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ABSTRACT

This dissertation studies the dispersion of nano graphene platelets in thermoset epoxy
polymers for improving the mechanical and hygrothermal properties of nano composites and
carbon fiber lainates. Barrier properties of graphene were investigated exgealty by
adding 0.13 weightpercentage of nano graphene to EPON 862 polymer and an analytical model
for moisture diffusion in presence of nano graphene was derived assumirdgperedent
diffusivity and moisture boundary conditiorisxperimental studies were conducted for
characterizing the fracture properties of 0.1 and 0.5 weight percentage nano graphene reinforced
EPON 862 polymer in comparison to the unreinforced polymer. Pure Modeed mode and
pure Mode Il fracture experiments were performed. Remarkabl®vwament in fracture
toughness across all modes whaserved.

Hydrogen passivain of graphene was employtdimprove dispersion of nano graphene
in epoxy. Graphene alignmenaw studied under an alternating current electric field. Mode |
delamination experiments were conducted on unidirectional carbon fiber laminates with the
polymer phase reinforced with small weight percentage of nano graphene. Significant
improvements in idiation fracture energy and resistance to crack propagation was observed in
nano graphene reinforced laminates.

A theory that accounts for ductile to lettransition in failure mode was develoged
explain the nano scale toughness improvements obsiereggeriments. An analytical model

for determining nano graphene size and orientatiomeximum toughness enhancement



depending on structural loading was derived and implemented in MATLAB. A hierarchical
multiscale modeling technique was used to syisgeglly couple three different length regimes,
nano scale (Molecular Dynamics), micro scale (Generalized Method of Cells) and macro scale
(Finite Element Analysis), to capture the physics and length scale effects in a general structural
problem (e.g. OpeHole Tension specimen). This work lays the foundation for the use of nano
graphene composites for structural light weighting in future aerospace and automobile

applications.
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CHAPTER 1

INTRODUCTION
Composites form the backbone of structural research due to recent advances in materials
research and usage. Polymer composités, tlve polymer being the matrix phase, have gained
popularity due to their capability of cutting costs while pushing performance limits beyond what
is possible using metallic structures. The use of polymer composites encompasses fields of
aerospace, avian, automotive and biomedical technology. Boeing and Airbus have made
remarkable progress in incorporating more than 50% polymer based composites in their new
fleet of aircraft[1,2]. BMW Inc. launched its new i3 series which boasts a full carbon fiber
reinforced plastic body, cutting an enormous amount of weight of the nj8feUsage of
polymer matrix composites in prosthetics to treat amputations has shown considerable potential
and promisg4]. However, the brittle nature of thermoset polymer matrpgs it at a great
disadvantag¢5,6]. The high cross link density of a thermoset polymer matrix after curing leads
to a reducon in fracture toughness f the composite, which is u
toleranto structur al todceaskiggwtig7,8]dArgen et a suggested r e s i ¢
addition of a second reinforcement phase like rubbery particles to brittle polymer matrices which
can cavitate and debond prior to plastic flow, for delaying the brittle nature of the [Btrix
NASA used seletive insertion of rubber particles larger than fiber diameter in HX 205 and F185
thermoset epoxy matrices, which led to successful energy absorption due to crack tip blunting,
shear deformations and plastic floy®,10]. Similarly, nanesilica particles mied with

t et r agl yiamirebdiphenydmetlaRETGDDM) epoxy resin gave twiold increases in



fracture toughness, for about 10 wt% of nailwa [11]. Although, some significant advances

were made in this area, the relatively large wt% of the pesticted limit their incorporation in
structures due to composite processing issues, such as high resin viscosity leading to poor fiber
wetout.

To tackle this problem, carbon based nano materials have been sought as an alternative additive
totheremm matri x. Carbonds inherent properties of
resistance to corrosive reagents makes it highly suitable for its application in polymer composites
[12]. Nano carbon fillers are extremely attractive to manufactuheesto their length scale and
aspect ratio, which provides enormous increase in surface areas compared to micro sized fillers.
Several carbon materials have been recognized and are being researched extensively for
6mul ti functi on alintludacarpon hanaubes,mnans graphehe, reidm and

carbon nano fibers. Multifunctionality of these components ranges from high specific strength,
stiffness, remarkable thermal and electrical properties and chemical stability. Two different
epoxy systems dve been researched extensively: thermoset and thermoplastic systems.
Thermoset systems are gyelymers in a soft solid or viscous state that changes irreversibly into

an infusible, insoluble polymer network by curing. Thermosets are an easy manufamptiong

due to their low cost of processing and high molecular weights. Thermoplastics on the other hand
are reusable, meaning they can change reversibly from solid to a liquid state. Most commonly
used thermoset systems include but are not limited topRudylene, Nylon, Polyether Ether
Ketone (PEEK), Poly Butylene (PBAcrylonitrile Butadiene Styrene (ABS), polyestend
polystyrene.

The macro scale properties of polymer based nanocomposites depend on thermodynamic factors

which include interfacial emgy compatibility of the polymer with the naifiler phase, and



nanascale dispersion and distribution of the filler, which imtdepends on the aspect ratio

the filler, dispersion techniques, time of mixing and applied shear, bonding betweelettznél

the matrix and the volume fraction of the filler, .di3-15]. Full advantage of the fillers can only

be taken by considering all of the processing factors mentioned above, which would lead to
better load transfer between the polymer matrix arel fther surface, leading to superior

mechanical properties.

.....
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Figure 1.1 Composite usage in (a) Boeing 787 Dreamlidgb) Airbus 350XWB [2]
1.1 Methods for Processing Nanocomposites and Dispersion of nano carbon fillers
Proper dispersion of nano #élis in the epoxy matrix is one of the most crucial steps in forming
high quality polymer compositedgglomerations of nano fillein the epoxy matrix can lead to
problems such as void formation, inadequate curing of the epoxy, shear thammdngscosi
buildup of the epoxy16]. Optimal dispersion helps in increasing the mechanical interlocking
between the epoxy and the nano filler and induces better performance. Many techniques have
been used for efficient dispersion including melt blending, solversting and in situ
polymerization17-19]. Melt blending is an industrial process generally used with thermoplastics
where a twin screw extruder heats the epoxy and nano filler mixture to form a liquid melt.

Solvent casting refers to premixing the nandipl@s in a solvent using ultrsonication, shear



mixing or magnetic stirring, and then mixing in the polymer and evaporating the solvent for final
curing. In situ polymerization refers to direct dispersion of the nanoparticle in the monomer and
curing ofthe dispersed solution through polymerization and crosslinking. Bao et al used melt
blendingto disperse graphene sheets in Poly Lact@APLA) which showed good dispersion

of the graphene sheef0]. Jin et al showed good dispersion Mtilti Walled Cabon Nano

Tubes (MWCNTS) even at 26 wt% loading in PMMA matrix using melt blendjag]. Gorga et

al used twin screw extrusion to form successfully aligned Single walled Carbon Nano Tube
(SWCNT) andMWCNT composites with PMMA epoxf22]. Problems exist wit melt blending

which can range from increas&cosity of the melt due to the dispersed nano particles, low
shear rates during mixing and adhesion of the nano particle to the walls of the mixer. Shen et al
used solution mixing in toluene followed by melending for different time periods for making
graphend?olystyrene(PS) composites leading to migration of PS chains between gaps in the
graphene sheets leading to good mechanical interlo¢k8jg

Solution mixing is one of the most useful ways of mgknano composites. The crucial step of
this process is the proper dispersion of the nano particle in the chosen solvent. Different
processes such as ulsanication for breaking up particle agglomerates, and high shear mixing
for dispersion, are used @mccomplish this goal. Good control on the intensity of mixing is
required, since the amplitude during us@nication and the mixing speed can alter the shape
and the length of nano fillers which could lead to performance degradado25] Both
thermogt and thermoplastics can be prepared using this approach. Shaffer et al used water as a
solvent for dispersion of CNTs and for efficient PVA based compofi&]s Jang et al used
ultrasonication for dispersion of CNTs in acetone before forming a thermpsry composite

[27]. Khan et al used DMF and THF solvents to create graphene stock solutions using a water



bath sonicator befe final introduction into Polyethane (PU) matrix which gave an exfoliated
dispersion[28]. The major drawback of the solventixing method is the time required to
evaporate the solvent from the polymer/nanofiller blend. It has also been shown recently that
minute traces of solvents left in the blend can cause reduction in crosslinking of the polymer
chains[29,30]. Kumar et alused insitu polymerization for making nano graphene composites
with EPON 862 polymer with no solvent requirement, leading close to exfoliated dispersions at
low graphene wt%31]. High shear mixing is generally preferred for direct incorporation of
nano @rbon into the matrix, which can lead to size variations of the nano filler within the final
composite. A variety of epoxies have been used in literature for forming in situ polymerized
component$32-34].

1.2 Carbon nano materials

1.2.1Nano Clay

Clays ae hydrous silicates or alumirsilicates and fundamentally consist of silicon, aluminum

or magnesium, oxygen and hydroxyl groups with various associated cation4.2iglays are
naturally found in the form of platelets stacked with a few to as raarfgw thousand sheets.
Chen et al reported the Youngds Mod265@RPa of
[36].

Nano clays, especially montmorillonite (MMT) have been immensely researched due to their
excellent reinforcement characteristics gsoréeed by Toyota Ind36]. In their study, a uniform
dispersion of MMT was done in Nylon 6. The clay modified composites showed two times more
flexural strength and four times more flexural modulus than the Nylon 6 specimens$@tfd20

a 4.7 wt% of loashg. The MMT crystal structure is composed of one aluminum hydroxide sheet

sandwiched between two silicon oxide sheeffie nominal composition of MMT s



Nay/3(Al53Mg1/3)SisO10(0OH),. The layer thickness of each platelet is of the order of 1 nm, and
the laeral dimension is approximately 200 #87]. The clay platelets are stacked on top of each
other by van der Waal interactions separated by a nanometer gap which is occupied with cations,
usually Nd and K'. The key to preparing good quality clay nano cosiles is to achieve
exfoliation of large stacks of MMT laye{88,39] But since the clays are hydrophilic in nature,

the surface of the clays need to made compatible with polymers for achieving good dispersion.
This modification is generally done througin exchange reactions by replacing the interlayer

cations with quaternary alksdmmonium or alkyphosphonium cationgO0].

QAL Mg A 1
©ou &1
2Ry,
® 0 H ‘.:,’ €—————— Tetrahedral
o si a\/

€———— Octahedral

€—— Tetrahedral

Cia!lery Exchangeable cation
height nH,0

Figure 1.2 Chemical structure of nano clagedapted fronj35])
Clay platelets have been extensively used to reinforce poly@ben et al compared Araldite
GY251 resin reinforced with up to 9 wt% of MMT to neat samples. They observed an increase as
high as 57% in Youngdé Modulus for increasing
decreasing for higher wt%. The tensileduatus also followed an increasing trend up to 5 wt% of
clay in the system and decreased for higher wt% of[dlaly Ha et al used aminotriethoxysilane

to surface modify the MMT clay platelets and studied the wear behavior of a reinforced and
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unreinforcedBisphenolA epoxy specimen. Better wear characteristics such as lower friction
coefficient and specific wear rate was observed using surface modified MMT in the[éRbxy

Lan et al showed an increase of 10 fold in elastic modulus of EPON 828 epoxy Svw¥b bf
exfoliated alkylammonium modified MMT was used in the epoxj43]. Lin et al used
guarternary ammonium chloride to modify Cloisite 30 B nano clay and used 5wt% in a polyester
resin. Compressive tests performed revealed 52.8% in compressive yesddgl ahd a 43%
increase in Young6s modulus and an i mproved
specimen$44].

Bashar et al used in situ intercalative polymerization to prepare EPOINBUIGcomposites
where the MMT was modified using primary agdaternary alkylammonium ions. A 3wt%
composite yielded a 19.2% increase in Mode | fracture toughnegsofkhe composit¢45]. Qi

et al showed an increase of 58% for unmodified M&pbxy composites at 10 wt% of loading
and a 57% increase for a 5 wt%dWI-CPC/epoxy composites in comparison to the neat epoxy
specimens, where MMTPC is MMT modified by cetylpyridinium chloridg6]. Becker et al
showed 145% increase indof a DGEBA epoxy for 10 wt% of MMAI.30E, which is octadeyl
ammonium ioAmodified MMT [47]. Wang et al used-8mino propyl trimethoxysilane to
modify MMT clay and performed 3 point bend tests to characterize the DGEBA epoxy
composites in fracture. Increase ir I6f about 77% and a 190% increase ip (@ritical fracture
energy) for 2 wt%of nanoclay addition was observigd].

