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Abstract:

This study investigates the multifunctional behavior of carbon fiber reinforced composites
(CFRP) with respect to energy storage and electrical conduction applications. CFRP lam-
inates were subjected to long-term exposure of low-density electric field by passing direct
current (DC) through cross-ply laminates. The laminate resistance and the temperature
changes due to Joule heating effects were monitored. A permanent change in physical mate-
rial characteristics is caused by the following phenomenon, thermal decomposition of epoxy,
dielectric breakdown at the carbon/fiber interface and thermal mismatch during heat/cool
cycles. A 13–15% reduction in compressive strength, 6–7% reduction in Young’s modulus
in thickness direction, 3–4% decrease in glass transition temperature, and 41–45% increase
in tan δ was observed. Through thickness conductivity and CT scans of degraded samples
showed the evidence of delamination. The inherent difference between through-thickness
and in-plane properties of CFRP is the leading cause of these detrimental effects. Highly
conductive aligned graphene nanoplatelets (GNPs) has the potential to bridge the inadequa-
cies.

The unidirectional alignment process of transversely isotropic GNPs in epoxy was character-
ized by AC conductivity measurements. Epoxy nanocomposites reinforced by aligned GNPs
are developed through out of plane electric field alignment during the curing process. A
semi-empirical approach is developed to quantify the alignment process considering various
parameters such as viscosity of the epoxy-blend, dimensions of the GNP and electric field
strength. The quality of alignment is found to be a function of electric field intensity and
concentration of GNPs. We notice an increment in dielectric constant and loss, and Young’s
modulus for aligned samples. We also observe and characterize the brownian movement and
the growth of dielectric properties overtime. However, alignment of GNPs resulted in a het-
erogeneous composite. The planar alignment of GNPs in epoxy is also characterized by AC
conductivity measurements. Epoxy nanocomposites reinforced by GNPs oriented with their
long-axes parallel to the direction of electric field are developed during the curing process. A
rotating electric field about z-axis with varying speeds for different sizes and concentrations
is used to systematically align GNPs. The planar aligned GNPs is characterized by XRD
analysis, SEM images and dielectric spectroscopy.
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CHAPTER I

INTRODUCTION

1.1 Electrical conduction in CFRP

The use of carbon-fiber reinforced polymers (CFRP) as multifunctional composite materials

continues to garner increased interest in aerospace, automobile, and energy sectors [1]. Sev-

eral of these applications involve conduction of electricity through the composite laminates,

which raises the question of material degradation upon exposure to these electrical currents.

The response of CFRP structures to electrical environments has been mostly studied under

conditions that involve lightning strike. When composites are subjected to lightning strike,

the material response involves two distinct effects. First, the “direct effects” are observed

resulting from the injection of large amplitude (up to 200kA) current over a ≤ 500µs time

duration, which causes local electrical, mechanical, and thermal degradation [2, 3, 4]. This

instantaneous electrical power surge does not necessarily lead to catastrophic failure, but it

can leave the composite surface perforated, degraded, and affects flight. Second, “indirect

effects” arise from the passage of lower amplitude current (200–800A) over a 0.25–1 s time

duration, which can also cause material degradation [5]. Unlike direct effects, indirect effects

have often been overlooked in lightning strike studies as they are not easily discernible.

Several studies have focused on the “direct effect” degradation of composite materials subject

to lightning strike conditions, as recently reviewed by Kumar et al. [6]. It is now understood

that the application of short-duration and high-amplitude current lead to highly transient

1



electro-thermo-mechanical loading in composites [6]. This causes extensive physical damage

and loss of mechanical properties. For example, Mall et al. found a 30–75% decrease in the

compressive strength after simulated lightning strike of magnitude 100kA was applied on the

surfaces of different nanocomposites for 40ms [7]. On the other hand, studies on low-current

density degradation of composite are not as common. Early evidence of the deleterious effect

of electrical conduction-induced Joule heating on the mechanical properties of composites

was provided by Zhupanska and coworkers [8, 9]. Their studies were focused on increasing

impact strength due to application of currents. It was found that short duration of currents

increased the impact strength due to Lorentz force whereas, longer duration lead to loss of

strength due to overpowering Joule heating effects. More recently, Amaro et al. found that

composite laminates exposed to low values of DC current (0.142 A/mm2) for one (1) to eight

(8) hours exhibited a decrease in fatigue impact strength [10]. Also, Haider et al. investigated

the effects of lower current densities applied to composite laminates for up to 30 s and found

that irreversible degradation occurred if the current densities exceeded threshold levels [11].

The damage was identified to occur primarily because of Joule heating of the composite

laminate which caused material damage that could be quantified using broadband dielectric

spectroscopy.

Figure 1: Typical structure of carbon fiber reinforced polymer (CFRP) laminate [12]

The electrical conduction-induced Joule heating of composite laminates is well understood

and has been studied as a function of laminate configuration [13]. Zantout and Zhupanska

observed a variation in initial electrical resistance between alike samples, this was attributed
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Table 1: Comparison of electrical conductivity of various metals used in industry.

Material Electrical Conductivity (S/m) at 20◦C
Carbon Fiber 6.51× 104

Copper 5.98× 107

Aluminum 3.50× 107

Silver 6.30× 107

Iron 1.07× 107

Steel 6.21× 106

to the inherent discontinuity in the electrical contact between the composite laminate and

the electrode. The contact resistance decreased with an increase in thickness of the sample,

magnitude of current and time of application of current. This behavior was explained by the

change in number of conducting spots near the composite electrode interface by localized

temperature variations. Contact resistance causes detrimental thermal effects that need to

be looked at separately. This study will only focus on Joule heating of CFRP and ensuing

effects on the polymer matrix.

When current is passed through CFRP laminates along the fiber axis, Joule heating takes

place due to the resistive nature of carbon fibers. Typical CFRP laminate structure is

shown is shown in Fig. 1 to highlight the primary way of electrical conduction. Typical

resistivity of carbon fibers is 0.65− 1.4× 10−3 ohm-cm as compared to 1.68× 10−6 ohm-cm

for copper. Electrical conductivity of metals used in industry are shown in 1. This heating

of the CFRP laminate will lead to thermo-oxidative ageing of the composite material and

causes debonding at the fiber–matrix interface. At the lower currents (and thus associated

temperatures) in consideration, this Joule heating would not affect the fibers, however, the

heat generated from the fibers could decompose the polymer matrix and affect the fiber–

matrix interface. Apart from thermal degradation, the polymer matrix can also experience

thermal breakdown of the epoxy due to the heat generated by Joule heating near the fiber–

matrix interface where, dielectric strength varies with the microstructure. A permanent

change in resistance was observed in epoxy resin filled with short carbon fibers exposed to

high voltage for a short time [14]. This resistance decrease was linked to localized dielectric

3



breakdown which generated conductive paths between insulated fibers. In addition to this,

due to a significant difference in coefficient of thermal expansion of carbon fiber (−1× 10−6

to 8×10−6/◦C), and epoxy materials (45×10−6 to 106×10−6/◦C), residual thermal stresses

are introduced during heating, and cooling of the composite resulting in delamination of the

plies. These phenomenon result in a change of composite’s overall mechanical properties

that will reflect in different mechanical tests [15].

In these studies, significant differences in electrical and mechanical properties were observed

due to current conduction, but the mechanism of electrothermal degradation on CFRP has

not been clearly recognized and quantified especially under conditions of long term exposure

to low-density currents. Since the damage accumulation mechanism involves Joule heating

that produces tremendous heat, it is instructive to see what has been researched in terms of

thermal degradation of composites.

Extensive research has been done on the effects of temperature on strength of CFRP’s, which

showed drastic decrease in mechanical properties especially in the transverse direction and

the damage mechanisms were clearly recognized [16, 17]. The introduction of thermal stresses

leads to an increase of fiber waviness resulting in delamination and debonding. As multi-

functional composites such as structural supercapacitors, experience repeated applications

of electrical current, residual thermal effects at ambient temperature must be considered as

well.

It should be noted that the link between damage accumulation and resistance change has

been used for damage detection in composites by monitoring electrical and thermal char-

acteristics [18, 19, 20, 21, 22]. In this case the damage is introduced through mechanical

loading and the electrothermal characteristics are used as a monitoring mechanism. This is

unlike the current situation, where the damage is introduced through electrical conduction.

Both situations, however, involve a link between micromechanical damage and change in

electrical and thermal characteristics of the composite laminate.
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Feraboli made an effort to understand the fundamental damage response in carbon fiber–

epoxy material from simulated lightning strikes and found that conduction due to a fastener

embedded in the plate concentrated the damage near its vicinity [23]. Since the fastener was

relatively more conductive, it was able to conduct the current quickly leaving less residual

damage compared to a non fastener CFRP plate. Feraboli also compared the energy exerted

on CFRP by lightning strike and the same amount of energy absorbed from a mechanical

load, lightning strike was less detrimental than the impact load [24]. This shows the energy

dissipation potential of highly conductive carbon fibers, which essentially reduce the damage

through electrical conduction. Dhakal et al. experimented with conductive polymers by

introducing GNPs into PANI, which increased the conductivity 40 times by using 20 wt% of

graphene reinforcement [25]. Traditional methods involve incorporating a metal mesh that

acts as a primary conductor, but this method is counterproductive due to the additional

weight added to the system [26]. Alternative methods were employed by researchers to avoid

adverse effects on strength and weight of CFRP such as using filler materials like carbon

black, carbon nanotube (CNT) and graphene additives [12].

