Wi% 3
epoxy wit%
GNP 2wt GNPy.7 GNP,
% wt% Twt%
) GNP + GNP + GNP + GNP
CNTo.3wmt CNTos CNTo.
% wt% 3wt%
Kic 0.96 1.06 1.06 1.25 1.30 1.35 | 1.46
0.7#0.02| = + + + + + +
||. =B7ID_ 0.042 0.045 | 0.026 0.075 | 0.062 0.085| 0.084
Kiic 1.68 1.25 1.61 1.52 1.50 1.52 1.49
——| 1.71+0.06| * + + + + + +
”' %MD 0.068 0.033 | 0.045 0.019 | 0.09 0.064| 0.1

As the synergy of the GNP and CNT increased, the riddeture toughness of
the nanocomposites became larger than those observed for the GRER: 4-3).
Notwithstanding Kic of the CNTGRER specimens hosting the minimum GNP content
(i .e.., 0.2 wt%») actually degraded in compe
toughness linearly increased by a notable margin when the concentration of GNPs

exceeded that of CNT in the nanocomposites.
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Figure4-3. Normalized fracture toughness versus wt% content of nanopatrticle

4.5 Fracture and toughening mechanism

4.5.1 Model fracture

The presence of rigid and perfectly bonded fillers prompts different fracture and
toughening mechanisms in a host resin. Some such mechanisms are the shear yielding,
crack deflection, and crack pinning and bowidd, 12] When GNPs and CNTs are
consideredas rigid nanofillers when combined with polymers, since they are much stiffer
than their host polymers. One could therefore expect to observe fracture toughening

mechanisms similar to those observed in resins reinforced with other types of rigid fillers.
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As stated earlier, GNPs have digte shape. Since they are randomly dispersed in
the epoxy resin, a growing crack would be deflected as it encounters the rigid GNP
particles. As a result, the crack is forced to move out of its initial propagation lpfane
tilting and /or twisting. Any such deflection would lead to local mixeode fracture
(mixed-mode ¢, I-111 or I-1I-11l), depending on the local state of stress, when considering
3D crack propagation). Consequently, the driving force required to gaiopshe crack
under a mixednode condition would be larger than that required under rhodedition.
Therefore, the fracture toughness of Gidihforced resins would be increased. The
aforementioned theory has been proven by Faber and Bv&nB4]for resins reinforced

with spherical fillers.

Figure 4-4 shows SEM micrographs of the fracture surfaces of hanocomposites
reinforced with various amounts of nafiker contents, within an area close to the crack
tip). The mirrorlike appearance dhe fracture surface of the neat epolyg(re 4-4a)
indicates a brittle mode fracture. Increasing the content of the ndiflers causes a
relatively rougher fracture surface of the nanocomposites. Note that GNPs have greater
aspect ratios in comparison to other nanofillers (i.e., diameter/thickness > 3500);
consequently, when a propagating cracks encounters a rigid GNP, especially in
nanocompositewith high nanofiller content, the crack has to tilt or twist in greater angles
in order to pass the GNP. As a result, more peaks and valleys would be created on the

fracture surfaces.
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Figure4-4. Fracture surfaces of GRERs: (a) neat resm (b) 0.5 wt%, (c) 1vvt%
2wit%, (e) 3wt% and CN-GRERs, (f) 0.2 wt%net+0.3 wt%enT, ( g) 0.7 wt%net0.3
wt%cnt, and (h) 1.7 wt%nrt0.3 wt%ent
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Figure4-4 also illustrates the evidencestime GNP patrticles that have been pulled
out of one side of the fracture surface (see white arrows). This would indicate that those
GNPs bridged the crack fes under modé (opening mode) fracture. Moreover, the
arbitrary curvature of the GNPs provides added resistance against tbetdolicesthis
phenomenon is called fAimechanical l ocko, cr
GNPs by the surroumay matri{15] The more is the GNP wt% content, the larger would
be the pullout forces; as a result, the summation of poillt forces would increase the
fracture energy required for crack propagation. Consequently, the fracture toughness of the

host regh would be increased.

Crack deflection also results in larger fracture surfaces than those created by an un
deflected crack. The energy release rate is a function of the fracture surface area. In order
to develop an effective relationship between thecalitenergy release rate of cracked
nanocomposites and fracture areas, one should evaluate the roughness of several sections
within the process zone (or the plastic zone) near the crack tip. For that, an AFM (JPK
NanoWizardltUltra, Berlin, Germany) was Uiied to assess the roughness of several
o T & O T aareasn the vicinity of the crack tips. The tapping method was used to
image the scanned sections with relatively high resoljfi6h As shown inFigure4-5,
the average roughness of several @ v ‘ dsections near the crack tip were evaluated

using the i 4precessingmatwared s dat a

79



Figure4-5. AFM micrographs of (a) neat epoxy, (b) epoxy with 0.5 wt% GRERS,
(c) epoxy with 2 wt% CNIGRERS

Figure4-6 presents the typical fracture surface roughness morphology of the GRER
and CNTFGRER specimens. As seen, the surfaces have relatively rougher appearance in

the nanocomposite specimens hosting high concentration of nanofillers.
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Figure4-6. Fracture surface roughness of the epoxy nanocomposites

As briefly mentioned earlier, the shear yielding concept also plays an important role
in the toughening mechanism of thermoset polymeigidRarbon nanopatrticles such as
GNPs and CNTs can prompt shear yielding in epoxy by facilitating the change in the stress
state, which could ultimately transform the plane strain state of the material to plane stress
condition. The former condition sugg®ses the yielding with a larger margin, thus resulting

in a smaller plastic zone at the crack(fif].