1.2.2Carbon Nano Tubes (CNTSs)

CNTs are allotropes of carbon which exist as cylindrical hollow structures, with large length to
diameter ratios (Figl.3). CNTs have shown considerable capability as nano fillggslymers

and are one of the most widely researched and used nano carbon fillers at present. With
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diameters in nanometer scale and lengths which can exceed 1mm, a high aspect ratio leading to
an increased surface area, excellent thermal and electricarpegp make CNTs an excellent
reinforcement for a polymer matrpd9]. Structurally, CNTs are divided into three types: (1)
SWCNTSs, (2) double walled CNTs (DWCNTs) and, (3) MWCNTSs. Single walled CNTs are
reported to have a tensile modulus of 1 TeraPaftBh) and a tensile strength of 100
GigaPascal (GPa). Chemical Vapor Deposition (CVD) method, arc discharge method and laser
ablation method are generally used for manufacturing CNTs, and selective manufacture of the

above types is possible depending andpplicatior{50-52].

Figure 1.3 Structure of (a) SWCNT (b) MWCN{adapted fronj53])

Improvements in mechanical properties of epoxy composites using CNTs are well documented
in literature. Sun et al showed a 26% increase in modulus and a 16% increkiseate tensile
strength (UTS) of EPON 862 polymer using 1wt% of SWCNG4]. 0.5 wt% of MWCNTs
dispersed using an ultrasonic probe in a DGEBA epoxy improved the modulus bjb635%
However, some researchers reported a decrease in UTS of the efdery wjth the addition of
CNTs[56-58]. Gojny et al proved that the problem lies with the effective stress transfer between

the CNTs and epoxy interface which could result from unsatisfactory bonding between epoxy
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and CNTs as well as from inadequate disper$59]. Functionalization, i.ecreating a bond
between the CNT and the polymer, can play a major role in improving the mechanical properties
of the CNT/polymer interface, helping in better dispersion of CNTs and improving the adhesion
between the polynmmeand CNTs. Both chemical and physical functionalization has been studied
extensively[60-62]. Liu et al showed an increase of 79% in elastic modulus and 47% in UTS
with addition of 0.8 wt% of chemically functionalized CNTs with hydroxyl groups in a PVA
matrix [63]. Geng et al showed an increase of 145% in modulus by addition of only 1 wt% of
fluorinated SWCNTY64]. The mechanisms behind phenomenal improvement in mechanical
properties using functionalization have been explained to be related to the eldorahs
intrinsic van der Waals forces between CNTs which helps to reduce agglomeration and achieve
better dispersion. Adhesion between the CNTs and the matrix is also improved due to the
chemical bonding between the functionalized CNT and mgg&ak

Fracture toughness is an important property desirable for achieving stronger and durable
composites for specific applications. Addition of CNTs, in general, has a significant effect on the
toughness of epoxies. Gojny et al studied the effect of low wt% CGiTsacture toughness.

They recordedhcreasingracture toughness up 1 wt% CNTSs although the samples had a lot of
voids. The maximum Mode | fracture toughness improvement at 1 wt% CNT was reported to be
~30% [57]. In another study published by the samuthor, they observed a 42% increase in
Mode | fracture toughness compared with neat epoxies with addition of only 0.3 wt% amino
functionalized DWCNT$59]. Geng et al showed an increase of 60% in Mode | fracture energy
due to addition of 0.25 wt% of dactant treated MWCNTs to EPON 828 epdg&¢]. Ma et al
showed a continuous increase it Kvhen up to 0.5 wt% of silane functionalized MWCNTSs

were added to the same epoxy but observed a steady decline when the CNTs were not



functionalized67]. Tang et ashowed an increase of 110% in fracture toughness due to addition
of ozone functionalizeWCNTSs to a Bisphenef epoxy[68]. Hybrid carbon fiber composites
modified using CNTs have been extensively tested for making advanced epoxy composites.
Bekyarova etal used Chemical Vapor Deposition (CVD) grown MWCNTs on carbon fiber
surface infiltrated by EPON 862 resin using Vacuum Assisted Resin Transfer Molding
(VARTM) to show an increase of 30% in interlaminar shear stref@@h Thostenson et al
showed an in@ase of 15% in interlaminar delamination strength with CNT modified carbon
fiber [49]. Boroujeni et al studied the-plane and oubf-plane mechanical characteristics of the
CNT reinforced carbon fiber composites. Around 16% and 19% improvement in Espeste
observed, respectively0]. Veedu et al grew a well aligned CNT forest on a-tloensional

SiC fabric to make thredimensional fabric, then impregnated it with a high temperature epoxy
matrix, which showed a 348% improvement in Mode | fractaughness when compared with

non CNT reinforced counterpart, whereas the interlaminar shear strength increased by 54%.
Superior performance was explained using SEM micrographs displaying interlocking between
the fiber and the matrix due to the CNT4&].

1.2.3Graphene

Graphene is another allotrope of carbon: a single layer of carbon atoms bonded densely in a
hexagonal honeycomb lattice. (Fig4) The structure is-8imensional, owing to the thinness of

the material (1 atom thick), but oné the strongest materials discovered on Earth (200 times
stronger than stee]y2]. Graphene has been reported to have a tensile modulus of 1 TPa and a
UTS of 130 GPa. It is a great conductor and is a perfect bffier Gr aphenedés wi de
applicatons from energy storage applications to immunosensors has made it an ideal test

candidate as a filler for polymer systems due to its superior mechanical, electrical and thermal
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properties[73,74] Polymer/nano graphene composites have attracted widesioteaglst in

industry and research due to superior mechanical enhancements at very low filler volume
fractions [75-78]. Carbon nanotubes (CNT) have also been widely researched for similar
purposes due to their compatibility with various polymer systemsaangell as possibility of

surface modification of CNTs, but the higher cost of manufacturingdrigthe CNTs has made
researchers lean towards graphene as a better option for large scale applications and superior

epoxy-based composite materigikd-84].

Figure 1.4Molecular Structure of graphef@dapted fromg5])
Various strategies have been proposed to dispersegnapbene platelets (NGP) in the polymer
matrix with solution mixing and shear mixing being the most widely used processes. Solution
mixing involves dispersing the NGPs into suitable organic solvents using sonication and adding
the polymer followed by evaporation of the solvE8-89]. Shear mixing mechanically disrupts
the low strength bonds between individual NGPs to disperse theepdat€ing[90] reported

excellent dispersion of NGPs using purely high shear mixing in epoxy méth&mical
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functionalization of the NGPs and the epoxy matrix has been used as another alternative for
better dispersion of the filler, which is mainly ugedobtain exfoliated NGPs in the mat{Bd-

93]. Kim achieved good dispersions of NGPs by functionalization in low density polyethylene
matrix [94]. Rafiee reported similar dispersion of the NGPs using chemical functionalization of
the NGPs through oxidatn of bulk graphite in acid, followed by rapid heating in a tube furnace
[95,96] Although this process reduces the agglomeration of the graphene sheets and leads to
better phase mixing, it also adds impurities to the system, which are difficult to r¢@¥gve
Graphite oxide sheets have been observed to form stable dispersions in water after ultra
sonication which, after dexygenation, can be reduced back to graphene. However, most
graphene sheets processed using this method exhibit crumpled and wmokfgtblogy, which
several authors have argued to be an added advantage towards better load transfers and
mechanical interlocking between the matrix and the fi#iér 97, 98]

Recent studies using NGPs have reported excellent potential of graphmmwmposites in
improving the elastic modulus, fracture toughness, fracture energy and reduction in fatigue crack
propagation rates, for very low (01} wt% for different thermoset systel@5-103]. Rafiee et al
reported approximately 40 % improvementansile strength of Bisphenél epoxy system with

only 0.1 wt% of NGP, compared with only a 11% improvement with the addition of the same
wt% of SWCNTSs. They also reported a 31% increase in elastic modulus of Bisphepoky

for 0.1 wt% graphene compaos#t, while very low (<3%) increase in elastic modulus for the same
wt% of CNT[96]. Liang et al showed 76% and 62% increases in tensile strength and modulus
respectively with only 0.7 wt% of graphene in PVA epoxy comp$$@é]. Zhao et al showed a

150% ircrease in tensile strength of 1.8 wt% nanographene/PVA nanocomposites. They also
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showed that there exists a maximum threslblgraphene addition (~1.8 voluftg after which
increases in mechanical propertesgsminimal [77].

Addition of NGP to epoxy mak has been shown to have considerable effect on the fracture
toughness and fatigue properties of nano composites. Rafiee et al showed close to 53% and
126% increases in fracture toughness and fracture energies respectively for only 0.1 wt% of NGP
in the Epoxy 2000 matrix. The same authors observed arousfdld@ecrease in the speed of
fatigue crack in the NGP/epoxy nanocomposite,
as a toughening ageff#6]. Kumar et al showed approximately ~200% increasédranture
toughness and ~350% increase in fracture energy for only 0.5 wt% of NGPs in EPON 862
thermoset matrif31]. Bortz et al showed a 111% increase in fracture energy for 0.5 wt% of
NGPs in a thermoset matij05]. The same authors reported a plateathe fracture toughness
beyond 0.5 wt% of NGPs added to the thermoset epoxy system. The main reason given for this
behavior is inadequate dispersion of graphene in the polymer matrix. Surface functionalization of
the platelets may be used to solve thabjem up to a certain extent.

In research published to date, the major improvement in mechanical properties has been
attributed to the increased surface roughness, crack pinning and crack deflection processes due to
the presence of NGPs. It has also begported that particle matrix debonding and plastic
deformation of the matrix could be potential mechanisms for the dramatic increase in toughness
[103]. Thus, it is clear that graphene opens new avenues in the future of lightweight nano
composite structes, with its exceptional mechanical and toughening properties.

The following work aims to study several areas of NGP reinforced composites encompassing
environmental barrier properties, Mode | and mixed mode fracture behavior of nano composites,

Mode | kehavior of carbon fiber/nano graphene reinforced composites, and the influence of NGP
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alignment and dispersion in thermoset epoxy system. EPON 862 has been chosen as the epoxy
matrix which is an emerging epoxy system used for aerospace applications idsidote

processing viscosity and better mechanical properties. EPON 862 is an aerospace-grade di
functional epoxy resin with very low molecular weight. It is categorized as a thermoset polymer
system with high crosslink density when mixed with curing agené Wo . Al t hough th
itself is strong, it is relatively brittle with low stiffness, which makes it a suitable candidate for

the proposed toughness enhancement study.
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CHAPTER 2

MODELING OF ANOMALOUS MOISTURE DIFFUSION IN NANOGRAPHENE
REINFORCED THERMOSET POLYMERS

2.1Summary

It is well known that the thermal and mechanical properties of epoxy resins are strongly affected

by moisture absorption which leads to reduced glass transition temperatyres {ffe cured

epoxy systems. Hence, it is quite evident that modeling of water uptake in polymer systems is of
utmost importance for accurate life predictions of a compositetsteuc

Various models have been proposed for modeling moisture diffusion in polymers, the most
fundament al being Fickds Law in its one di me
various studies that moisture absorption in various palyrnseanomalougNon-Fickian) [106].