One such method is to use graphene nanoplatelets (GNPs) as a filler material in CFRP

laminates to increase the electrical conductivity while improving the strength [27]. Wenzhen

et al. incorporated 3 wt% GNPs at the fiber–matrix interphase region and obtained 180%

increase in through thickness electrical conductivity [28]. Everson et al. dispersed 1 vol%

GNPs into epoxy resin and fabricated plain weave carbon fiber laminate which showed a

increase of 55% in through thickness electrical conductivity [29]. Yan et al. used vacuum

assisted resin infusion to fabricate 5 wt% GNP laminates and noticed a two order magnitude

increase in through-thickness conductivity and a negligible change in in-plane electrical con-

ductivity [30]. Imran et al. observed an increase of 132% in transverse electrical conductivity

of AS4-Epon 828 composite containing 1 wt% GNP [31]. However, the through-thickness

conductivity of CFRP infused with GNPs remain to be unsatisfactory compared to in-plane

electrical conductivity due to random distribution that does not guarantee percolated behav-
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ior unless used in significant quantities. Aligned GNPs in CFRP can bridge the conductivity

barrier between carbon fiber plies by achieving percolation threshold with low concentra-

tions, increasing the through-thickness conductivity and thermal conductivity significantly

which reduces the detrimental electrothermal effects caused by electrical conduction.

1.1.1 Importance of GNPs for multifunctionality

Graphene nanocomposites have been successfully implemented in manufacturing industries

due to their ease of processing, lower costs and their capability to amplify thermal, electrical,

and mechanical properties simultaneously [32, 33, 34]. Due to these incredible properties,

graphene has been extensively used for many applications ranging from high performance

energy storage devices such as supercapacitors and multifunctional batteries to electronic

devices for anti-static coatings and electromagnetic shielding,lightning strike protection, mi-

crowave absorption, dielectric material in electronics [35, 36, 37, 38, 33, 39, 40, 41, 42, 43, 44,

45]. Addition of graphene to polymers has a significant impact on its electrical and thermal

conductivity’s, mechanical properties and polymer flexibility [45].

Graphene is a 2D allotrope of carbon with a unique honeycomb lattice that contributes to

its excellent electron mobility and thermal conductivity [46, 40]. The presence of sp2 bonds

between its hexagonal arrangement of carbon atoms provides highly mobile π electrons that

are responsible for graphene’s exceptional electrical conductivity (6×105 S/m) [47]. Several

of these two-dimensional layers of mono layer graphene stack upon each other using van

der Waals forces, forming a graphene nanoplatelet (GNP). The structure of a single GNP

is shown in Fig. 2. GNPs are widely used as a filler material in polymer matrices due to

its remarkable properties, such as high electrical and thermal conductivities as well as high

tensile strength and Young’s modulus [48]. These particles also exhibit anisotropic properties

with significantly improved electrical and thermal conductivities parallel to the surface as

shown in Table 2.
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Figure 2: Representation of a single GNP [49].

Chatterjee et al. dispersed GNPs in epoxy composites and observed an increase of 60% in

fracture toughness [50]. Imran and Shivakumar disperesed GNPs in EPON 828 epoxy and

observed an increase in electrical conductivity of epoxy from 4.3× 10−15 to 2.6× 10−6 S/m,

and doubling of thermal conductivity as well as increase in fracture toughness by one-third

[31]. Yan li et al. exfoliated high concentrations of 5 wt% GNPs in epoxy resin and observed

160% increase in flexural modulus and 100% increase in thermal conductivity [48]. Aron et

al. also used high concentrations (5, 10, 15 and 20 wt%) of GNPs along with carbon black in

EPON 862 resin and observed a decrease in electrical resistivity of the mixture from 10−15 to

10−4 ohm · cm [51]. The above mentioned studies regarding incorporation of graphene had

a significant improvement in properties, but problems related to agglomeration due to over

usage of graphene are still persistent and needs to be addressed.

Table 2: Anisotropic properties of graphene nanoplatelets (GNPs) [49]

Property Parallel to the surface Perpendicular to the surface
Thermal conductivity (W/m ·K) 3000 6
Electrical conductivity (S/m) 107 102

Tensile strength (MPa) 5 -
Tensile modulus (MPa) 1000 -
Thermal expansion (m/m/K) 5× 10−6 0.75× 10−6

1.2 Alignment of GNPs

Although, GNPs are widely used as nanofillers for various polymer nanocomposites, the

resulting properties are significantly lower than the analytically predicted properties. The

primary reasons being the agglomeration of particles which leads to ineffective nano-scale
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regions and lack of control of orientation of these particles in the nanocomposites. The GNP

is an anisotropic material whose properties in the in-plane direction are significantly higher

than its through-thickness direction [52]. Present-day manufacturing techniques of these

nanocomposites results in random dispersion of these particles promoting agglomeration

and restricting of the usage of higher concentrations. Also, randomly oriented particles tend

to neutralize the anisotropic property advantage if the statistical average is considered. To

effectively use GNP’s anisotropic properties, modulation of its orientation must be controlled

by utilizing appropriate manufacturing processes. These methods can ensure significantly

improved directional properties with low concentrations of GNPs. It was demonstrated

that controlling the orientation of these particles result in remarkably increased properties

in the aligned direction [53, 54]. This facilitates a way of closing the gap to the theoreti-

cally predicted properties since the bulk properties critically respond to its micro-structural

framework.

1.2.1 Unidirectional alignment of GNPs

There have been several methods of controlling the orientation of anisotropic particles such

as, liquid crystal method, electric field, solvent extraction, and magnetic field [55]. Of these,

electric field alignment has been utilized favorably due to ease of processing and scalability

of the process. Orientation and redistribution of nanoparticles in a polymeric suspension by

using external electric field has been theorized and proven for graphite, ceramic and glass

fibers [56]. Following the same principles, Wu et al. aligned multilayer graphene flakes

(0.1–3.2 wt%) in epoxy with an external electric field to improve multifunctional properties

of graphene composites such as directional electrical conductivity, thermal conductivity,

and fracture toughness [53]. Kwon et al. studied the growth of mechanical elasticity and

DC electrical conductivity of poly(lactic acid) composite containing 0.34 vol% of GNPs

under the application of a strong electric field at low frequency of 60 Hz [54]. Both authors

validated the orientation of GNPs using optical imaging and DC conductivity measurements

8



taken during the alignment process. These works were done for very low weight fractions

(0.054 and 0.028 vol%) and they developed analytical models for prediction of rotation and

translation times of GNP and time required to obtain percolation threshold. However, these

models fail to predict the same for higher weight fractions of GNP, because the behavior

becomes complex as particle to particle interactions and viscosity increases proportionally.

Hence, a semi-empirical approach is required to characterize the quality of alignment for

higher concentrations. The resistivity of the bulk material is dependent on the individual

orientation of the particles in the system [57]. Therefore, capturing the displacement and

resistive currents through the system during the process of alignment will provide vital

information about the electrical networks and orientations of GNPs occurring in the system

[58].

Apart from electrical properties, mechanical properties can also be increased by orienting

graphene. Khoramishad and Vafa used DC electric field to align 0.3 wt% of graphene ox-

ide nanoplatelets (GONPs) in epoxy to improve the fracture behavior of adhesive joints.