It should be noted that the plastic zone is a very small region surrounding the crack
tip that rarely could be observed. On assessed fracture suofa&tsM Figure4-7), an
inconspicuous bulge region seen in front of a crack tip was seen repetitively in all
specimens. The fracture pattern is awngly different rather that could be observed in other
parts of fracture surfaces. Furthermore, the height of this area was different in specimens

with different GNP content. Assuming this area as process zone, A statistical study was
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therefore conductea investigate the variation in the bulge size with the aid of SEM along

the crack tip and the average value was plotted versus GNP corftanine4-8.

100um

L I I B B B |

10.0kV 12.6mm x600 SE(M) 50.0um 10.0kV 11.9mm x501 SE(U)

(c) (d)
Figure4-7. SEM micrographs of regions near the crack tip a) neat epoxy
0.5wt% GRERSs and pinning and bowitogighening mechanism in c) 1wt% GRERs
2wt% GRERY crack path is from the top to bottom of each figure)
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Figure4-8. Variation of the plastic zone radius as a function of GNP content

The size of t he

relates the radius of the process zone (PEZR), t

» , by the following equatian

;e o
(p“

Figure4-8s hows t he wvar.i

process

zone[l7clamvng be as

o0 mat er andYVidgdstrengthu g h n e s

(4-5)

ation in pl &RERi ¢ zon

specimenss a function of GNP coat, based on Irwins approach, and the experimental

results (i.e., SEM). It should be noted that a constant value of yield strength was assumed

for the nanocomposites when employing the Irwin equation. The results reveals a linear

increase in the PZR fro@1.9‘ d&in the neat epoxy to 94.0 ¢ in nanocomposites

reinforced with 3wt% GNPs.

Figure4-8s hows good

agreement

bet ween the re

and the experimental ones, only for the case of neat epoxy (with less than 8% deviation).

The level of agreement in the results, however, suffers as the GNP content increases. This
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cod be indicative of the fact t hat Il r wi nds

materials, which in general, exhibit a very small plastic zone. The fracture toughness of
GRERs was increased when higher GNP contents were used. In some of the
nanocomposites hosting higher GNP contents, the fracture toughness magnitude exceeded
10 é1a , which suggest the nanocomposites gained ductility, hence developing a larger
process zone region. It is believreddcinghi s

overestimated PZR in specimens hosting higher GNP contents.

The crack pinning was the other toughening mechanism observed on the fracture
surfaces of the nanocomposites that included more than 1wt% nanoparticles (see
Figure4-7c). In this toughening mechanism, when a crack front encounters nanofillers, it
would have to propagate through a path in between the nanoparticles, which could
ultimately result in a bow shape deformation. As can be seen from the micrograph, the
bow-shape crack front cannot be as clearly observed in specimens hosting 1wt% GNP
particle (shown irFigure4-7c ) as compared with the specimens reinforced with 2wt%
GNPs (seé&igure4-7d). Greer{18] showed that crack pinning and bowing in epoxy resins
reinforced with rigid spherical particles
the average distance among them. The results observed in our investigation indicate that
not only is the crek front bowing affected by the distance among the GNPs (as seen on
the fracture surfaces of the GNP nanocomposites), but it is also sensitive to the orientations
of GNPs. GNPs are didki ke particl es. Examination of

reveaed that the maximum resistance against crack propagation was attained when the

rn

maj ority of most GNPs6 surface were aligne

can then postulate that the higher is the aspect ratio of GNPs, the more likely withdd be
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crack pining and bowing; note that this condition holds only for nanocomposites which
include more than a certain amount (wt%) of nanoparticles, such that theariele

distance criterion is not grossly violated.

4.5.2 Modell fracture

The shear wlding, which is considered as the main toughening mechanism, usually
occurs in thermoset resins, when the value of the shear stress near the crack tip reaches a
critical limit. Under moddl fracture, a great amount of energy is expended to develop
shearbands as opposed due to crack extension. As a consequencell fradeire
toughness and fracture strength of thermoset resins are always greater than those under

model. This observation is supported by the results report@aloe4-1 andFigure4-3.

It should be emphasized that evaluatiorfratture and toughening mechanisms
under moddl fracture is relatively more challenging when compared to riddecture.
When a crack, originally in the modke state, starts propagating, it often changes to
opening mode (i.e., moddracture). Therefar, shortly after the crack propagation starts,
the observed fracture surface pattdsesome very similar to those observed for Mbde

fracture Figure4-4).

The rough surfaces and pulledt GNPs at a distance relatively far away from the
crack tip as seen iRigure 4-9 support the aforementioned statements in regard to the
change in fracture mode observed in nanocompostigsire 4-9b to 9d illustrate the
fracture surfaces, near the initial crack tip in the nanocomposite specimens that ultimately
failed under modél fracture. In contrast, one can see several cavities and crushed resin
regions in the vicinity of the crack tgn the facture surfaces of the neat epoxy specimens

(seeFigure4-9a). The examination of the fracture surfaces reveled that as the GNP content
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increased, sdid the density of crushed resin regions and cavitations in the process zone.
These types of failure could not be observed in the process zone of the specimens that failed
in Mode | fracture. A closer examination of the status of GNPs and matrix in ttess

zones revealed that most GNPs were debonded from the resin in the direction of the applied
shear stress. Subsequently, due to the much higher rigidity of GNP (compared to that of
the matrix), the stresses caused several regions of the matrix locéteat of GNPs to
fracture (sed-igure4-9e and 9f). In consideration of all the differences observed in the
process zone of the nanocomposites failed under Mael Modell fracture, the
following Mode 1l fracture mechanism is heled to be associated with the GRh&sed

nanocomposite.

>

Cavities and matric failure

w i
10.0kV 11.5mm x400 SE(M)

Cavities and matrix failure area

10.0kV 11.6mm x350 SE(M) 100um
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