Frequently, the moisture absorption in a polymer and/or polymer nanocompositeRgkian
(anomalous) with two saturation stages that has been the subject of various modeling attempts.
Anomalous moistureiffusion models include Tie Varying Dffusivity model (TVD) and Time

Varying Concentration model (TVC) which assume a reducing diffusivity and boundary
concentration respectively with time to nedthe anomalous absorptifit06,107]

The rationale has been established through ttlermodynamic descriptions of diffusion of
permeants in ggmers by Frisch and Crank08,109] Frisch proved that for polymers below
their glass transition temperatures, the dif

p ar a metime coscefration and pressure. In this context, a set of equations known as the
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GibbsDuhem relations are developed, and the govereopgation for diffusion in a polymer

takesthe form

_ Qu
e _u;?” N 2.1)

Where the diffusivity is given by,
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WhereC is the moisture concentratioX; are the spatial coordinateE,is the temperatures
represents an invariant stress measurg,the time,L; are the Onsager coefficientsis the
chemical potential of the diffusing vapor, agdare the hidden coordinates that define the
internal motion of the individual chain segments in polymer molecules thereby viscoelastic
behavor in a polymer. For an unstressed polymer, this time varying diffusivity can be described
by aProny series as described in [106

Weitsman [107] suggested thdbr viscoelastic materials, the chemical potentigt) of the

vapor carbe described in form of a Prony series, as

= pE S ™) 23)

n=1
This observation wassed by Cai to represent the boundary concentration in view of the time

dependent response of the polymer [107

e N
CCLY =G, aGe &%) fiy (24)
e n=1 u
Where H(t) is the Heavisidebds step function.

Nanographene is a one atom thick planar sheet of carbon atoms that has been an ideal test bed for

science due to its unprecedented physical properties. Experimemisicted on graphene
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reinforced PVA composite films have shown approxeha 50% improvement in barrier
properties when subjected to humidity, and approximatel@®b increase in tensile properties

and fracture toughnesspaiments [95,1(. This makeggraphene a suitable choice for use as
advanced filler in anocompositesLiu [111] proposed tortuosity factors for exfoliated and
intercalated nanoclay platelets to incorporate changes in diffusivity due to different aspsect ratio
of platelets.

The objetive of thischapters to present a coupled methodology incorporating the concepts of
time varying diffusivity as well as bodnar y concentr at ] defmition afnd Li
tortuosity factor to model twstage moisture absorption in epoxy resins, vatid without
graphene nanofiller. In this study, thermoset epoxy EPON 862 and nanographene have been
selected aghe epoxy and nanoparticle system respectively for model validation purposes.
Hygrothermal absorption experiments on baseline, 0.5 wt%, 1 wt%1%3 nanographene
reinforced polymer composite (NRPC) have been used to predict model resjporsé wt%

and 2 wt% NRPCs which have been compared with experimental data for these specimens. To
our knowledge this coupled approach has not been attehoptade.

Anomalous twestage moisture diffusion in baseline thermoset epoxy (EPON 862), and in
nanographene platelet (NGP) reinforced epbag been studiedrhe deviation from Fickian
diffusion is assumed to be intrinsically dependent on the time vawsagelastic response of

the epoxy and its nanoparticle reinforced polymer nanocomp#sitevel viscoelasticity based

model has been formulated which aims to capture the response of thstaggomoisture
absorption response, incorporating the efféctime-dependent relaxation of the material, and
random orientation and aspect ratio of the NGPs on the moisture absorption. Moisture uptake

experiments at 60C ard 90% relative humidity were performed in an environmental chamber
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for five different weigh percentages (wt%) ranging from 0.1 wt% to 3%WNGPs and their
response was compared with baseline epoxy specimens. Upon benchmarking to extract modeling
parameters, the model was used to predict anomalous moisture uptake for 0.1 and 2 wt% NGP.
The following work forms a part of research published by Kumar et al [112].

2.2 Experimental section

Moisture uptake experiments were performed according to ASTM ©87013] at 60 C and

90% relative humidity in a Cincinnati Subzero environmental chamber usiogized water

vapor source on Inch x 1 inch epoxy specimens with a thickness of 0.125 incles.
nanocomposite system with EPON resin 862gkycidyl Ether of Bisphenol F, supplied by
Miller Stephenson Inc.) as the matrix component and NGP (Grad®, Mipplied by XG
Sciences, Inc.) as the narminforcement, was used to make the specinfetiewing the
procedure by Kind114]. The NGPs were supplied as short stacks of graphene sheets with a
thickness of 6 nm and average diameter of 15 um, which givaserage aspect ratio of 2500

for the NGP.

Six types of specimens were manufactured: baseline (epoxy without nanographene), 0.1 wt%,
0.5 wt% , 1 wt%, 2 wt% and 3 wt% NRPC. Four replicate specimens of each wt% were tested to
accountfor statistical variabn. Fig.2.1 shows the misture specimens manufacturédg. 2.2

depicts the experimental moisture uptake % as a function of square root of time for each wt%
NRPC specimen. It is quite evident from this figure that the moisture absorption-akan
(anomalous) with two saturation stages for the baseline epoxy as well as for the TeRfR@ly

the dispersion of graphene platelets, Transmission Electron Microscopy (TEM) has been utilized.

In essence, the TEM study in Fig.3 shows the highly randomrrangement of NGPs in the
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matrix with the presence of both single and stacked sheetswit%3NRPC samples, which
suggests partial exfoliation and intercalation of the graphene sheets.

2.3Modeling of diffusion in nanocomposite

2.3.1 Diffusion with Boundar conditions and Diffusivity of timearying type

The governing equation for one dimensional diffusion in a polymer sheet of thicknass 2

represented by thewddln own Fi ckds Law,

(b)

Figure 2.1 Moisture absorption manufactured specimens (a) Baselidewitfo NRPC
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Figure 2.2 Experimental moisture absorption profiles for baseline and NRPC specsans
function of time
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Figure 2.3 Dispersiomanalyse®f nanographene platelets for 3 wt% NRPC specimens
using TEM
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E:D(t)_ﬁC 0d 2L, t O (2.5)

ﬁ )
The field Ejuation (2.} is defined by a set of initi@nd boundary conditions given by,

C(z,0)=C (2) 0¢z @L
(2.6)
C(0,t)= C(2L,t) =G () t 4

Wherez is the spatial coordinate and t is tir@¢z, t) is the moisture concentration, ab¢) is a

spatially constanbut time varying diffusivity In classical (Fickian) formulationB(t) is treated

as a constant. In thistanle, D(t) deviates from this general assumption.

Consider a specific case of an infinite plate of thickndssu2dergoing moisture diffusion
foll owing the gener akPR.b Wwith akiad and timewsrying ourllajyu at i o n
conditions as defined below,

C(z0)=G,

C(0,t)=C(2L,t) =C, gc;(l )

r=1

2.7)

Where the boundary condition is remeted by a Prony series, whé&@g C. andb, are material
constants to be determined from the moisture diffusion experiments.
Assuming that timevarying diffusivity is also expressed as a Prony series assumed to be uniform

through the thickness of the polymer

D()=D, A D, &) (28)

r=1
where D,, D, and b, are material constants to be determined from the moisture diffusion

experiments.
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2.3.2 Diffusion Path Tortuosity model

To completely define the diffusivity through a heterogeneous medium (polymer with NGPs), we
assume that the NGP platelets are impenetrable, intercalated in the polymer matrix, and
randomly oriented. Presence of thi&Ps within the polymer creates a tortuous diffusion path for

the permeant (watemolecules as depicted in Fig42

dl
NGP
N \r| ______ /
d "_'__T: |
v \If-' _____ ]

Figure 2.4 Tortuous diffusion path due to presence of NGPs in the polymer matrix

A diffusion patbh itsoritnutorsoidtuyc efdacttooracéocount f or

created by the presence of a nanoplatelet. Physicaliyd/di, where d is the effective

diffusion distance for a water molecule in the absencanbparticles in the polymer, art is
the actual distance the water molecule has to travel in the presence of tpartieles as
depicted in Fig. 2.4Using the randomly oriented intercalated platelet model off11d], the

tortuosity factor can be expressed as,

;= (2.9)

_r
A, 22V,
%Jr 3np

100

Where v is the volume fractiorof nanographene platelets, n is the number of intercalated

platelets andz is its aspect ratio. In order to incorporate the diffusion barrier effect due to the
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presence of NGPs, eadtfusivity term in Equation (2Bis scaleby a f Bc tamrd dfhed f i

diffusivity Prony series model takes the form,

D(t)=¢D(t) =D, 5 D1 ) (2.10)

r=1
In this manner the proposed model incorporates the effects of random orientation and average
aspect ratio of the NGPs through the diffusion path tortuosity model.
2.3.3 Model description
Introducing a change in variable

dT = D(t)dt (2.11)

Thus, the governing Equatiof.{) can be reduced to,

KC_ [ (2.12)

i g

The boundary conditions also need to be expressed in teffresof

C(0,T)=C(2L,T) =G % ca &™) (2.13

r=1
The initial condition remains unchanged because it is a constant.
The challenge in solving this problem liesexpressing time, as a functiont(T) in Equation
(2.13 sinceD(t) is unknown at this stage. To circumvent this problem, an approximate choice of

t(T) as a powefaw expansion is introduced as below,

t(T) = g P, T" (2.149)

m=0
To obtain the soludn of the governing Equation (3,%he problem is i@ided into two parts:

first, the contribution from the constant part of the boundary condition denotéd (®T) and
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the other influenced by the tirnvarying part given b&Z, T;b,). The complete solution can be

expressd as explained in C§lL07],
C(zT=GG(2N) 4 C& 270 (2.15

Where, G and G are constants thaneed to be characterized through moisture absorption

experiments. Similarly, the mass uptake can be expressed as a function of mass uptake due to the

constant boundary condition contributiollvrIH(T) and the timevarying boundary condin

contribution I‘FF(T; b,) as in Cai107],

M(T) =C, M, (T) & CNKT. b) (216

r=1
Thefollowing steps were followed to completely expré&ds, t) and M (t) :

2.3.4 Constant boundary condition solution

Assume,C,(z T)=1 #1(z )

n(z, T) is evaluated following the approach Garslaw[11l5]. A det ai l ed proof f
boundary conditiond solution can be found in

C,(z T) can then be expressed as,

C.(zT=1 %(1 qn)am o sin”éiLZ (2.17)

n=1

2.35 Timevarying Prony series boundary condition solution
Assume, &Kz T:6.) = Uz, T) w(zT; p),
u(z T)can be obtained using appoach sinilar to Section 2.3L.w(z T; b,) is evaluated using

t he Duhamel Q[815. nt egr al as 1in
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A detailed proof of 0Ti me varying Prony seri

Appendix B.
(E'(Z, T;b,) can be finally writte combiningu(z T)andw(z T;5,), where I(T) § expressed as

in Equation (B.12

_ 2C. 2 (-1 1) 2T npz
T,5)= —" e’ sin—-
HzT.b,) p 21 - oL
(2.18)

i nﬂ‘? : 8 ”foT g

2.3.6 Development of model solution
Integration of the concentration along the thickness providesidgheveight gain for sections

2.3.4and 23.5as

2L

M, (T) = fiCu (2 T) d: (219
0
This can be expressed as,
ot
M, (T) = 2Le1 +2(C 1) () )e a’ (2.20)
6 p n:1 n
Similarly,
4G, & (1) AY T j(ZT? 24 m i
NE(T; b,) = p _1 e Tn?« " 1fe §e 18 (mH (221

Finally, we can expredd (T) using Equation (2.)6and replacel with time t, usirg the
definition in Equation (2.1)1

2.3.7 Evaluation of diffusivity coefficients

The diffusion model inhis article assumes a Prony series representation for diffusivity and
expression for/ (x), and a power law expression fgif') which results in concentration and
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weight qain expressions in Equations (2.15) andL§R containing (A+N é3) unknowns each

which makes the total number of unknowns to be N2@+N 61)). Evaluation of these
unknowns does not follow a linear least squares approach since the equation is highly nonlinear
in the unknowns. If a further simptation to the solution is made by assuming that viscoetastic

relaxation is the same in bulk epoxy as at the bayndve can express Equation (2.6,

r=1

M(T) =coBM,(T) & DM(TER)
¢

Also assum®, '=5 I’.E_ik , WwhereCT and S are constants.

This limits the total number of unknowns thI+N 3). A nonlinear least squares algorithm
(NelderMead) is sought to evaluate these coddfitcs which is a numerical method for
minimizing an objective function in a muliimensional space. The algorithm works on a
simplex methodology which is a generalized triangle defined by the number of variables
(diffusivity coefficients). The algorithmas been described based on the work by Lagdri#s.