They achieved a 56% increase in maximum load of adhesive joints compared to unaligned

adhesive joints [59]. However, application of DC fields can lead to permanent migration of

particles to the electrodes of the applied field due to directed movement, resulting in un-

wanted electrophoretic deposition [60, 61, 62]. GONPs were aligned by Besharat et al. in

polyethersulfone films and an increase of 24% in tensile strength was noticed for 0.1 wt%

concentration. TEM also revealed that higher loadings (1–2 wt%) resulted in larger ag-

glomerations which could not be oriented perfectly along the electric field [63]. Su et al.

investigated the increment of mechanical properties such as Young’s modulus and tensile

strength along the aligned direction of reduced graphene oxide (rGO) and functionalized

graphene (FG) and found an 18% increase in Young’s modulus for 1 wt% rGO [64]. Based

on these studies, measuring the mechanical properties of aligned graphene nanocomposites

should provide validation of the conductivity data obtained during the alignment process as

the formed GNP networks are preserved during curing of the epoxy.
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In addition to this, due to their excellent dielectric, electrical and mechanical properties,

GNPs have been extensively researched as a potential dielectric additive for nanocomposites

for applications such as electromagnetic shielding, microwave absorption, embedded capac-

itors and energy storage [65, 66, 67]. The dielectric properties primarily depend on the

polymer matrix, electrical conductivity of the nanofiller, aspect ratio and their distribution

in the polymer matrix. Ravindran et al. studied the dielectric effects of different GNP sizes

and concentrations and found that the dielectric constant of the nanocomposite is highly

dependent on the GNP concentration and AC frequency [68]. Also, Figueiredo and Cav-

aleiro formulated an analytical model for dielectric behavior of ellipsoidal particle system by

considering composition, size and orientation of the particles. They found that for a model

that represents GNPs such as an oblate spheroid, the effective dielectric properties vary with

the orientation of particles [69]. Li and Kim performed a parametric study on the aspect

ratio of GNPs and found that it was a predominant factor relating to percolation threshold

of these nanocomposites [70]. It is well know that percolation has a direct correlation to di-

electric properties [71]. In addition to this, the interface effects from interfacial polarization

have been studied thoroughly and its effects on the dielectric constant have been modeled

and experimentally verified [72, 73, 74, 75]. Based on these studies, it is instructive to study

the effect of aligning GNPs in epoxy has on its dielectric properties due to the changing

orientation, enhanced interface effects and GNP concentration.

1.2.2 Planar alignment of GNPs

GNPs exhibit significantly improved properties along the planar direction compared to

through thickness direction. Due to their unique shape (oblate spheroid), they have a very

high aspect ratio (600-10000) which results in a higher surface area [76, 68]. The high sur-

face area facilitates greater interactions with host polymer, phonon transport, electrical and

thermal conductivity [77]. However, the high surface area gives rise to significant Van der

Waals forces and π−π interactions. These forces often result in agglomeration and stacking
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of GNP particles which reduces the effectiveness of an individual particle, causing a detri-

mental effect on the performance of the nanocomposite. In addition to this, the performance

of the GNP nanocomposite highly depends on the orientation of the GNPs due to their sub-

stantial difference in properties along the plane and through-thickness direction and random

orientation of GNPs tend to neutralize this effect. The intrinsic properties such as elastic,

thermal, electrical properties of graphene related materials based on orientation has been

identified [78, 79, 80, 81].

Notable methods of controlling the orientation of GNPs and other forms of graphene include

the use of external electric field, magnetic field, solvent evaporation, and layer-by-layer self

assembly method [55]. Of these electric field and magnetic field can be used without any

solvent or surfactanats. Yan et al. aligned graphene nanosheets (GNS-Fe3O4) in epoxy

composites using magnetic field. The thermal conductivity in in-plane direction was three

times the through-thickness direction [82]. However, usage of magnetic field is restricted

to magnetic nanoparticles and the neccessity of high magnetic fields [83, 84]. The most

widely reported method for aligning GNPs was using external electric field due to its ease

of processing conditions and the ability to modulate the degree of orientation [53]. Several

studies have demonstrated the beneficial effects on the mechanical, electrical, thermal and

fracture properties of nanoncomposites resulting from aligning graphene platelets through

an external electric field. Su et al. aligned reduced graphene oxide (RGO) and functionalized

graphene (FG) using AC electric field and found an increase in tensile strength and modulii

along the aligned direction [64]. Similar results pertaining to growth of elastic modulus and

DC conductivity were observed by implementing AC electric field on GNPs in poly(lactic

acid) [54, 85]. Wu et al. observed 7-8 orders of magnitude improvement in the electrical

conductivity, 60% increase in thermal conductivity, and 900% increase in fracture toughness

due to aligned GNPs in epoxy [53]. In these studies the chain formation of GNPs with

time of exposure of electric field was observed under optical microscope along the through-

thickness direction. In all cases, due to the lack of control of chain formation, agglomeration
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of particles along the chains takes place as electric field is continuously applied [59]. This

results in ineffective usage of GNPs as agglomeration along the chains reduces the surface

area for adhesion. Moreover, alignment induces property advantages along the through-

thickness direction which is the electric field direction and the transverse properties remain

unaltered. et al. observed a 2-3 order increase in DC electrical conductivity in the aligned

direction compared to randomly oriented samples, but wheres in the transverse direction the

conductivity was similar to randomly oriented samples [53]. Unlike one direction alignment,

planar alignment of GNPs will fully utilize the transversely isotropic properties of GNP

and will yield a uniform array capable of developing tunable nanocomposites. Furthermore,

using rotating electric field generates repulsion of adjacent particles which prevents chain

formation that could lead to agglomerated chains.

Planar alignment of GNPs will lead to anisotrpoic electrical, mechanical and thermal prop-

erties in the bulk composite. Of these, dielectric properties of graphene nanocomposites are

of particular interest due to their potential applications such as integrated circuits, electro-

magnetic shielding, embedded capacitors [86, 87, 88, 89]. The presence of GNPs in polymer

matrix significantly alters the dielectric properties of the composite. Primary factors affect-

ing these properties are dielectric mismatch between the host polymer and GNP, size, and

concentration of GNPs. In addition to these, the orientation of GNP plays an important role

in obtaining high dielectric constants [90]. The effect of concentration, size and surface area

of GNPs on dielectric properties of epoxy nanocomposites are well studied and documented.

Ravindran et al. studied the effect of GNP size, surface area and concentration for epoxy

nanocomposites and found that the dielectric constant increases with concentration and sur-

face area but reduces with the thickness of GNP [68]. Other similar studies show that the

aspect ratio of GNP plays an effective role in enhancing the electrical properties of various

polymer based nanocomposites [91, 92]. The high aspect ratio constitutes for a larger in-

terface region which enhances the Maxwell-Wagner-Sillars (MWS) effects resulting in higher

dielectric constant [71]. However, research based on the effects of orientation of GNPs on

12



the dielectric properties of the bulk nanocomoposite are deficient. Yousefi et al. fabricated

aligned reduced graphene oxide (rGO ) nanocomposites using an all aqueous casting method

and observed a significant increase of dielectric constant along the aligned direction [86].

This was primarily attributed to achieving percolation threshold and increased MWS ef-

fects. Stehle et al. also noticed a significantly higher in-plane dielectric constant compared

to through-thickness directions of graphene oxide membranes prepared by layer-by-layer self

assembly [93]. However, Santos and Kaxiras found that the dielectric constant of graphene

is 3̃ in the through-thickness direction and 1̃.8 in in-plane direction and are dependant of

the layers and electric field strength [94]. Due to the peculiar dielectric nature of graphene,

it is worthwhile to investigate the dielectric behavior of planar aligned GNPs.

1.3 Solid polymer electrolyte (SPE) and structural supercapacitor (SSC)

Solid polymer electrolytes (SPEs) are being investigated extensively to assess their applica-

tion prospects in fuel cells, solid state batteries and structural supercapacitors [95, 96, 97, 98].

The main purpose of these solvent-free electrolytes is to prohibit the growth of lithium den-

drites and offer substantially increased safety features to the energy storage system. The

secondary purpose emphasizes on the load bearing capabilities, which is especially true for

the case of structural supercapacitors. Apart from these, SPEs have interesting features such

as fire and leak proof, low volatility, high thermal, electrical, mechanical and electrochemical

stabilities. They also eliminate the usage of corrosive liquids which increases their shelf life

and operating temperatures. However, the ionic conductivities of SPEs remain to be almost

three orders magnitude less than liquid electrolytes.

Dry solid electrolyte based on polyethylene oxide (PEO) was identified and investigated as a

primary ion carrying component due to its high ionic conductivity in amorphous state [99].

However, the performance of PEO based SPE was unsatisfactory due to poor ionic conduc-

tivity at room temperature due to crystallization [100]. To decrease the polymeric crystal-

lization, small size electrochemically inert fillers can be added to the conducting polymer.

13



These fillers not only improve the ionic conductivity but also provide improved mechanical

and thermal stability while decreasing the interfacial resistance [101]. Particles with high

surface area to volume ratio are preferred due to their effectiveness to reduce crystallization.

These fillers can also deform the lattice structure resulting in the formation of interfacial

layers that helps trapping of ions within grain boundary. Researchers have used aluminum

oxide (Al2O3), titanium oxide (TiO2) and zirconium oxide (ZrO2) as high surface area fillers

and a reasonable increase in ionic conductivity was achieved [102, 103].

Addition of doping salts to the polymer electrolyte will provide a source of free ions as well

as increase the ionic conductivity of the SPE. Increased performance can be achieved when

the lattice energy of the participating salt is low and the dielectric constant of the polymer

is high [104]. The added salt will also interact with the ion-conducting polymer matrix and

inorganic fillers by Lewis acid-base reactions through the surface of functional groups and

help dissociation of lithium salt [105]. Researchers have used lithium salts such as LiPF6,

LiTFSI, LiClO4 and Li2B4O7 as charge carrier providers in various polymer electrolytes

[104]. Of these LiTFSI is more appropriate due its bulky structure that increases electro-

chemical stability, dissociates well in low dielectric solvents, non-corrosive to electrodes and

also possess a high transference number[106, 107].

Graphene oxide (GO) is a promising filler material for improving ionic conductivity due to

its electrically insulating properties resulting from disrupted sp2 bonded networks [108]. The

large surface area and the presence of functional groups like alcohols, carboxylic acid, and

epoxides promote ion accommodation, potential formation of ion transport channels and

increased salt dissociation. In addition to this, GO exhibits strong interactions with PEO,

thus reducing the interfacial resistance through low-energy conducting paths and increasing

the thermo-mechanical stability of the polymer electrolyte [109, 105]. Yuan et al. fabricated

a PEO/GO composite membrane with ionic conductivity of 0.086 mS/cm, Young’s modulus

of 3.21 GPa and electronic resistance of 20 MΩ [110]. Saleem et al. observed a significant
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increase in ionic conductivity of 0.027 mS/cm and a decrease in activation energy which

shows a decrease in crystallinity due to addition of lithium salts in PEO/GO thin film

SPE [111]. Megying et al. achieved a two order of magnitude increase in ionic conductivity

and 260% increase in tensile strength by incorporating 1 wt% GO into PEO and LiClO4

SPE [112]. These studies revealed the advantages of using GO as a conductivity enhancer

while improving the strength of the polymer electrolyte which is a necessity for structural

supercapacitors.

Figure 3: Conductivity versus stiffness of solid polymer electrolytes, gray area indicates the
desired properties [113]

For the performance of structural supercapacitor, mechanical and ionic properties of the

SPE are equally important unlike solid state batteries, where ionic properties are a priority.

In general, the ionic conductivity and stiffness of a solid polymer electrolyte are inversely

related as depicted in Fig. 3. Any increment of mechanical properties will reduce the ionic

conductivity and vice versa [114, 115]. To achieve higher mechanical properties, researchers

have used a bicontinous ionic liquid-epoxy resin system which provide structural properties

while retaining good amount of ionic activity [114]. Shirshova et al. obtained room tempera-

ture conductivity of 0.8 mS/cm for a mixture of 30 wt% structural resin and 70 wt% of ionic

liquid, but a drastic reduction in Young’s modulus (1250%) was observed [116]. The ionic

liquid (IL) phase is responsible for the softening of epoxy, hence optimum ratio of structural

epoxy to ionic liquid must be considered for achieving acceptable properties. Investigation of
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the microstructure of the electrolyte revealed a bead like structure with regions rich in ionic

liquid and porosity in epoxy resin rich regions were found [113]. Porosity can be reduced

by increasing the resin content which also increases the stiffness but will restrict the ion

movement considerably. These conflicting factors reduces the capabilities of the SPE and

needs to be addressed.

The effects of the doping salt content on the ionic conductivity of the SPE for structural su-

percapacitor applications have been studied as well. Javiad et al. fabricated a solid polymer

electrolyte using 10 wt% of 1-ethyl–3-methylimidazolium bis(trifluoromethysulfonyl) imide

(EMITFSI) in 82.6 wt% of polythylene glycol diglycidylether (PEGDGE) and crosslinked

with tri–ethylene-tetramine (TETA) [117]. They varied the concentrations of EMITFSI

and achieved an ionic conductivity of 0.176 mS/cm. Kim et al. also varied the concen-

tration of -ethyl-3-methylimidazolium tetrafluoroborate EMIBF4 in ionic liquid (1-ethyl-3-

methylimidazolium tetrafluoroborate) from 0 to 0.3 mol and observed a maximum ionic

conductivity of 0.325 mS/cm [118]. In both cases the ionic conductivity increased due to

addition of IL, reaching a maximum value and decreased with further addition of IL. The

increase in salt content will have adverse effects by increasing the viscosity of the IL, hence

the ratio of doping salt to ionic liquid content must be optimized depending on the type

of chemicals used. James et al. found 9–12 wt% of lithium trifluoromethanesulfonate salt

with polyethylene glycol (PEG) had minimal impact on compression modulus and significant

influence on ionic conductivity [119].

Although several methods have been employed to increase the ionic conductivity of the SPE

such as blending of structural and gel-like electrical phases with additional lithium ions,

blending structural resins with ionic liquids and utilizing inorganic fillers, the results are

unsatisfactory and there is a lot of scope for improvement. The ratio of IL to structural

resin and doping salt to IL have been optimized, which saturated the ionic conductivity.

Hence, modifications of SPE by including inorganic fillers must be explored further.
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1.4 Motivation

The aim of this study is to understand graphene alignment and identify its application in car-

bon fiber reinforced polymer composites to imbue enhanced multifunctional properties. This

study will investigate the behavior of CFRP laminates under constant low density currents

to understand the electrical effects on mechanical strength and the evaluate the need for

graphene alignment. Graphene alignment will be performed in pure thermosetting polymer

and AC conductivity obtained during the process will be used to characterize the quality

of alignment. This will be extended to planar alignment to increase the essential properties

such as dielectric constant and mechanical strength while possessing a low dielectric loss

which is necessary for energy storage applications. An itemized list of primary objectives of

this research is presented below:

• In order to understand the effects of electrical conduction on CFRP laminates, an

experiment is designed to study the effects of long-term exposure of low-density electric

field on the mechanical degradation of CFRP. Experiments are performed using an in-

house setup to study the effects of passing low constant direct current (DC) on cross-ply

CFRP laminates. A constant current study is conducted to characterize the voltage

across the laminate over a period. It is indicative that the strength of the polymer

depends on the integrity and type of bonds and the observed resistance change is a

perceptible way of demonstrating the change in mechanical properties. The combined

effect of electrical and thermal fields is studied by mapping the surface temperatures

continuously on the entire length of the laminate. Research shows that the presence of

non-conducting epoxy undergoes localized dielectric breakdown near the carbon epoxy

interface. In order to quantify the degradation, combined loading compression (CLC)

and dynamic mechanical analysis (DMA) tests are performed on coupon size samples

which are electrically degraded for a definite period.

• The dielectrophoretic behavior of transversely isotropic graphene nanoplatelets (GNPs)
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in thermoset epoxy polymer under alternating electric field will be characterized de-

pending on factors such as alignment time, chain formation, magnitude of electric field

and thickness of specimen. To accomplish this, work done by Wu et al. is replicated by

creating a mold that can generate an alternating electric field between two aluminum

plates separated by insulating epoxy containing GNPs [53]. The AC current flowing

through the bulk system will track minuscule changes in orientation and simultaneous

chain formation. A semi-empirical approach is developed to quantify the alignment

process considering various parameters such as viscosity of the epoxy-blend, dimen-

sions of the GNP and electric field strength. Variation of AC current flow is used to

study the alignment of different concentrations of GNPs (0.7, 1.4 and 2.8 wt%). The

effect of different electric field strengths (25–55 V/mm), and the evolution of chain

formation with time and brownian motion of GNPs for 1.4 wt% concentration is also

studied. The validation of the experiment is done Young’s modulus measurements in

the aligned direction and dielectric spectroscopy measurements.

• The understanding of unidirectional alignment of GNPs will be extended to the pla-

nar alignment of GNPs. AC conductivity measurements formulated using displace-

ment current will be used to characterize the planar alignment process of transversely

isotropic graphene nanoplatelets (GNPs) in a thermoset epoxy polymer. Epoxy nanocom-

posites reinforced by GNPs oriented with their long-axes parallel to the direction of

electric field will be developed during the curing process. A composite electrode that

is capable of producing a cylindrical specimen will be developed. A rotating electric

field about the z-axis will be applied as the epoxy is being cured. The rotation speed

of electric field will be calculated using an analytical model considering parameters of

GNPs such as concentration, thickness and diameter of GNPs. Experiments will be

conducted for two different types of GNPs (M5 and M25) whose diameters are 5 µm

and 25 µm respectively. The concentrations of these GNPs will be varied from 0.175

to 1.4 wt%. Validation of the planar alignment will be done by AC conductivity mea-

18



surements and dielectric spectroscopy. The fracture surfaces of planar aligned GNP

composites will be viewed under as SEM. Furthermore, XRD analysis will be used to

evaluate the anisotropy in the final GNP composite.
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CHAPTER II

DEGRADATION MECHANISMS IN CARBON FIBER-EPOXY

LAMINATES SUBJECTED TO CONSTANT LOW-DENSITY DIRECT

CURRENT

In this study, we have investigated and quantified the degradation of carbon fiber–epoxy in-

terface due to long term exposure of low-density direct electric currents in cross-ply CFRP’s.

2.1 Materials and Methods

2.1.1 Experimental Setup

The purpose of these experiments is to understand the mechanisms contributing to the

degradation of cross-ply CFRP’s subjected to low constant direct currents. Figure. 4 shows

the schematic of the electrical setup, which was developed taking into consideration the

efforts of Zantout and Zhupanska [13], Telitchev et al. [8], Sierakowski et al. [120], and

Deirling and Zhupanska [121]. The three essential requirements for the electrical setup are:

(i) a DC power source with high power and accuracy, (ii) a high frequency steady temperature

recording device to capture minor changes, and (iii) a reliable electrode fixture capable of

passing uninterrupted flow of DC for a given period.