2.3.8 Model development using fminsearch function in Matlab

Matlab automatically implements the Nelddead algorithm using a built ifminsearch
function which finds a minimum of a multivariable fuinet starting at an initial estimate. The
termination tolerance on the scalar variables (diffusivity coefficients) has been set at &0
fminsearch function has been manipulated to take the experimental moisture uptake data as input
and uses the anaigal mass ptake expression in Equation (2)16 return a set of diffusivity
coefficients to model the experimental data. The results obtained fi@mapproach are

discussed below
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2.4Results and Discussion

2.4.1 Diffusion Model Assumptions

Since tle number of terms in the Prony series diffusivity approximation are arbitrary, N=6, i.e. 7
unknown diffusivity coefficients y), was selected for computational modeliigofor the
polynomial assumption d@{T) in Equation 2.13 was selected to vary &§=N+1, which leads to

8 unknown polynomial coefficientgd). Together with the constan®and C as introduced in
Section2.2.7, a total of 17 unknowns were evaluated using the fminsearch function. For this

analysis, the relaxation parametérs were kept the same for all six specimen simulations. The

relaxation parameters were selected using the results ifilR6} Since the epoxyesin system

is different in [106, relaxation paraeters wee slightly modified to ged converged solution.

The valuenin Equation (2.9was set to be 10 intercalated platelets for this study. This value was
chosen due to the fact that NGP sheets are originally supplied as agglomerates26f ~15
plateles [117]. In spite of the high shear mixing of NGP in epoxy, our TEM observations
revealed that graphene sheets were still intercalated to a significant extent in the epoxy matrix.
The value oin=10 was obtained iteratively through optimizing the besbfithe moisture data.

Table 2.1lists the tortuosity factors for each NGP wt% analyditained using Equation (2.9)

Table 22 provides the relaxatieriime parameters selected for this analysis.

2.4.2 Model Benchmarking and Uptake Prediction

The availake moisture uptake experimental data was subdivided into two data sets. The first set
of data (baseline, 0.5 wt%,vtt% and 3wt% NRPC specimens) were employed to evaluate the

17 unknown coefficients in the anomalous diffusion model using the nonlinesrsigaares

curve fit discussed earlier. It should be noted that the number of unknowns is reduced once the

diffusivity fit for the baseline resin is obtained, since the diffusivities of the NGP reinforced
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specimens can be f oun dusihgkEquationghl] Fidh 25slsowsathat ng f a
the anomalous diffusion model results for baseline, 0.5 wi#%d and 3wt% NRPC specimens

agrees well with the moisture uptake data, which is expected since these data were used to
evaluate the model parameterOnce these unknown coefficients were evaluated, the anomalous
diffusion model was then applied poedictthe uptake for the 0.1 wt% and 2 wt% cases using

linear interpolation of the unknown coefficients. F&6 shows the model predictisrfor 0.1

wt% and 2 Wi, specimens. The good agreement between the model and the moisture uptake
data underscores the model 6s ability to accou
relaxation in the polymer and the enhanced tortuosity in the diffusitndue to the presence of

nanographene platelets.

Table 2.1 Tortuosity factors for baseline and NRPC specimens used for modeling

Baseline 0.1wt% 05wi%  1wt% 2wi%  3wi%
Composite . . . . - .

(Y () (dd (Y (Y (Y
Tfor;UZS'ttyo 1 0.9473 07729 06145 04141  0.297

Table22Re |l axat i on ;) assumedrioermodaling ( b

Relaxation bl bz b3 b4 b5 be
parameter

(59

1/600 1/6000 1/30000  1/600000 1/3000000 1/6000000
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It is evident from Figs2.5 and2.6 that he present model is accurate in predicting both the mid
saturation levels and the final saturation levels closely during thetage diffusion in the test
specimens. The model predictions for 0.1 and 2 wt% capture the details of the moisture
absorption gite well. The Prony series diffusivity parameters calculated using this model for all
six types of specimens are tabulated in T28e

Fig. 2.7 compares the diffusivity variation with time for the six specimens, using the parameters
in Tables2.2 and2.3 and substituting in Equatior2.g). It is observed that for the baseline
epoxy, the diffusivity exhibits reduction (relaxation) in the early stages and then gradually
increases and reaches steady state as a function of time. The diffusivity proftles KRPC
specimens also follow a similar pattern, with a monotonically decreasing diffusivity with
increasing nanographene wt%. The reason for this behavior is most likely due to (a) the
increased tortuosity of the diffusion path, and (b) the constraieffert of nanographene
platelets on the normal relaxation behavior of the epoxy net{td&. More work is needed to
determine the exact nature of the influence of NGP on-wianging changes in free volume in

the EPON 862 system.
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data
2" ]
O]
< 1.5 |
[
>
g
>
D 1 -
o
S
L ® 0.1 wt% Experimental data
05 0.1 wt% Model Prediction
’ = 2 wt% Experimental data
------ 2 wt% Model Prediction

0 5 10 15 20 25 30 35 40 45
Qtime(hours))

Figure 2.6 Regression model predictions for 0.1, 2 wt% NGP compared with experimental data
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Figure 2.7 Diffusivity variation predicted by model fdaseline and NRPC specimens

Table 2.3 Diffusion coefficients for baseline and NRPC specimens obtained from diffusion

model
Diffusion .
.. Baseline 0.1wt% 0.5 wt% 1 wt% 2 wt% 3wt%
coefficients
(mm?s) (Do) (d&Dp) (d&Dp) ( £Dy) ( ZDy) ( £Dy)
D, 1.64x10° 1.56x10° 1.27x10° 1.01x10° 6.8x10°  4.88x10’
D, -1.75x10°  -1.66x10° -1.4x10" -1.1x10" -7.3x10®° -5.2x10°
D, -1.58x10° -1.49x10° -1.2x10° -9.7x10® -6.5x10®°  -4.7x10°
Ds -1.14x10%  -1.08x10° -8.8x10° -7x10° -4.7x10°  -3.4x10°
D4 -5.02x10° -4.75x10° -3.9x10° -3.1x10° -2.1x10°  -1.5x10’
Ds 3.36x10° 3.18x10° 2.6x10° 2.07x10" 1.39x10° 9.98x10°
Ds 2.49x10° 2.35x10° 1.92x10° 1.53x10° 1.03x10° 7.39x10'°
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CHAPTER 3

CHARACTERIZATION OFMODE | FRACTURE PROPERTIES OF NANOGRAPHENE
REINFORCED EPON 86ZHERMOSETPOLYMER SYSTEM

3.1 Summary

This chapterstudies the differences in fracture properties (stress intensity factors and energy
release rates) afiana@omposites of thermosettingolymer EPON 862 and its nangraphene
reinforced counterpart€Extremely low (0.1 and.5) weight perent nanegraphene platets

were dispersed IrEPON 862 matrix and compact tensiqgCT) fracture experiments were
conducted under quasstatic loading conditions using displacement control. Significant
enhancementsn fracture toughnes¥,c (~200%) and enegy release rate & (~570%)
respectivelywere observed imanagraphene reinforced matrixith only 0.5 wt% of graphene
platelets Fractography analysis of the fractured CT specimersised to qualitatively visualize

and understandhe mechanism(s) responsible for the enhererd in these properties using
Scanning Electron MicroscopysEM). Evidence of crack deflectiodue to increased surface
roughnessgraphene platelet pulloaind plastic deformation of the matrix causing fiheatrix
debonding,was observed from SEM mmmgraphs, caused bghe addition of nangraphene
platelets (NGP). Atomic Force Microscopy (AFMjas alsoused to quantify the magnitude of
surface roughness changes between Ni&P reinforced and unreinforced nacmmposite
samples and correlate surfaa®ughness changes due to crack deflection to increased fracture
toughness Studies are also presented for CT tests conducted on 90% humidi€y/,aged

specimens and the results are compared to unaged specimen CT testing results.
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3.2 Experimental Section
3.2.1Materials

Graphene nanoplatelets with an average diameter oftl5vere procured from X&ciences

Inc. The platelets were supplied in small stacksZ@5raphene platelets) as depictedrig.

3.1(A) with 99.9 % purity and néunctionalization.The stack has an average thickness of 6 nm
and a typical surface area of 1280 nf/g [117]. The epoxy used in the study was EPON 862,
which is diglycidyl ether of bisphenefF epoxy (DGEBF) from Momentive Inc. and the curing
agent usedw a s Curing agent OW6 ( DET igs. 3(1d(B)€C) hy |
illustrates the molecular structures of the thermoset polymer and curing system used in the study.

DETDA amine groups act as the crosslink centers.

(A) (B) (©)

CH,

JHN NH,
07_})_0/_\7’
H.CH,C CH,CH,

15 pm

Figure 3.1 (A) Schematic of theupplied nano graphene platelet (NGP) stadlapted from
[117]), Molecular structure (B) EPON 862 (C) DETOAadapted fronj119]))
3.2.2Dispersion of NGP
The desired wt% of NGP was weighed and dispersed in the epoxy using a high shear mixer
(EuroStar powr-b) at 2000 rpm for 45 minutes. The high shear mixing was performed based on
the dispersion notes from the NGP manufact{t&r]. The curing agent was then added to the
mixture and the blend was stirred for 3 minutes at 2000 rpm. The epoxy to cunmgieight

ratio was 100:26.4 as provided by the manufacturer.
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3.2.3Curing cycle and specimen preparation

The mixture was degassed using a vacuum oven (Stable temp 2823%) minutes at ST to
remove the bubbles created during the mechanical stprimgess. The hot mixture was poured
into hot silicore molds to limit any production of bubbles during pouring. The silicon molds
were then placed in an oven and sutgdcto a cure cycle as follow§) 90° to 12C in 30
minutes (II) maintain 12C for 2 hours (Ill) 12f to 177C in 30 minutes (IV) raintain 177C

for 2 hours. The molds were cooled to ambient temperature after the cure cycle finished, and the
samples were ready for testing.

3.24 Testing

Compact Tension (CT) testing was chosen to charaeténe fracture behavior. CT specimen
dimensions were 0.03 m x 0.03 m x 0.006 m, based on the AHMM5 standard test protocol
[120]. CT specimens manufactured are showikiop 3.2 The change in color of epoxy due to
the presence of NGP is very notibbaa Razor blade tapping was used to generate a sharp starter
notch to precrack the CT specimens, as delineated in the A®B@45 standard. The porack

tips are illustrated irFig. 3.3 Nanometer scale crack tip dimensowereobserved for all
specimes, thereby ruling out macroscale crack tip blunting as the primary mechanism for the
increase in toughnedSour replicate CT samples for each specinype (baseline, 0.1 wt%, 0.5
wt%) were tested to account for statistical scatter. The test was perfosngda MTS QTest

25, universal testing machine following the ASTM D5@4&ndarcat room temperature (~23)

and quasstatic conditions using displacement contiidie testsetup has been illustratedHiy.

3.4 Load and displacement readings were méed at regular intervals until theamples

fractured.
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Figure 3.2 CT samples after curing process (a) Baseline (b) 0.1 wt% and (c) 0.5 wt% NGP

1[]][]] 100nm

Figure 3.3 SEM image showing a) Pi@ack created by tapping b) Magnified ymmack tip

Figure 3.4 CT test setup (a) baseline (b) 0.1 wt% NGP
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Two sets of testing were done. For the finshgged set of specimens, CT testing was done
without any exposure to aggressive environments. For the semgag $et, moisture absorption
experiments on CT specime (baseline, 0.1 wt% and 0.5 wt %) mentioned above were done to
observe the behavior of these specimens when exposed to aggressive environif@raad60

90 % RH) for moisture saturation and then CT testing was done to compare withatied
dataset redts.

3.3Results and Discussion

Dispersion of the NGP in the epoxy matrix was analyzed using Transmission Electron
Microscopy (Hitachi H7650 TEM) in 0.1wt% and 0.5 wt% samples. Good dispersion and
random orientation with some agglomeration of the graph®atelets for the higher wt% was

observed as depicted fing. 3.5.

100 nm 100 nm
HV=60.0kV HV=60.0kV
Direct Mag: 120000x Direct Mag: 100000x

Figure 3.5 TEM image showing nanographene platelet dispersion in (A) 0.1 wt%, (B) 0.5 wt%
NGP reinforced samples
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3.3.1 Unaged Set Results

Table 3.1compares the fracture loads aaodtical crasshead displacements for athe CT
specimens tested in this study. Although the failure in EPON 862 is fairly brittle, the critical
displacement at failure (i.e., displacement corresponding to peak load) exhibited very little
scatter for a @rticular specimen set as shown by the low standard deviation in theFRigb6
depicts the corresponding leddsplacement plots obtained from CT testing of the three sets of
specimens in Tabl8.1, i.e., baseline, 0.1wt% and 0.5 wt% NGeraged oar 4 replicate
specimes. Due to the low scatter in critical displacement, only the scatter in the load is depicted
through error bars in Fi@.6. While the increase in failure load is expected due to the presence
of the stronger NGP platelets, the largerease in deformation at failure (ductility) due to the
addition of NGP in an otherwise brittle epoxy resin is very much evident in Fig. 3.6, and forms
the cornerstone of the nanoscale toughening mechanism that will be discussed in Ch&jpter 6.
pre-cracks introduced by tapping a razavere more orless straight as shown in Fi§.3;
unevenly cracked samples were not used for the test, in order to maintasimdelf crack
propagation. Fracture toughnedquation 3.1)and energy release rat@squaton 3.2) were
calculated for all the test cases using ASDBD45 protocgland precrack length was included

in the calculationsDetails of the calculation are provided beld&0].

Kie =(R,/ BW?) () (3.1)

_(2+x)(0.886 +4.64& -13.3¢% 4. 56
f(x)= (L- x)*2

Where,Pq is the peak fracture load, is the specimen thicknesd/ is the specimen widtlg is

the crack lengtincluding the precrack andx=a/W.
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G =U/(BWFr) (32)

. (1.9118+ 19.118 - 2.5128 - 23.285 +2084 (k- )
(1.9118 5.024% - 69.638 +82.36 )(Ix ) 2(1.9118 IBE 2.5122% 23.22&8 20.54

WhereU is the strain energy, aihed from the load displacemgpibt during experimentation
and’ is the energy calibration factor.

Table 3.1 Fracture Load Critical Displacement Data Comparison

Specimen Specimen Specimen Specimen

Average
1 2 3 4
Fracture 89.45
95.7 83.17 92.94 85.96 N
Load (N) N5. 0O
Baseline Crit. Disp. 0.235
0.243 0.234 0.229 0.235 N
(mm) NO. O
Fracture 215.75
238.09 299.49 200.41 208.78 ~
Load (N) N38.
0.1 wt% Crit. Disp. 0.44
0.432 0.436 0.445 0.447 N
(mm) No. o
Fracture 260.35
250.65 281.35 254.03 255.37 3
Load (N) N12.
0.5 wt% Crit. Disp. 0.535
0.53 0.537 0.528 0.545 3
(mm) No. o

Table 3.2and 3.3compare the changes in fracture toughnesg @d critical energy release
rates (@) respectively for each specimen ¢yfested. The addition of NGP to the baseline epoxy

system resulted in a sharp increase in thevidlue from 0.75 MPa.lff (baseline) to 1.82
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MPa.nt’ for 0.1 wt%, and 2.25 MPa¥Afor 0.5 wt% NGP addition. The Gvalue also kow a
similar increase, &m 317 J/nf (baseline) to 1422 Jfnfior 0.1 wt% and 2125 J/ffor 0.5 wit%
NGP addition. In order to obtain a benchmark, the measured test data are compared with values
from experimental data for a different thermoset epoxy (Epoxy 2000) s{@5nThe eference

reports an increase in the fracture toughness of 65% and an increase in fracture energy of 115%,

300
—o—baseline_average A
250 1 -B-0.1wt%_average 7o
DA
£-0.5wt%_average T
200 ;
Z 150
<
]
=
—
100
50 |
0 ‘ — ‘ —n —
0 0.0001 0.0002 0.0003 0.0004 0.0005

Displacement(m)
Figure 3.6 Experimental.oad-displacement plot comparison fanagedspecimens

Table 3.2 Average Fracture Toughness{KComparison

Comparison with

Average K¢
% improvement reference[95]
(MPa.m'?)
(MPa.m'?)
Baseline 0.73N0. 04 5 1.03
0.1 wit% 1.8N0. 32 142 % ~1.7
0.5 wt% 225N 0. 13 200 % ~1.1
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Table 3.3 Average Fracture Energy (3 Comparison

Comparison with

Average Gc
% improvement reference[95]
(I/m?)
(I/m?)
Baseline 31N 7 4 - 325
0.1 wt% 1422N3 9 4 347 % ~600
0.5 wt% 212N 2 2 568 % ~410

for a functionalized NGP loading of 0.125 wt%, with a decrease in these properties for higher
NGP loadingg95]. As can be seen fromable 3.2and 3.3, the obtained test data agree quite

well with the baseline fracture toughness and fracture energy data reported in refésgraced|

are in a similar range for the Ovit% NGP case. Further, the obtained toughness data show
monotonic increase in theldto 0.5wt% NGP range, which is in contrast to as reported in
reference[95]. To find evidence for this large increase in fracture properties, fractography
analysis was performed. The fracture surfaces were prepared for the analysis by coating the
surfa@ with a nanometer thick layer of sputtered gold coating. The surfaces were then observed
under SEM (JEOL 7000 FE SEM) with an accelerating voltage &¥/15

Fig. 3.7 shows the increased fracture surface roughness of the epoxy fracture specimens due to
the addition of the NGP. This is likely due to crack deflecfirmm the presence of NGPs,

which makes the cracks deviate from a simple Mode | crack to a mixed mode crack. Mixed mode
cracks generally require more energy to propafat#]. In addition, ircreased fracture surface

leads to greater absorbed energy for surface creation.
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Figure 3.7 SEMimage showingricture surface rougkss comparison (A) baseline (B) 0.1
Wt% (C)0.5 wt%NGP

Surface roughness studies are sometimes used to quantify a#ektion [95]. Roughness
parameter (Ra) is the most generally used amplitude parameter used to measure the arithmetic
average of the vertical deviations from a reference surface. To quantify the effect of the crack
deflection in increasing the fractureezgy required for crack propagation, pésicture AFM
was performed using AfmWorkshop on the baseline, 0.1 and 0.5 wt% NGP fracture specimens.
A set of four random locations close to fracture initiation site were chosen on each sample to
minimize statisttal errors, and surface roughness was measured for the three NGP loadings.
Fig. 3.8 shows specific AFM scans for a 2/m 2Xx7 e m scan area for e a
specimendo provide a visual depiction of increasing surface roughness from baseline to 0.5
wt% NGP specimend.able 3.4lists the increase in roughness parameter with the increase in the

NGP wt%. Table3.4 also lists the roughnessamameter values for the Epoxy 20@@phene
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system reported in referenc@9 for comparison. As can be observede thiacture surface
roughness increases by 150% for 0.1wt% NGP, and 260% for 0.5 wt% NGP. The roughness
statistics are similar to the values in referen@g| [but the roughness does not achieve a
saturation level as reported in the same docunf@sf The deviations from 95 can be
attributed to completely different cure cycles and the preparation and dispersion of NGPs. Also,
Table3.4 shows that the obtained average roughness parameters are higher than that reported in
the literature forthe otherepoxy gstem, indicating greater crack deflection (tilting and/or

twisting of the crack front) in EPON 862 with NG#5].

38pum
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Figure 3.8 AFM fracture surface roughness study (A) baseline (B) 0.1 wt%.80Wt%NGP
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Table 3.4 Average Surface Roughng$&) comparison

Comparison with

Roughness
% increase reference [95]
parameter (Ra,em)
(Ra,em)
Baseline 0.168N0 . 0 3 - ~0.17
0.1 wt% 0.428N0 . 15 153 % ~0.3
0.5 wt% 0.60N0 . 1 262 % -

Other contributors to the toughening mechanism were also obsersiag ttactography. Fig.
3.9 shows evidence of graphene platelet pullout on the fracture surfaces of theeindorced
specimens. However, unlike in CNT reinforced epoxy, the evidence of NGP pullout were rare,

which can be because only a very small Wwefercent of the NGP has been used in the study.

Figure 3.9 SEMimageshowing graphene platelet pwalitin 0.1 wt% NGP fracture surface
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Figure 3.10SEM image showing void formations in 0.1 wt% NGP fracture surface
Void formation was also evident INGP reinforced sample&ig. 3.10 depicts formations of
voids which vary in sizes from a few microns to a few nanometers. The voids occur solely along
the river marks created due to crack propagation that, in conjunction with the sharply polygonal
shape 6the voids, indicates that the voids are not an artifact of the manufacturing process. The
results reiterate the fact that local matrix plastic deformation and particle matrix debonding could
be another possible reason for dramatic toughness enhancemimbsigh cases of crack
pinning were not distinguishable in the study, it could still be a minor contributor in the
toughness enhancement observEde next chapter will discus®anufacturing of composite
laminates using carbon fiber motivated by thim#igant increase in fracture toughness of the
EPON 862 matrix reinforced Hyydrogen passivatddGPs to investigate the changes in fracture
toughness for laminatek.should be noted that no passivation of the NGPs was done for Mode |
characterization geriments presented in this chapter.
3.3.2 Aged set results
Fig. 3.11 shows the moisture diffusion plots for the CT specimens. It is clear that with increasing
wt% of NGPs in the specimens, the weight gain is drastically reduced. Table 3.5 compares the

avaage saturation moisture uptake for the three types of CT specimens, which clearly shows a
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1.42% moisture uptake for 0.5 wt% NGP reinforced CT specimen compared to a 1.57% moisture
uptake for baseline CT specimens.

After moisture uptake saturation, the dgamples were tested for fracture properties using CT
testing. Fig 3.12 shows the averaged ledidplacement plot for aged CT specimens. Even after
aging, the NGP reinforced specimens exhibit higher fracture loads and fracture strains than the

baseline pecimens.

1.8

1.6

1.4 |

1.2

1 ]

0.8 |

0.6 - —+—Baseline CT
0.1 wt% CT

0.5 wt% CT

%o moisture uptake

0.4 -

0.2 |

0 ' ] T T T T T
0 10 20 30 40 50 60
\/(time(hours))

Figure 3.11Comparison of moisture uptake of CT specimens

45



Table 3.5 Saturation moisture uptake comparisondgedCT specimens

Initial wt. Final wt. Saturation moisture
(gm) (gm) uptake %
Baseline 6.04 6.134 1.57%
0.1 wt% 6.412 6.511 1.53%
0.5 wt% 6.431 6.522 1.42%

Surprisingly, the slope of the loattisplacement plots for the aged specimens was higher than the
corresponding unaged specimenBis has been depicted in FB§13. The fracture loads for the

aged specimens were als@trer than the corresponding unaged specinr@engan be seen
clearly in Fig.3.13. Table 3.6 provides comparison between the agedndl Gc values of
different specimens, calculated using Egn. 3.1 and 3.2. The results show that there is a 62 % and
91 % mprovement in k value for 0.1 and 0.5 wt% of NGP reinforced CT specimens
respectively after aging. This shows the reinforcing potential of the NGPs is maintained even
after temperature aging of the specimens. Although the extent of the improvementas not
dramatic (200 % improvement for unaged case for 0.5 wt% NGP), there is still a significant
improvement over baseline toughness values. It should also be noted that although there is a
considerable improvement in thecKralue for the aged baseline sppeens over unaged baseline

cases, the value is still lower than the unaged (and aged) NGP reinforced CT specimens.
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Figure 3.12Experimental loadlisplacement curves fagedCT specimens
The change in (g values after aging has been presented in TaBleThe G values follow a
similar trend as the K values, where there is an increase of 143% and 161% for 0.1 and 0.5
wt % of NGP respectively. We <can ascertain
properties copled with matrix plasticizationgives rise to results observed. Hydrolytic
degradation in the matrix due to moisture abaace during the experiment coudd the reason
for decrease in fracture properties. The results efadd Gc from the two sets (unaged and
aged) were normalized thi respect to the unaged baseline values to summarize the work
presented in this chapter. Figs14 and 3.15 show the normalized comparisons betwgesnid

Gic respectively for the two sets tested.
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Figure 3.13Comparison of averaged lo@isplacementurves of unaged &gedCT specimens

Table 3.6Average Kc Comparison of aged CT specimens

Aged
% Change
(MPa.m?)
Baseline 1.29\D.05 -
0.1 wt% 2.09\0.1 62.01 %
0.5 wt% 2.4M0.07 91.47 %
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Table 3.7Average G Comparison of aged CT specimens