The DC power supply (6031A, HP-Agilent Santa Clara, California) has a current rating of

120A and voltage rating of 20V. The power source was connected to a computer through a

GP-IB cable. It was controlled by SCPI command language and voltage/current characteris-
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tics were recorded. Commercially available infrared multi-array sensor (MLX90621, Melexis

Inc, Nashua, New Hampshire) was used to capture the temperatures over a field view of

30◦ × 120◦. The IR camera has a red pointer to ascertain uniform view of temperature grid.

Figure 4: Schematic of the electrical degradation test setup for CFRP laminates.

The custom fixture is an improvement of Zantout and Zhupanska [13]. Their fixture consisted

of two fixed copper busbars. Instead, we use one fixed and one spring-loaded busbar which

can adjust to dimensional changes of CFRP plate. The fixture is a standalone unit capable

of accommodating 250× 100× 8 mm rectangular plate specimen of uniform thickness. The

specimen is placed in between two copper busbars which are connected to the power supply.

The left busbar is fixed, and the right busbar is movable to accommodate different sizes of

specimens. To keep the CFRP specimen in place, compression springs were employed against

the movable bus bar. From the weight of the copper bar, the approximate spring coefficient

was calculated to be around 192.6 N/m and to avoid tilting of the busbar, four springs were

used; minimal compression of the samples was ensured to avoid introducing new stresses.

The IR sensor was housed on a wooden construct which has the capability of horizontal,

vertical, and angular movements to capture thermal data for different sample sizes. The real
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Figure 5: Real experimental setup for electrical degradation of CFRP specimens. The infra
red camera is located on the wooden housing.

experimental setup is shown in Fig. 5. During temperature recording, the coupon sample is

divided into twelve segments of equal length to obtain a 12 × 1 uniform temperature grid.

Temperature measurement is not only an indirect identification of the conduction paths in

the sample, but also assists in estimating the induced temperature effects on epoxy due

to Joule heating of carbon fiber. Shunt resistor and AC-DC digital multi-meter was used

to ensure accurate voltage supply. The voltage and current changes were logged into an

excel sheet via visual basic code. The temperature was monitored and recorded through

an Arduino board which using an in-house data acquisition code. Temperature and voltage

data were documented every 30 seconds to track small variations.

2.1.2 Materials and Preparation

Cross-ply CFRP plate of size 500 × 500 mm with a thickness of 4 mm was procured from

Zhongfu-Shenying Carbon Fiber Co, Jiangsu, China for the analysis. It is made of T300-3k

carbon fibers and E51 thermosetting epoxy. Coupon samples of size 140× 13 mm were cut

from the plate using a tile saw (MK-370, MK Diamond Products, Torrance, California).
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Cross-ply samples were considered because two types of electrical conduction can occur,

axially through carbon fibers and electron hopping through parallel fibers. The axial current

causes resistive heating in the carbon fibers and the voltage difference between parallel fibers

would cause localized dielectric breakdown and cracking of the epoxy.

Good electrical contact of the composite specimen with copper electrodes must be maintained

throughout the experiment to obtain repeatability and to avoid hot spot formation. Due to

the presence of an insulating medium between the fibers, an effective contact must be ensured

by reducing the contact resistance. There are two factors associated with contact that govern

the quality of electrical characterization, surface roughness and change in dimensions during

testing. The first issue was addressed by preparation of contact surfaces, where the edges

of the coupon samples of CFRP were sanded with different sandpaper grits in an order

of, 320, 400, 800 to form a smooth surface. The orthogonality of the edges was visually

examined through a magnifying glass and plane surface was verified. The sanded ends were

varnished with an electrically conductive epoxy (Duralco 120, Cotronics, Brooklyn, New

York) to reduce the contact resistance between CFRP and copper electrodes. The samples

were left to cure at room temperature for 24 hours. Excess resin was lightly sanded with

1200 grit paper to obtain a smooth texture of silver oxide layer. This process is critical, since

the current carrying capacity is drastically reduced by contact resistance. The second issue

addresses the shrinkage of the CFRP sample in the axial direction due to thermal contraction

of carbon fibers. According to Schapery equation [122], the CTE of the cross-ply composite

used, is calculated to be around −1.2 × 10−6/◦C. This would cause a shrinkage of 0.023

mm in the axial direction for a sample length of 140 mm. This change in dimension is a

significant factor to be considered, since there is a high possibility of losing contact if the

electrodes were fixed. This issue was resolved by using four compression springs which aided

in the adjustment of the busbar.

23



2.1.3 Electrical Degradation

By dynamic mechanical analysis (DMA-Q800, TA Instruments, New castle, Delaware), the

Tg of the composite was found to be near 165.8◦C. The density of current to be passed was

determined by trial and error, considering the glass transition temperature of the sample.

The samples could pass a constant current of 0.22 A/mm2 lengthwise without having any

adverse burning near the contacts.

Five CFRP samples of size 140 × 13 mm were subjected to 0.22 A/mm2 constant direct

current for two different durations, (3 hrs and 24 hrs). Besides this, we also investigated the

effects of repeated current application on CFRP samples for 3 hours. A similar approach

was followed by Miller and Feraboli [123]. They observed a gradual reduction in resistance

for repeated application of high currents (30A) in regular intervals of 10 seconds. Similarly,

five identical undegraded samples were subjected to a fixed value of current 0.22 A/mm2 for

one hour, then the samples were allowed to cool down to ambient temperature naturally, and

current was supplied for an hour again. The specimen was left in the fixture while it returned

to ambient temperature, it should be noted that the cooling time was not considered. The

amount of time exposed is three hours, so three cycles were monitored, and voltage-time

behavior was characterized.

Although the voltage curve can be used to assess the damage, thermal effects superimpose the

electric effects on epoxy. To distinguish between electrothermal and thermal effects on CFRP,

few samples were subjected to isothermal conditions in a forced air oven (1350FM, VWR

International, Radnor, Pennsylvania) at a temperature of 160◦C for two different durations

(3 hrs and 24 hrs). This temperature was chosen to simulate the conditions experienced at

the mid span of the samples due to passage of direct current, which is further explained in

the results section. Table 3 summarizes the different tests performed on cross-ply samples.
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Table 3: Summary of different tests performed on cross-ply CFRP coupon samples. Five
samples were tested for each case.

Sample type Exposed conditions
ED-3hrs Electrically degraded for 3 hours
ED-24hrs Electrically degraded for 24 hours
ED-Cyclic Electrically degraded for 3 hours (Intervals of 1 hour)
Oven heated-3hrs Isothermal at 160◦C for 3 hours
Oven heated-24hrs Isothermal at 160◦C for 24 hours

2.1.4 Material Analysis and Characterization

In order to quantify the electrical degradation on mechanical properties, compression and

DMA tests were performed on five undegraded, five electrically degraded (ED-3hrs and ED-

24hrs), and five cyclically degraded samples (ED-Cyclic). Compression strength of CFRP

is critically dependent on the polymer’s ability to support the reinforcing fibers and resist

buckling. To avoid excessive buckling during compression tests, combined loading compres-

sion (CLC) tests were carried out on the coupon samples according to ASTM D6641 [124].

Compression tests were also performed on five oven heated samples (Oven heated-3hrs and

Oven heated-24hrs) to identify the mechanisms and the extent of thermal effects on CFRP.

Glass transition temperature (Tg) range of a thermosetting polymer indicates the transition

from a rigid state to a more rubbery state. It also indicates the degree of cross-linking of the

polymer matrix. Higher Tg value correlates to higher cross linking and higher compressive

strength of the epoxy. DMA (Dynamic mechanical analysis) was used to calculate the Tg for

samples exposed to different conditions. DMA is also used to measure stiffness and damping

characteristics which are reported as loss modulus (E ′′), storage modulus (E ′), and tan δ.

Basically, tan δ can be used to characterize the storage and loss moduli of the material at

a particular temperature. The value of δ can lie between 0◦ and 90◦. As δ approaches 0◦,

the material exhibits pure elastic behavior while 90◦ is purely viscous behavior. Besides Tg,

damping can also be used to interpret the level of fiber–matrix adhesion. The tan δ values

obtained from flexural deformation mode of DMA proved to be more sensitive for the study
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of the carbon fiber–epoxy interface [125]. Three samples from each category were tested on a

dual cantilever beam with 1 Hz frequency and isostrain conditions. Tg values were extracted

from the peaks of tan δ curves.

Due to electrically conductive behavior of CFRP laminates, damage detection such as ma-

trix cracks, delamination and fiber breaks is possible by calculating the resistance change in

in-plane and through-thickness directions [126, 127, 128]. In cross-ply CFRP samples, cur-

rent primarily flows through fibers when potential is applied in transverse and longitudinal

directions. But when potential is applied in the thickness direction, delamination can be

detected which is often difficult to measure by visual inspections [129, 130]. In this study,

the mid span of the degraded and undegraded samples were cut into three equal segments of

size 13× 13 mm by using a tile saw and DC resistivity was measured in through-thickness,

transverse and longitudinal directions by applying a constant voltage of 100 mV using a

DC power supply and measuring the current by a digital multimeter (5491B, BK Precision,

Yorba Linda, California). Electrically conductive epoxy was applied on the surfaces before

measurement and 9 segments were tested for each case.

In addition to this, modulus of the degraded and undegraded samples was measured using

ultrasonic pulse-echo method. Negative square wave pulser-receiver (5077PR, Panametrics,

Waltham, Massachusetts) was coupled to an oscilloscope (3052, Tektronix, Beaverton, Ore-

gon) to measure the ultrasonic sound wave propagation. Young’s modulus in the thickness

direction was measured from the density, shear wave and longitudinal wave speed at the mid

span of the specimen.

Finally, the internal micro-scale damage of the degraded samples were analyzed using a X-ray

computed tomography machine (Xradia 410, Zeiss, Oberkochen, Germany). 3D images of

size 1000×1000×1000 pixels of the damaged surface were captured with a high resolution of

0.7 micron to investigate the micro-scale damage. Thermal and electrically degraded sample

images were compared to analyze the damage accumulation behavior.
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2.2 Results and Discussion

The temperature profile of a coupon sample exposed to direct current of magnitude 0.22

A/mm2 for 3 hours is depicted in Fig. 6. As mentioned in the experimental setup section,

the coupon sample is divided into 12 segments for temperature measurement. Segments 1,

2, 3, 10, 11, and 12 are located near the extremes of the specimen. These segments experi-

ence detrimental effects from contact resistance heating at the composite-electrode interface.

These edge effects cannot be avoided and can often overwhelm the effects of electrical con-

duction. These effects exponentially decrease as we move to the center of the specimen. It

can also be noted that the temperature profile at segments 4 to 9 is uniform, which can be

considered as the mid span of the specimen. The difference in temperatures between the ends

of specimen and the mid span was (10–20)◦C above the mid span temperature. In addition

to this, more emphasis was laid on the mid span of the specimen because, in compression

tests the sample fails at the mid span and also to avoid contact resistance effects. There-

fore, for all degradation studies, the resistance change was studied along with average mid

span temperature (Average of segments 4–9). Figure. 6 also shows the laminate resistance

history of the same sample for 3 hours. The initial increase in resistance due to temperature

increase can be attributed to the positive temperature coefficient behavior of carbon fibers

[131]. The variations in temperature and resistance are synchronous and complement each

other as expected. We can also observe that both resistance and temperature fields start

stabilizing after half an hour. This shows the direct correlation between resistance change

and temperature.

The normalized resistance history for five identical laminate samples subjected to direct cur-

rent of magnitude 0.22 A/mm2 for 3 hours is shown in Fig. 7. Here, R and Ro represent

instantaneous resistance and initial resistance of the laminate, respectively. Since there was

no noise or sharp variations in the curves obtained, a good contact between the copper bars

and the samples is assumed. Also, since the composite adheres to Ohm’s law, the varia-
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Figure 6: Laminate segment temperature and resistance variations of a coupon sample ex-
posed to 0.22 A/mm2 direct current for 3 hours. The coupon sample is divided into 12 equal
segments and each curve represents the temperature variation of the specific segment.

tion of voltage gradient is directly proportional to resistance change within the composite,

provided that constant current is maintained. The evident change in resistance signifies the

material changes due to Joule heating effects, local dielectric breakdown of the epoxy and

delamination. The variability from experiment to experiment can be ascribed to the fact

that every sample has different internal anisotropy, resistance, and variable number of con-

ducting channels. However, in majority of the samples an initial increase in resistance can be

observed which typically takes about an hour to stabilize. Phase I in Fig. 7 shows a gradual

increase in resistances of identical samples for a period of one hour. This peculiar behavior

can be attributed to Joule heating of the carbon fibers due to electrical conduction, which

causes micromechanical damage to the surrounding epoxy leading to matrix decomposition.

Phase II indicates the region of stability, which occurs after dielectric breakdown of the

epoxy between the plies due to a potential gradient or between parallel fibers due to impuri-

ties present in the polymer. In solid polymers, dielectric breakdown involves an irreversible

damage in the form of carbonization of the polymer and destruction of the molecular struc-
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Figure 7: Normalized resistance (R/Ro) history of coupon samples exposed to 0.22 A/mm2

direct current for 3 hours. R is the instantaneous resistance and Ro is the initial resistance
of the composite laminate.

ture, which provokes conducting pathways [14, 132]. Depending on the degree of anisotropy

of the sample, dielectric breakdown takes place after a certain period which leads to opening

of new pathways for current flow, hence reducing the resistance of the material. However,

in samples 3 and 4 the resistance continues to increase, signifying that Joule heating effects

are still persistent and more time is required for dielectric breakdown to overpower thermal

effects thus requiring more than 3 hours to acquire stabilization. In order to understand the

correlation between time and variation in resistance of the composite laminate, samples were

exposed to 24 hours direct current.

The average temperature at the mid span of the specimen vs time for the same set of five

samples exposed to DC of magnitude 0.22 A/mm2 for 3 hours is shown in Fig. 8. Any distinct

variations in the temperature field can be attributed to change in resistance that occurs due

to micromechanical damage from thermal mismatch, epoxy decomposition around the fiber,

and formation of new electrically conductive paths which cause localized heating. During the
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Figure 8: Average mid span temperature variation of coupon samples exposed to 0.22 A/mm2

direct current for 3 hours.

first five minutes of current conduction, rapid heating of the composite occurs due to positive

temperature coefficient of CFRP, followed by a gradual increase (phase I) until equilibrium

is achieved, which is depicted by phase II in Fig. 8. In phase I, temperature increases due to

increase of resistance from Joule heating, this significant rise can be noticed in all the samples,

which takes an hour to stabilize depending on the internal anisotropy and the degree of

epoxy degradation. Phase II is characterized by a decrease in temperature due to a decrease

in resistance resulting from dielectric breakdown. Any structural irregularities, damage or

porosity present in the composite can significantly change the dielectric properties [133]. The

outcome of these asperities gives rise to different conductivity levels throughout the sample.

Furthermore, dielectric strengths drastically decrease with temperature and when the rate

of heat input exceeds heat removal rate, accelerated thermal breakdown of the epoxy occurs

[134, 135]. The impurities present near the vicinity of carbon–fiber epoxy interface will cause

severe dielectric decomposition, which leads to reduction of bond strength.
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Figure 9: Normalized laminate resistance history of coupon samples exposed to 0.22 A/mm2

direct current for 24 hours. R is the resistance at any given time and Ro is the initial
resistance of the laminate. Rt and Ri represent normalized resistance at any given time after
3 hour mark and the normalized resistance intercept along the line t = 3 hours respectively.

Figure 10: Average laminate mid span temperature variation for coupon samples exposed
to 0.22A/mm2 direct current for 24 hours.
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The resistance variation with time for identical samples exposed to 0.22 A/mm2 direct current

for 24 hours is depicted in Fig. 9. All samples showed an increase in resistance over time and

gradual reduction until steady state was obtained. The initial increase in resistance is due to

the permanent material changes which can also be observed in cyclic tests, which is explained

later. Phase I shows a gradual increase in resistance until dielectric breakdown occurs leading

to a decrease in resistance. When epoxy degrades near the interface, more fibers come in

contact with each other, causing a reduction in resistance and surface temperature, which

can be observed in Fig. 10. Steady state is acquired when dielectric breakdown occurs

near the carbon fiber–epoxy interface and all the pathways for electric current are explored.

Since CFRP exhibits positive temperature coefficient effect of resistivity behavior, as the

temperature decreases, resistance also decreases. All samples had a linear relationship with

resistance in phase II of the resistance plot, which can be formulated as,

Rt = Ri +m · t

where, Rt is the normalized resistance at any given time after 3 hour mark, Ri is the nor-

malized resistance intercept along the line t = 3 hours, m is the slope of the normalized

resistance lines and t is the time in hours. The slope varies from −0.009 to −0.003 for sam-

ples 6–10. The negative slope indicates a steady decrease in resistance in all the samples,

which is an effect of diminished Joule heating due to discovery of new pathways for current

flow.