Aged
% improvement
(J/m?)
Baseline 737104 -
0.1 wt% 1791\102 143 %
0.5 wt% 1926\133 161 %

In summary, a thermoset polymer (EPON 862) reinforced with NGPs was shown to possess
dramatically enhanced fracture properties (fracture toughness angy ergdease rate) in
comparison with the baseline polymer. Remarkable improvements (~200 %) and (~570 %) in the
Kic and G; values were recorded for up to 0.5 wt% NGP loading. The likely mechanisms for
such high toughness increases are explained througick deflection and nargcale damage
formation mechanism which were corroborated with the use of AFM and, taken together with

evidence ofyraphene pull out and vofdrmation using SEM, are deemed to be the major

3
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Normalized fracture toughness
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Figure 3.14Normalized Kc comparison bunaged& agedCT specimens
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Figure 3.15Normalized G comparison ofinaged& agedCT specimens
contributors for the significant increases in the fracture properties. It is also shown that CT
specimengxposed to high temperature {6) and humidity (9@ RH) for a prolonged period of
time, exhibit different fracture properties than their unaged counterparts. There is an increase in
fracture loads after aging which is counterintuitive, and reasons for this change need to be
explored.
The results mesented in this chapter clearly indicate that small NGP loadings in EPON 862
thermoset epoxy system leads to significant Mode | toughness improvements in NGP reinforced
composite specimens. The next chapter aims to study mixed mode behavior of NGewinfor
EPON 862 system and Mode | delamination of carbon fiber/nanographene reinforced EPON 862
composite to produce high toughness light weight composite laminate structures for large scale

aerospace and automobile applications.
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CHAPTER 4
STUDIES ON THE DSPERSION AND ALIGNMENT OF NANOGRAPHENE IN EPOXY
POLYMER
4.1 Summary
This chapter aims to perform a temperature dependent hydrogen passivation study of NGPs. Four
different temperatures were chosen for these studies which @e Z8C, 300C, and 458C.
The hydrogen passivated (HP) NGPs were dispersed in ethanol usingoultration. Optical
microscopy and TEM studies were conducted to monitor the changes in the dispersion of HP
NGPs with the passivation temperature. Surface area changey, dffraction results and
Raman shift due to passivation were also studied. The motivation for this study comes from the
work done in Chapter 3, to improve the dispersion of NGPs in a polymer matrix.
This chapter also lays the foundation of graphene alignmeniestaabtivated by the above
model. The chaptanvestigats the alignmenbf GNPs inSC780polymer using an alternating
current (AC) electric field. The study was perfaunfor various voltages (106200V) and
frequency (100 HA kHz). The electrodes usedrfanalysis weresilver, steel and aluminum
Alignmert of the NGPdor each case was studiasing optical microscopy.
4.2 Materials and Methods
4.2.1 Materials

NGPs with an average diameter of /fBprocured from XGSciences Incwee used in this

study. A 996 ethanol solution was used to disperse the NGPs.
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4.2.2 Hydrogen passivation setup

Passivation of graphene was carried out in a tubular furnadéfexent temperatures (2G,

75°C, 30C0C and 450C). Typically, a quartz boat i 0.3 g graphene was placed in the tubular
furnace and the graphene was baked and passivated, simultaneously, under theafts of
H./N, gas mixtue. The sample was heated fronf@3o the temperature of interest 4 hours
followed by holdingat thattemperature fomnother2 hours Room temperaturéRT) (23°C)
passivation of graphene was performesihg the same setup by subjecting graphene t&6%e
H2/N2 gas mixture for 6 durs

4.2.3 Dispersion in ethanol

0.1 wt% of HRNGPs were dispersed in 95%hahol solution using a Branson 450W probe
sonifier (20 second pulsed with 10 second intervals) at 40% amplitude for 1 hour run time. The
pulsed operation helps to keep the temperature of ethanol low and prevents it from vaporizing
during the sonication.

4.3 Microscopy Study

4.3.1 Optical microscopy study

0.1 wt% HRNGP dispersed ethanol solution was drop casted on a glass slide to be observed o
an optical microscope. Fig4.1-4.3 depict the dispersion of the HN&GPs dispersed in ethanol at
different 4x, 10x and 40x magnifications respectively, compared to the unpassivated NGP
dispersed in ethanol. It is clearly evident that theC28nd 75C passivated NGP exhibit a better
dispersion and less agglomeration in ethanol than the unpassivated NGPs’( Ipas3dvated

NGP shows the best dispersion comparethéounpassivated NGPs in Figs1-4.3. The HP

NGPs become intercalated and highly agglomerated with further increase in passivation
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temperature. This clearly indicates a temperature dependence onidispatsagglomeration of
HP-NGPs.

4.3.2 TEM study

Due to evidence from optical microscopy, that’@3passivated HRGP shows the best
dispersion and least agglomeration compared to the unpassivated NGPs, a TEM was used to
study the dispersion of these plats in comparison to the unpassivated NGPs at the micro and

nano scales. For the TEM study, 2Dsolution of the dispersed ethanol solution was dropped on

formvar coated copper grids and were observed on a Hitacbbd TEM.

e
; | AL ¢
(a) Unpassivated NGPs (b) 23°C passivated NGPs (c) 75°C passivated NGPs

(d) 300°C passivated NGPs (e) 450°C passivated NGPs

Figure 4.1Optical micrograph of drop casted HNGPs in ethanol at 4x magnification
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(e) 450°C passivated NGPs

(d) 300°C passivated NGPs

Figure 4.20ptical micrograph of drop casted HNGPs in ethanol at 10x magnification
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M

& " 3
(d) 300°C passivated NGPs (e) 450°C passiv

ated NGPs

Figure 4.3Optical micrograph of drop casted HNGPs in ethanol at 40x magnification
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Direct Mag: 7000x Diroct Mag: 7000x
University of Alabama University of Alabama
Unpassivated NGPs 23°C passivated NGPs

Figure 4.4TEM micrograph of unpassivated and passivated NGP in ethanol (2 micron scale)

9BA7.tit — 10A3.EiE —
Print Mag: 21300x ©7.0 in 500 nm Print Mag: 21300x ©7.0 in 500 nm

4:39:00 p 06720715 HV=60.0kV 2:55:34 p 06723715 HV=60.0kV
Direct Mag: 15000x Diroct Mag: 15000x
University ot Alabama University of Alabama
Unpassivated NGPs 23°C passivated NGPs

Figure 4. 5TEM micrograph of unpassivated and passivated NGP in ethanol (500 nm scale)
Figs.4.4 and 4.5 show the micro seand nano scale dispersions respectively of the 0.1 wt% of

23°C passivated NGPs compared to the unpassivated NGPs in ethanol. It is again evident from
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the TEM analysis that the hydrag@assivation of the NGPs at°Z3drastically improves the
dispersion 6the NGPs in ethanol. Although a little agglomeration is observed, it is much less
than the unpassivated NGPs in ethanol.

4.4 Analysis of hydrogen passivated NGPs

To understand the reasons behind the different agglomeration and dispersion patterresaind rol
temperature during hydrogen passivation,-MBPs were studied using techniques like N
physisorption measurements, Raman spectroscopy, powasr diffraction (XRD).

The Nitrogen (N) physisorption measurements were recorded on a Quantachrome 200ea 2

pore size analyzer at97°C with Helium mode to determine surface area and void volume of

450°C passivated NGP
300°C passivated NGP
75°C passivated NGP
23°C passivated NGP
Unpassivated NGP
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Figure 4.6 N, adsorptiordesorption isotherms for different temperature RBPs
the NGPs, respectively. Interpretation of the isotherms obtained was don@®uwaeitittachrome
NovaWin software version 11.1 (NDFT), and the BarretloynerHalenda (BJH) method was
applied to the adsorption branch to calculate the pore sizéhanm8runauer Emmett Teller

(BET) methodwas utilizedfor the calculon of the surface ana. Fig.4.6 shows the N
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adsorprtiordesorption isotherms obtained using this analysis. The hysteresis loop between the
adsorption and desorption branches in the RiRge of 0.48).9 demonstratethe presence of
mesopores in all the samples. It is ewnidéhat the volume of Nadsorbed by the HRGPs
increases with the increase in the temperature of passivation. Table 4.1 shows the surface area
(Sset) and pore size measurements obtained using BET and BJH methods respectively. The table
shows a monotonidecrease in surface area and the pore diameter and hence a decrease in the
total pore volume of the NGPs with increasing temperature of hydrogen passivation. Pristine
graphene (wpassivated) gave a specific surface area of 828/ which decreased t648.5

m2/g for GRRT (NGP passivated at Z3). This analysis shows that the reinforcing potential of

the NGPs might be reduced since the surface area of the NGPs is being reduced.

Table 4.1BJH and BET analysis usinglddsorption isotherrfor different tenperatures

SgeT Viotal Pore diametels;y
Sample
(m?g) (ccl9) (nm)
Unpassivated NGP 828.8 0.6447 5.0476
23°C passivated NGP 748.5 0.5842 4.4776
75°C passivated NGP 515.7 0.4111 4.1656
300°C passivated NGP 407.2 0.3265 4.1502
45(°C passivated NGP 291.8 0.2353 4.181

Powder xray diffraction (XRD) measurements were performed on a Bruker D8 Discover with
GADDS (General Area Detector DiffraatiSmam Syst
area detector. Figl.8 shows the XRD profiles obtained for tiiéferent HRNGPs.An intense

peak centereda?g = 30A (wavelength Co KU, 1.79 ) cor
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with an interlayer distance ~ d= 3.#7for all NGPs. Gaphene samples obtained at various

passivationtemgpr at ur e s

showed

an

I ncr easianigcreaseinf t

the passivation temperature. Applying the DeBgherrer equation for calculation of crystallite

sizes for the HINGPs shows a peculiar trend in these sizes. The avergggllite size of

unpassivated NGPsas calculated to be 17.1 nm which decreased to 16.2 nm and 15.8 nm for

GR-RT and GR75 respectively. On the contrary, increase in the passivation temperature

increase the crystallite size of graphene to 16.5 nm and 17.1on®R300 and GRA450,

respectively. This is in agreement with the increasing agglomeration observed-NGPg> at

300 C and 450 C in Figs. 4413. Table 4.2 shows the average crystallite sizes for the different

temperature HINGPs.

Intensity (a. u.)

C(002)

450°C passivated NGP
300°C passivated NGP
75°C passivated NGP

23°C passivated NGP
Unpassivated NGP
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Figure 4.7 XRD analysis of different temperature HRGPs
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Table 4.2Crystallite size calculation for different temperature- NBPs

Sample Average crystallite size (nm)
Unpassivated NGP 17.1
23C passivated NGP 16.2
75°C passivated NGP 15.8
300°C passivated NGP 16.5
450°C passivated NGP 17.1

The Raman spectroscopy was conducted using a-Yoloin HR800 UV confocal microscope.

The excitation line at 632.81 nm came from aN#elaser with approximately 12 mW of power

at the analyzed samples of HW&Ps. The shifts were téeted using a Peltier cooled CCD
detector. The image used a 10x objective lens and scanned @éneucenter of the NGPs. Fig.

4.8 shows the G band and D bands obtained from the Raman spectroscopy for different NGPs.
There isa slight shift in the G banwith increasing temperature of hydrogen passivation of the
NGPs which points t@ decreasing number of layers of graphene present due to increasing

temperature of the passivatif9v].
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Figure 4.8G and D bands obtained using Raman spectroscaogi>-dGPs
The above discussion explains the work done to improve the dispersion of NGPs in ethanol. This
gives confidence that hydrogen passivation is a great technique to improve the overall dispersion
of NGPs in polymer matrices to extract full potential of tHeP$. The HINGPs at 23 will be

used in the next chapter to study Mode | and mixed mode fracture properties of epoxy

composites.

4.5 Graphene alignment study

Specific tailoring of composites by controlling the orientation of carbon nandparsach as
CNTs, carbon black andanofibers in polymers has been investigated in detail by various
research groups. Park et al conduceskries of experimentation on aligning SWCNTI&2].

They observedhatCNTs are aligned in an epoxy under alternating cu@®@) sources, which
increased the dielectric properties and conductivity of the composite. The group also performed

an applied voltage and frequency study to observe the dependence of alignment on these factors.

60



The degree of alignment of carbon nano phes is highly dependent on the soutsed for
alignment.