In order to understand the mechanisms of damage accumulation, which is revealed by resis-

tance change, cyclic tests have been performed on five identical samples. Figure. 11 shows

the variation of laminate resistance change for cyclic loading of three hours for these sam-

ples. Figure. 12 shows the normalized resistance variation of sample 11 which is subjected

to cyclic loading. From Fig. 12 it is evident that the steep increase in resistance in all the

cycles is from Joule heating of the conductive pathways. The change in resistance (start
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of cycle to the end of cycle) of the first, second and third cycles are 0.27, 0.18 and 0.14

Ω/Ω respectively. We can interpret the physical damage accumulation through resistance

change of the material over every cycle, a change in initial resistance of 0.16 Ω/Ω between

the first and second cycle can be noticed, but when second and third cycles are compared,

a change in initial resistance of 0.06 Ω/Ω is observed. This indicates a permanent change in

physical material characteristics which is due to thermal mismatch induced damage resulting

in delamination of the plies. Due to the absence of temperature effects at the initial point,

this permanent increment in starting resistance for every cycle signifies the level of electrical

degradation and validates the above conclusion. Since the fibers are not affected by this

low-density current, this notable distinction is a phenomenon pertaining to reorganization of

conductive paths caused by micro-scale delamination between the plies. From Fig. 11, it can

be observed that majority of the samples had a permanent increase in resistance except for

sample 13, where dielectric breakdown has occurred in the second and third cycles resulting

in stabilization and also a steep reduction in apparent damage accumulation.

The temperature changes for every one-hour cycle of the same sample is shown in Fig. 13

shows. Time taken to achieve 63% of the steady state in the first cycle is approximately

3.3 minutes, whereas in the second and third cycles it takes 3 minutes and 2.8 minutes,

respectively. Since current is constant, heat generated in the sample is directly proportional

to the resistance. An increase in resistance increases the heat generated per unit time, which

reduces the time taken to achieve steady state.

Table 4: Glass transition temperature (Tg) and tan δ variation for different exposures.

Specimen type Tg Reduction tan δ Increment
(◦C) (%) (%)

Undegraded 166.1± 0.4 - 0.22 -
ED-3hrs 160.2± 1.3 3.6 0.31 41
ED-24hrs 159.7± 2.6 3.8 0.31 41
ED-Cyclic 159.4± 1.4 4.0 0.32 45
Oven heated-3hrs 163.7± 0.5 1.1 0.26 18
Oven heated-24hrs 163.8± 0.5 1.4 0.29 32
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Figure 11: Normalized resistance change of the laminates subjected to three hour cyclic load.

Figure 12: Normalized resistance change of the sample 11 subjected to three hour cyclic
load. ∆R/Ro represents the increase in normalized laminate resistance from previous cycle.
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Figure 13: Variation of average mid span temperatures of the sample 11 for three hour cyclic
load. Here, τ (time constant) represents the time taken to achieve 63% of the steady state
temperature in their respective cycles.

Table 5: Compressive strength variation for different exposures.

Specimen type Compressive strength Reduction
(MPa) (%)

Undegraded 755± 33 -
ED-3hrs 643± 22 14.9
ED-24hrs 646± 24 14.4
ED-Cyclic 657± 36 13.0
Oven heated-3hrs 721± 10 4.5
Oven heated-24hrs 691± 31 8.5

Table 5 shows the comparison of compressive strengths of samples exposed to various con-

ditions. A significant amount of difference in ultimate compressive strengths between unde-

graded, electrically degraded and oven heated samples is evident when reduction percentage

is analyzed. The percentage difference between the mean values of electrically degraded

(ED) and undegraded samples is (13–14.9%). This variation corresponds to the irreversible

degradation by electrical conduction due to electrothermal effects. Considerable difference

of about 10.4% can be noticed between electrically degraded (ED-3hrs) and oven heated
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(Oven heated-3hrs) samples. This difference in compressive strengths was reduced to 5.9%

when samples exposed to 24 hours (ED-24hrs and Oven heated-24hrs) were compared. We

can conclude that electrical degradation cannot be accounted by thermal effects of the di-

rect current alone and dielectric effects have an important role in reducing the strength.

From ED-cyclic data we could interpret that there is a progressive damage accumulation

over time and, we can exclusively estimate the effects of electrothermal effects by comparing

oven treated samples with ED samples. The absence of notable differences between com-

pressive strengths, Tg and, tan δ values for ED-3hrs, ED-Cyclic, and ED-24hrs experiments

demonstrates that electrical degradation occurs very early under these conditions and di-

electric degradation continues as long as it is exposed to electric current, but the damage

accumulation is minimal.

Table 4 shows the Tg values obtained for samples exposed to direct current and isothermal

conditions in an oven. The reduction in compressive strengths support the Tg values when

percentage difference is examined. A (3.5–4.0%) reduction in Tg can be observed for electri-

cally degraded samples. This supports the reduction in compressive strengths and concludes

that dielectric degradation will have minimal effects which are restricted around the con-

ductive paths, and any further degradation can be attributed to thermal effects caused by

heating of fibers. Although the temperature was below Tg, an increase in storage modulus

was observed in electrically degraded and oven heated samples. This increase is associated

with physical aging of the amorphous phase and densification of the polymer network occur-

ring at temperatures below Tg [136]. Since the oven heated composites experience the same

temperature, the further reduction of Tg as seen in electrically degraded samples compared

to oven heated samples can be associated with severe delamination of the carbon fiber plies

and debonding near the interface.

It is evident from Fig. 14 and Table 4 that the tan δ values are increasing after passage

of electricity, an increment of (41–45%) is observed for ED samples. This indicates the

36



Figure 14: Tg and tan δ variation for different exposures.

material has more energy dissipation potential which is inversely proportional to the load

carrying capacity. The tan δ values of the undegraded samples and ED-3hrs are 0.22 and

0.31, respectively. The increase in damping factor also implies a reduction in the carbon

fiber–epoxy interface bonding which depends on the mobility of the molecular chains at the

interface [137]. Furthermore, since the fibers have negative CTE and the epoxy has a positive

CTE, significant amount of thermal stresses will be developed at the interface during heating

and consequent cooling. These residual thermal stresses caused by thermal mismatch will

be higher for the case of electrically degraded samples compared to oven heated samples due

to resistive heating nature of the fibers.

The Cole–Cole plots of three electrically degraded (ED-3hrs, ED-24hrs), cyclically degraded

(ED-Cyclic), and undegraded samples are shown in Fig. 15. Here, the loss modulus (E ′′)

values are plotted against storage modulus (E ′) on a logarithmic scale. An imperfect or a

semi ellipse indicates heterogeneity and good fiber–matrix interface, while a perfect semicir-

cle exhibits a pure polymer [138]. A notable difference in the shape of the Cole–Cole plots
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Figure 15: Cole–Cole plots for Undegraded, ED-3hrs, ED-Cyclic, and ED-24hrs samples.

between undegraded and ED samples can be observed. The shape of the Cole–Cole plots

become more semicircular after passing electricity, which indicates weaker adhesion due to

dielectric breakdown and debonding at the carbon fiber–epoxy interface. Due to indistin-

guishable shape of Cole–Cole plots of ED-cyclic and ED-3hrs, we can conclude that electrical

degradation in CFRP is an irreversible phenomenon and accumulates over time.

Table 6 shows the permanent resistivity changes along the transverse, longitudinal and

through-thickness directions for different exposures. Indication of delamination is evident

in all samples considering the increment of resistivity in through-thickness direction. How-

ever, electrically degraded samples experienced more damage as compared to oven-heated

samples due to Joule heating, subsequent decomposition of surrounding polymer and the

development of matrix cracks due to electron hopping between parallel fibers. Nevertheless,

a decrease in through-thickness resistivity was observed when ED-Cyclic and ED-24hrs are

compared, this can be attributed to dielectric breakdown taking place for prolonged expo-

sure that causes more fibers to come into contact. However, transverse and longitudinal
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resistivities showed different behavior where oven-heated samples experienced an increase in

resistivity suggesting delamination and increased waviness from pure thermal damage but

in electrically degraded samples a slight decrease in resistivity was observed, supporting the

dielectric breakdown of polymer which results in retaining the conductive paths formed dur-

ing degradation. The initial thermal damage from Joule heating causes severe delamination,

but due to dielectric breakdown of the polymer from elevated temperature, the resistivity

of the material decreases as the polymer becomes conductive overtime. This phenomenon

is supported by longitudinal resistivity of ED-24hrs and ED-Cyclic samples. Table 7 also

shows the variation of Young’s modulus of the samples in thickness direction. A decrease

in modulus was observed in all cases when undegraded samples are compared to degraded

samples. However, the modulus of electrically degraded samples was lower than thermally

degraded samples, a similar trend was observed for reduction in compressive strengths.

Table 6: Resistivity measurements at the mid span of the samples for different exposures.

Specimen type Transverse Longitudinal Through-thickness
resistivity (Ω-mm) resistivity (Ω-mm) resistivity (Ω-m)

Undegraded 1.49± 0.08 1.50± 0.03 0.45± 0.02
ED-24hrs 1.36± 0.05 1.46± 0.02 3.72± 0.32
ED-Cyclic 1.35± 0.04 1.58± 0.05 4.95± 1.58
Oven heated-3hrs 1.64± 0.06 1.74± 0.07 1.40± 0.14
Oven heated-24hrs 1.75± 0.06 1.77± 0.08 1.50± 0.04

Table 7: Young’s modulus measurements at the mid span of the samples for different expo-
sures.