Different sources ranging from Electric Field (EF), Magnetic Field (MF) and combined EF+MF
have leen used to obtain a higher degree of alignment-12Z2. Chen et al prepared highly
oriented SWCN samples in ethanol at a frequency of 5 Mi#23]. Romyen et al showed that

the appication of a MF in conjunctiomwith an EF enhances the level of alignment as compared

to using only an EF or MA.25]. AC and Direct Current (DC) EF habeen used repairely for

this task for its ease of application. AC EF has proved to be the better alternative to DC fields on
multiple experimentKumar et al showed that applying a DC field induces movement of CNTs
towards the positive electrodes leading to an aggoegaff particles towards this erjd26].

Martin et al showed that the aligned network formation using an AC EF was more uniform and
alignedin comparison to a DC EF [1R7

Mechanical property enhancements by aligning inclusions in an epoxy matrix haveeals
documented. Kim et al showed that aligned ceramic and glass fiber inclusions in an epoxy
compsite gives an increase of 2%3 i n Y 0 u n g Gtsveemtoadsuelselysorieldted and
randomly oriented specimens. They also shomoge dramatic increasé 69.6%0 i n Youngos
modulus for a longitudinal alignment of inclusiofi8]. Ladani et al showed thaiddition of

1.6 wt% of aligned carbon nano fibers in an epoxy increases the electrical conductivity by about
seven orders of magnitude and increasesrtature energy fe by 1600%, compared #@5-fold
increase irelectrical conductivity and 2% increase in (g for randomly oriented carbon nano
fibers[129].

Graphene is an emerging nano filler being increasingly researched for structural and electrical

applications. Being one of the most highly conductive materials on Earth, graphene is highly
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susceptible to orientation changes when suibgeto electric fields, like its other counterparts
such asCNTs and hence would be ideal to produce high qualigned nano composites for a
variety of applications. Chen et al showed five to seven orders of electrical conductivity
improvements in a polymer composite when graphite flakes were aligned using an[AZAEF
Wang et al also demonstrated orientation ofpbit® nano sheets by DC EF, which showed
significant improvements in visible light transmittanfd80]. Recently, Wu et al showed that
tailoring NGP composites using an AC electric field, gives remarkable results @ orders

of magnitude improvement electri@al conductivity, and nearly 900 increase in Mode |
fracture toughness) when compared to unaligned compdéBdas Still, a gap exists in the
experimental study of the alignment of NGPs in a polymer matrix and its dependence on the type
of electrodes used, electrode spacietgctric field intensity and frequency.

This section studies graphene alignment in78C polymer using an AC electric field, and
presents a study between different metals (Silver, Aluminum, Steel) used ca®delg,
frequency range of 10Bz-1 kHz and voltage range of 10200V for a 5mm electrode spacing,

and compares which would be most adequate setting for alignment of graphene for fracture
property enhancement purposes.

4.5.1 Devices for initial testing

For this studythree different types afevices were fabricated. Fig.9 shows the three devices,
which differ in the type of electrodesed. The electrodes usedre silver, aluminum and steel.
The electrodes were joined to a glass substrate using an epoxy advigsiaes mm gap. The

total device area was fixed as 625 mmith the electrode dimensions being 25 mm x 10 mm.

The thickness of the electrodes was .025 mm for each device.
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Figure 4.9Devices fabricated for initial alignment

4.5.2 Graphene dispersi@and electric field application

A 0.05 wt% NGP suspension was prepared in78Q resin using a shear mixer for 1 hr. An

Agilent 6813b AC source was used to generate three different electric field intensities, 20kV/m,

30kV/m and 40kV/m, correspdimg to appkd voltages of 100V, 150V and 2@00espectively.

Three diferent frequencies were used 100 Hz, 500 Hz akidzl for each case, which gives 27

cases in total to belstied, 9 for each device. Fig.10 shows the assembled device setup with

the AC source ttached. After te connections were complet&l5 ¢ | of the NGP

dropped on the 5 mm gap using a mipipette, in order to complete the connections between

the electrodes for electric field application d@adtart the alignment process.

4.5.3 Results

Figs. 4.104.18 show the alignment G&NPs for different electrodes, electric field intensities and

frequencies. Figs. 4.10.12 show the alignment using silver electrodes device for an electric

field intensity of 20kV/m, and 30kV/m, 40kV/m respectively for a time period of 60 minutes.

Similarly Figs. 4.134.15 show the alignment using aluminum electrodes and Figs44.86
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Voltage=100 V Electric field intensity=20kV/m

! !
Frequency=100 Hz Frequency=500 Hz Frequency=1 kHz

t=0 t=0

time= 60 mins time= 60 mins time= 60 mins

Figure 4.10Alignment using silver eldrodes at 100V (100, 500, 10Bi2) for 60 minutes
depict the alignment using steel electrodes for the respective electrimnfetdities for a time
period of 60 minutes. Each figure also shows variation in alignment with varying frequencies at
constant field intensity.
It can be seen clearly from the above figures that with increasingieféld intensity from 20
40kV/m, thee is an increase in the degree of alignment of the NGPs in the epoxy matrix. This is
true for all three electrode systems. It should also be noted that NGP alignment is faster with
higher electric field intensity. This can be demonstrated using &P which compares
alignment of NGPs using steel electrodes at 20kV/m, 30kV/m and 40kV/m for a 20 minute time
period. It can be seen that for higher electric field intensity, the response of the tNGP
alignment is higher. Fgg4.104.18 show the tendency tife NGPs to form aligned long column

like structures traversing the two electrodes.
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An interesting phenomenon occurs when aligning at 40kV/m at all electrode configurations and
frequencies. Fig4.20 illustrates this feature. The alignment is generallyefaat this field
intensity, but as soon as the column connection of NGPs is complete, the column starts acting
like an electrode in itself, generating an electric field in a direction perpendicular to the applied
electric field, which causes already akghneighboring NGPs to lose their alignment and form
agglomerated clusters surrounding this channel. £Rf) shows a particular case of aluminum

electrodes at 40kV/m and aligningl&iOHz at different times. Fg4.12, 4.15 and 4.18 for the

Voltage=150 V Electric field intensity=30kV/m
‘ !

Frequency=100 Hz Frequency=500 Hz Frequency=1 kHz

t=0

time= 60 mins time= 60 mins time= 60 mins

Figure 4.11 Alignment using silver eldrodes at 150V (100, 500, 108i2) for 60 minutes
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Voltage=200 V Electric field intensity=40kV/m

! )

Frequency=100 Hz Frequency=500 Hz Frequency=1 kHz
! | |

t=0

t=0

time= 60 mins time= 60 mins time= 60 mins

Figure 4.12Alignment using silver eldrodes at 200V (100, 500, 108@) for 60 minutes
silver, aluminum and steel electrodes show this agglomeration which is a rehidtinfaresting
behavior. The reason for this behavior can be attributed to the inherently high conductivity of the
NGPs in their alignment direction in conjunction to the already high field intensity applied.
The cases studied above can be compared & Big@14.29. Not much difference is e in
alignment after 60 minutefer each electrode set in individual cases, so any metallic conductor
studied is an apt choice for an electrode system. However, the inherent choice for a good
alignment lies with thefield intensity. 3&V/m cases tend to behave well for all electrode
systems and since there is limited agglomeration during aligning, would be a good choice for
fracture poperty enhancement purposeskMn cases can be used too, if alignment is required

in shorter time, but care needs to be taken to stop the alignment 26tmrinutes which is an
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average time estimate before agglomeration of the NGPs begin, and cases.lkd Figre

observed.
Voltage=100 V Electric field intensity=20kV/m
! !
Frequency=100 Hz Frequency=500 Hz Frequency=1 kHz

t=0

time= 60 mins time= 60 mins time= 60 mins

Figure 4.13Alignment using aluminum edtrodes at 100100, 500, 100®¢z) for 60 minutes
Frequency dependence in this particular study was low, although other authors have found better
alignment at much higher frequencies. Unfortunately, due to corisivpa the maximum
frequency (1kHz) that can be studiedsimg the AC source employed, a definitive answer to the
dependence on frequency cannot be provided. But for smaller sample fabrication purposes, the

cases studied in this chapter should be perfectly adequate.
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Voltage=150 V Electric field intensity=30kV/m

! !
Frequency=100 Hz Frequency=500 Hz Frequency=1 kHz

time= 60 mins time= 60 mins time= 60 mins

Figure 4.14Alignment using aluminum electred at 150V (100, 500, 1000 Hz) for 60 minutes

Voltage=200 V Electric field intensity=40kV/m
! L

Frequency=100 Hz Frequency=500 Hz Frequency=1 kHz

t=0 t=0 =0

time= 60 mins time= 60 mins time= 60 mins

Figure 4.15Alignment using aluminum electrodes at 200V (100, 500, 1000 Hz) for 60 minutes
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Voltage=100 V Electric field intensity=20kV/m

' !

Frequency=100 Hz Frequency=500 Hz Frequency=1 kHz

t=0

time= 60 mins time= 60 mins time= 60 mins

Figure 4.16Alignment using steel electrodes at 100V (100, 500, 1000 Hz) for 60 minutes

Voltage=150 V Electric field intensity=30kV/m
{ l
Frequency=100 Hz Frequency=500 Hz Frequency=1 kHz

=0

time= 60 mins time= 60 mins time= 60 mins

Figure 4.17Alignment usng steel electrodes at 150V (100, 500, 1000 Hz) for 60 minutes
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Voltage=200 V Electric field intensity=40kV/m

|
I I !

Frequency=100 Hz Frequency=500 Hz Frequency=1 kHz

0

-
Il

time= 60 mins time= 60 mins time= 60 mins

Figure 4.18Alignment using steel electrodes at 200V (100, 500, 1000 Hz) for 60 minutes

Electric field Electric field Electric field
intensity=20kV/m intensity=30kV/m intensity=40kV/m

time= 20 mins time= 20 mins time= 20 mins

Figure 4.19Alignment using steel electrodes at 100V, 150V, 200V (100 Hz) in 20 minutes
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time=28 mins

time=21 mins

time=33 mins

time=25 mins

time=38 mins

Figure 4.20 Graphene column formation and agglomeration at 40kV/m for aluminum electrodes

Voltage=100 V,
Frequencv=100Hz

Electric field intensity=20kV/m

{

1

Steel device

time= 60 mins

Silver device

time= 60 mins

Aluminum device

time= 60 mins

Figure 4.21Comparison of alignment using different electrodes at 100V, 100 Hz for 60 minutes
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Voltage=100 V,
Frequencv=500Hz

Electric field intensity=20kV/m

v }

Steel device Silver device Aluminum device

time= 60 mins time= 60 mins time= 60 mins

Figure 4.22Comparison of alignment using different electrodes at 100V, 5001H60 minutes

Voltage=100 V,
Frequency=1000H.

! }

Steel device Silver device Aluminum device

Electric field intensity=20kV/m

t=0

time= 60 mins time= 60 mins time= 60 mins

Figure 4.23Comparison of alignment using different electrodes at 12000 Hz in60 minutes
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Voltage=150 V,
Frequencv=100Hz

Electric field intensity=30kV/m

{

l

Steel device

time= 60 mins

Silver device

time= 60 mins

Aluminum device

time= 60 mins

Figure 4.24Comparison of alignment using different electrodes at 130U,Hz for 60 minutes

Voltage=150 V,
Frequencv=500Hz

Electric field intensity=30kV/m

{

1

Steel device

time= 60 mins

Silver device

time= 60 mins

Aluminum device

time= 60 mins

Figure 4.25Comparison of alignment using difent electrodes at 150500 Hz for 60 minutes

73




Voltage=150 V,
Frequency=1000H7

! !

Electric field intensity=30kV/m

Steel device Silver device Aluminum device

t=0 t=0 t=0

time= 60 mins time= 60 mins time= 60 mins

Figure 4.26Comparison of alignment using different electrodes at 13000 Hz in 60 minutes

Voltage=200 V,

Frequencv=100Hz Electric field intensity=40kV/m

: !

Steel device Silver device Aluminum device

t=0

time= 60 mins time= 60 mins

Figure 4.27Comparison of alignment using different electrodes at 2Q0U,Hz for 60 minutes
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Voltage=200 V,
Frequency=500Hz

! Y !

Steel device Silver device Aluminum device

Electric field intensity=40kV/m

=0

time= 60 mins time= 60 mins time= 60 mins

Figure 4.28Comparison of alignment using different electrodes at 20, Hz for 60 minutes

Voltage=200 V,
Frequency=1000H;

! ! !

Steel device Silver device Aluminum device

Electric field intensity=40kV/m

t=0 t=0 t=0

time= 60 mins time= 60 mins time= 60 mins

Figure 4.29Comparison of alignment using different electrodes at 20000 Hz in60 minutes
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CHAPTER 5
CHARACTERIZATION OF MIXED MODE FRACTURE PROPERTIES OF®P
REINFORCED BPOXY AND MODE | DELAMINATION PROPERTIES
OF CARBON ABER/NGP/EPOXY UNIDIRECTIONAL LAMINATE
5.1 Summary
This chapteraims to expeimentally investigate (a) the changes in mixed modé&acture
properties ofa thermosepolymer (EPON 862) reinforced with3°C HPR-NGPs (b) Mode |
fracture properties of EPON 862/IMd@minates with and withut 23°C HP-NGPs.For (a), mixed
mode experimentmin was performed oibaseline (0 wt%), 0.1 wt% and 0.5 wtktP-NGP
reinforced EPON 862 polymarsing an asymmetric mixed mode specimen. Three different
mode mix (K/K)) ratios (0.78, 1.53, 117) were used to obtain an experimental fracture envelop
encompadng pure Mode | to Mode Il. Remarkable increase in the fracture envelop both in
Mode | (-3 times) and Mode Il (~2.5 times) was observed with only 0.5 wt% eNGIP
dispersed in the epoxy matrix.
For case (b), Doubledntiever Beam (DCB) experiments wegperformedto obtain theMode |
fracture toughness of thenidirectionallaminate pecimens with the NGP reinforced epoxy
matrix, in accordance with ASTM D5528Significant increase (~100) in resistance to crack
propagation was observed fibre 0.5 wt% NGP reinforcedsystem comparetb baseline EPON

system for a crack propagatitangthof 1 inch
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5.2 Experimental section
5.21 Materials

NGPs with an average diameter of/frawere procured from X&ciences IncThe epoxy used

in the study was EPON 862, which isglycidyl ether of bispheneF epoxy (DGEBF) from
Momentive I nc. and the curing agent ustred
materals can also be found in Chapter 3

5.2.2NGPhydrogen passivation ardispersion

The NGPs procured were hydrogen passivatadan temperaturé23°C) for 6 hoursusing a

5% H,/N, mixture as explained in Chapter 4. Appropriate wt% of thes?NBPswas weighed
and dispersed in the epoxy using shear mixdh@000 rpmfor 1 hour after which the curing
agent was added to the mixture. Details of the dispersion can be foundCinagbier 3

5.23 Specimen preparation

5.2.3.1Mixed mode specimens

The mixture was degassed using a vacuum oven (Stable temp 282A) for 30 minuf&tat 90

remove anypubbles created during the mechanical stirring process. The hot mixture was poured

into preheated siliaee molds to limitproduction of bubbles during pouring. The silicon molds

were then placed in an oven and subjected to a cure cycierda®nedn Chapter 3The molds
were cooled to ambient tempenaiafter the cure cycle was completadd the gecimensvere
ready for testing. ASTM D5045 was used to calculate the specimen dimefi26hsSingle
edge notch specimens (3.5in x 0.8 iN0X in as shown in Fig. 5.1(p)with (&W) =0.47
including the precrack (introduced by tapping aharp razor blagewere prepared fortesting

whereW s the width of the specimen aads the initial crack length.
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5.23.2 DCB testing specimens
Threeseparate 10in x 10innidirectional (0°) »4)s laminates were prepared usiEON 862 and
HP-NGP 0 wt% (baseline)p.1 wt% and 0.5 Wb) respectivelyThe three resin matrices were
prepared using the NGP dispersion technique in Chaptesi3uld be notthatthe wt% of the
NGP is with respect to theeight ofresinused in making the laminatend thereforehe actual
wt% of the NGP will be much lower in the carbon fiber laminate. ASTM D5§adBdardwas
followed during samplerpparation to prepare tmotched DCB specimdi32]. Thestarternotch
(2.5 inch in length) was preparég insertinga 12 . 5&e m t h (produredArdnk BEupohti | m
Inc.) at the midplane of the laminatdand layup was used to assembleupddirectional IM7
carbon fiber mats and the resin systems vpeepared aslescribed in Chapter. \fter initial
impregnation of theitber mats with resin using a brugmal consolidation waperformedusing a
compression molding machine by usihg turing cycle with varying pressure as belowpi@per
consolidatiorof the laminate

(1) Preheat to 9.

(2) 90°C -121°C in 30 minutes at 20Q8si.

(3) 121°C for 2 hours at 3000 psi.

(4) 121°C -177°C in 30 minutes at 4000 psi.

(5) 177°C for 2 hours at 5000 psi.
The DCB specimens (7in x 0.9 in x 0.12 in) were aaing a diamond safwom the laminates and

piano hinges were attached to the specimsrshownn Fig. 5.1(b)
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5.24 Test stup and experimental data analysis

5.24.1Mixed mode testing

Fig. 5.2 depicts the test setdipr mixed moddracturetesting. An asymmetric 4 point bend test
with vari abl e | oadichwas used itossimdlates éifenh mosle ndix ratios as
suggested by He et H33]. Three different mode mix ratios (K;) were used 0.78, 1.53 and
117, corresponding to loading phase angles'(tnK,)) of 38, 57, and 89.8 respectively. An

MTS Qtest25 testing frame with a B0 Ibs. load cell was used at a crosshead displacement rate
of 0.6 in/min. to perform the tesThe bending loads were applied using 4 roller pins supplied
by MTS. Based on Figh.2, the shear force Q acting at the crack front can be calculated using

[133],

_o(b,-b)
Q P(b2+bl) (5.1

Where P is the force being applied at a particular time frédneand b arethe moment arms

shown in Fig5.2 The mode | and mode Il stress intensity factors can be calculated183hg

K, =8€- %) ok (arw)
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The parameters,@nd /2 are introduced to account for the proximity of the logdooints to the
crack. Ref. 122was used to calibrate these values for different c/W rafiaonstant value of
c,/W=-.0036 was calculated for each mode mix rafi@ble 5.1 shows the values tised for
each mode mix ratio

5.24.2DCB testing

StandardDCB tests wer performed using a MTS QTF&Stuniversal testing mchine at room
temperature (~2&€) and quasstatic conditions using displacement control (0.05 in/min) to
obtain Model fracture toughness and resistance cuofdke laminates. The test sefsp

(a)

L=3.5 in. =0.19 in.
< -«
W=0.8 in
N«
Piano hinge Initial crack

(b) (teflon insert)

0.12 in I

/" b=09 in

[=7 in.

a,=2 in.

Figure 5.1(a) Mixed mode test specimen) (@CB test specimen
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Figure 5.2Mixed mode test setup
illustrated inFig. 5.3. A Mark-5D high resolution camera with a 100 mm macro lens was used to
capture the crack propagon with time. Load and displacement readings were recorded at
regular intervals until the crack propagated one inch. The video from the camera was post
processed to get individual framasing Photoshop C@hich aided in the calculation of crack

lengthat individual time frames and were correlated to the load displacement data to plot the

Figure 5.3DCB test setup
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resistance curves (Burve) for each specimen type. The energy release rai@n@e calculated
using ASTM D552§132],

3Pd

GI = m (54)

Where P is the load/ is the displacement, b is the speameidth anda is the delamination

1/3

length andD is the compliance correction calculated as tirtercept of(d/ P)™" vs a plot.

5.3 Results and Discussion

5.31 Mixed moddestresults

Five specimens were testéal each mode mix ratio. Fich.4 depicts loadlisplacement plots
comparison for different specimens for each mode mix ratio. The plots clearly depict the increase
in load carryng capability of the HINGP reinforced specimenat only 0.5 wt%at each mode

mix ratio. Table5.2 and5.3 present pure Mode Il (8%band mixed mode, Kand K. values

for each case respectively. TaBl® shows an increase of 158% Mode Il fracture toughness

when compared withaseline. For only 0.Wwt% and 0.5 wt% of HINGP addition anincrease

of 104%and 158% was observed respectivelynifar increases in toughness are olsdrfor

the mode mix angles ¢f =57° andy =38 aslisted in Table 5.3

In Chapter 3Mode | testing was performed on CT specimens which gave ~200% increase in
pure mode | fracture toughne@s,c) for only 0.5 wt% of NGP in epoxjAlthough the increase

in mixed mode toughness with the addition of NGPasnearly as much as in the case amé
Mode I, it is still very significant. Further, the increased deformation at failure (ductility) due to
the addition of NGP is very much evident in the mixed enodses as can be seen in Fig, 5

and is consistenwith the increased deformation at failure observed for pure Mode | fracture
(Fig. 3.6).For an overall comparison, a normaliZeatcture envelop was plotted shown irFig.

5.5, indicating a steady increase in the resin fracture toughnessaigasingvt% of NGP over
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baseline data while encompassing a full range of mode mix ratios. The key issue of increased

ductility of a brittle epoxy resin with the addition of NGP, and the nanoscale mechanisms behind
this increase, will be addressed in Chapter 6.
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Figure 5.4 Load displacement plots of mixed mode results for mode mix angle
(a) y =89.5 (Mode Il), (b)y =57°, and (c)y =38

Table 5.1 Calibration parameters used for mixed mddéa analysis

Case h
Mode Il (y =89.5) 0.998
y =57 1.0098
y =38 1.0267

83



Table 5.2 Pure mode Il critical stress intensity factors

Average Kic (MPa.m™)

Specimen % improvement
(Qq=8&P. 5

Baseline 0.49+0.015 -

0.1 wt% 0.99+0.02 104%

0.5 wt% 1.25+0.027 158%

Table 5.3 Mix mode critical stress intensity factors e So'andq:B 8mi xed mode

1/ 2
Mode Mix SI)y (MPa. m

Speci merl Mode mi x rGeti7| Modei xm r at Qo34

K K K K

Ic | @ Ic | @
Baselin 0.24N0| 0. 37N[0. 34N 0.27N0 |
0.1 wt % 0.48N0|0.73N/0. 64N 0.51N0O0|

0.5 wt % 0. 65N0| 1. 0NOo/l0o. 86N 0. 68NO |

5.3.2DCB test results

Fourreplicatespecimens wertested for eeh NGP wt%in the epoxy matrix. Figs.6 depicts an
averaged loadlisplacement plot foeachcase and clearly shows that the presenddRroNGPs
in the epoxy matrix improves theeak load at delamination initiation of the compokitainates.
Using the dat from the cameréor tracking crack propagation (Fi§.7) overa distance of 1

inch, adelamination growth resistance cur{fe-curve was plotted for eachNGP loading as
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shown inFig. 5.8. This chart shows thdioth the initiation fracture toughness (whéhe

delaminatiorcrack is 2 inch in length), and the propagation fracture toughness

3

¢ Baseline
A 0.1 wt%
m 0.5 wt%

25

K- Pure Mode I
baseline critical
stress intensity
factor

Kpc,p- Pure Mode 11
baseline critical
stress intensity
factor

0 0.5 1 1.5 2 25 3 35
Ki/Kicp

Figure 5.5 Normalized mixed mode fracture envelop
(when thedelamination crack reaché&s inch in length)are much higher for theHP-NGP
reinforced laminates in compaon to the baseline specimefisibles 54 and 5.5comparethe
initiation and propagation fracture toughness for each specimenAygp&crease in initiation
toughness of 2& and 48% is observed for 0.BP&tand 0.5wt% NGP cases, respectively, while
an incrase in crack growth resistance of 61% and 68% is observed after the delamination has
grown by %inch for 0.1wt% and 0.5wt% NGP cases, respectively. The nanoscale mechanisms
behind the increase in delamination initiation toughness with the addition of &Gwell as the

increase in delamination resistance with crack growth will be addressed in Chapter 6.
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Figure 5.6 Load displacement plot comparison for baseline, 0.1 wt% and 0.5ARMGP
reinforced epoxy laminat¢®CB specimens

Figure 5.7 Crack propagation captured using camera for post processi’igB testing

86