Specimen type Through-thickness
Young’s modulus (GPa)

Undegraded 0.45± 0.02
ED-24hrs 3.72± 0.32
ED-Cyclic 4.95± 1.58
Oven heated-3hrs 1.40± 0.14
Oven heated-24hrs 1.50± 0.04

The sectional views of X-ray CT scans of a cross-ply Undegraded, Oven heated-24hrs and

ED-24hrs samples are shown in Fig. 16. Here, the 0◦ fibers are coming out of the picture

and the current was passed along these fibers. Interply damage leading to delamination
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is visible in Oven heated-24hrs and ED-24hrs samples as seen in Fig. 16b and 16c. The

interply damage in the case of Oven heated-24hrs sample is caused by matrix decomposition

and thermal mismatch between the 0◦ and 90◦ plies. However, for the case of ED-24hrs, the

interply damage is a combination of thermal effects resulting from dielectric breakdown and

matric decomposition. The in-plane views of Oven heated-24hrs and ED-24hrs samples are

depicted in Fig. 17a and 17b respectively. Here, the current carrying fibers are running from

left to right. Severe delamination due to damage accumulation is visible between 0◦ and 90◦

plies in Fig. 17b. From the in-plane view it is revealed that the 0◦ plies are the most affected

as a consequence of debonding and dielectric breakdown. In addition to this, electrically

degraded samples also experience matrix decomposition due to the heat generated by Joule

heating of the carbon fibers.

2.3 Conclusion

In this study the results for mechanical strength degradation of CFRP laminates due to

low-density direct current and the mechanisms involved have been presented. Application

of direct current in CFRP encompasses major challenges: (i) electrical setup, (ii) sample

preparation, (iii) temperature and resistance measurement, (iv) contact resistance, and (v)

dimensional changes while passing current. This study overcomes these challenges via devel-

oping a robust experimental setup, capable of passing uninterrupted current and adjusting to

dimensional changes while simultaneously capturing temperature and voltage data. Samples

were carefully examined for orthogonality and minimal contact resistance was ensured by

applying conductive paste. Joule heating of carbon fibers played an integral part in varying

the resistance and temperature of the CFRP sample. Effective edge contact between the

fixture and specimen was critical for obtaining consistent results. Since, contact resistance

heating has an adverse effect on the temperature profile at the edges, mid span of the spec-

imen was analyzed. Experimental results show that the electrical degradation in CFRP is a

cumulative effect of thermal and electrical effects and the damage occurs very early under
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these circumstances. A permanent change in physical material characteristics was captured

by cyclic tests which showed the level of degradation over time. The observed degradation

is caused by the following phenomenon, thermal decomposition of the epoxy due to resistive

heating, dielectric breakdown at the carbon fiber–epoxy interface and thermal mismatch

during heating and cooling of the laminates. Compression test results showed an average

percentage decrease of (13.0–15%) in ultimate compressive strengths from electrical degra-

dation. Electrically degraded samples also had a reduction of (6–7%) in Young’s modulus

in the thickness direction. The electrothermal degradation at the carbon fiber–epoxy inter-

face has resulted in reduction of glass transition temperatures (3–4%) and the increment of

tan δ values (41–45%). The through-thickness resistivity measurements showed the extent

of delamination in degraded samples and in-plane resistivity changes revealed the effects of

Joule heating and subsequent reduction of resistance due to dielectric breakdown of polymer

leading to a more conductive but degraded sample over time. CT scan images showed the

extent of damage accumulated in electrically degraded samples is a combination of dielectric

breakdown between plies that led to delamination and matrix decomposition caused by the

heat generated due to Joule heating of carbon fibers.
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(a)

(b)

(c)

Figure 16: CT scans of cross-ply Undegraded, Oven heated-24hrs and ED-24hrs samples.
Here, (a), (b) and (c) represent the sectional views of Undegraded, Oven heated-24hrs and
ED-24hrs samples respectively. Interply damage leading to delamination between the plies
is visible in both Oven heated-24hrs and ED-24hrs samples.

42



(a) (b)

Figure 17: In-plane views of CT scans of a) Oven heated-24hrs and b) ED-24hrs samples.
In both cases thermal damage is visible, but in the case of electrically degraded sample,
damage accumulation due to accelerated thermal breakdown can be noticed between 0◦ and
90◦ plies.
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CHAPTER III

CHARACTERIZING THE UNIDIRECTIONAL ALIGNMENT OF

GRAPHENE NANOPLATELETS (GNPs) IN EPOXY USING IN SITU AC

CONDUCTIVITY MEASUREMENTS

In this study, we present an in situ technique of measuring the AC current during the

alignment of GNPs in epoxy for various concentrations of GNP and study the effect of

electric field strength on alignment and correlate the same to its dielectric properties and

through-thickness Young’s modulus of aligned composites.

3.1 Materials and Methods

3.1.1 Preparation of aligned GNP/epoxy composites

The purpose of these experiments is to understand the alignment process of higher concen-

trations of GNPs in epoxy. To achieve this, an electrical setup is designed which consists of

two conductive aluminum plates that are connected in series to a wideband amplifier (7602M,

Krohnite, Brockton, Massachusetts) and it is connected to an AC signal generator (3312A,

HP, Alto California). The amplifier was connected in series to a precision multimeter (5491B,

BK Precision, Yorba Linda, California) as shown in Fig. 18a. The minuscule changes in AC

current were tracked using LabVIEW software interfaced with the digital multimeter. The

schematic is represented in Fig. 18b. This is a commonly used setup for AC alignment of

carbonaceous materials [53, 54, 139]. During alignment the AC conductivity was measured
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at 10 kHz considering the AC current obtained from the precision multimeter, electric field

intensity and dimensions of the cured GNP epoxy sample.

(a)

(b)

Figure 18: a) Real experimental setup and b) Schematic of the unidirectional alignment
setup.

The GNPs of average diameter of 25 µm were procured from XG Sciences, Lansing, Michigan.

They have a average thickness of 6-8 nm and a surface area of 120–150 m2/g. Epoxy resin

(EPON 862) and hardener (EPIKURE 3274) were supplied by Hexion, Columbus, Ohio.
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Epoxy and hardener was used as the base polymer for dispersing the GNPs. Epoxy is a

low viscosity blend of diglycidyl ether of bisphenol F. The liquid hardener is a low viscosity

based aliphatic amine.

GNPs based on weight percent with respect to epoxy and hardener were magnetically stirred

for an hour. The GNPs were mechanically exfoliated by passing the mixture through a

three-roll mill (T65, Torrey Hills Technologies, San Diego, California) for 15 times at 60

rpm with a roller gap distance of 20 µm. This ensured uniform dispersion of GNPs in epoxy.

Stoichiometric ratio of hardener (100:40) was mixed with the epoxy/GNPs mixture according

to the manufacturer specifications. The mixture was thoroughly mixed and degassed under

vacuum for 30 min. The mixture was poured into a mold made of aluminum plates of size

200 × 200 mm spaced apart using 3 mm thick insulating polymer strips as shown in Fig. 18a.

After the application of electric field the sample was left to cure at room temperature.

Nanocomposites of different weight fractions (0.7, 1.4 and 2.8 wt%) of sample size 150 × 40

× 3 mm were aligned at 35 V/mm and 10 kHz, to study the effect of concentration on AC

conductivity. Three samples of each were aligned to test repeat-ability. After correlating

the AC conductivity data for different concentrations, the effect of electric field was studied.

Two samples of similar size were aligned at (25, 35, 45 and 55 V/mm at 10 kHz) electric

field intensities for 1.4 wt% concentration. Apart from this, to study the effect of brownian

motion on alignment of GNPs, one sample of 1.4 wt% was subjected to an on and off 5

minute cycles of 35 V/mm at 10 kHz electric field intensity for 70 minutes. Finally, the

growth of electrical conductivity was studied on 1.4 wt% GNPs at 35 V/mm at 10 kHz.

Here, alignment was performed for a specific time (5, 10, 15, 20, 25, 30 ,40, 50, 60 and

70 minutes) and the samples were left to cure at room temperature for 24 hours prior to

electrical testing.
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3.1.2 Material Analysis and Characterization

Dynamic viscosity of the epoxy with inclusions of GNPs for 0.7, 1.4 and 2.8 wt% concentra-

tions were measured before alignment using a viscometer (LVDVE, Brookfield, Middleboro,

Massachusetts) according to ASTM-D2196. After the samples were cured in the aluminum

mold, 5 samples of size 10 × 10 × 3 mm were cut from each aligned and unaligned samples

using a precision saw. The samples were lightly sanded using 800 grit sandpaper prior to

applying electrically conductive silver epoxy paste (Duralco 120, Cotronics, Brooklyn, New

York). This ensured uniform electrical contact for electrical testing.

The Young’s modulus was measured for both aligned and unaligned samples using a negative

square wave pulse-receiver (5077PR, Panametrics, Waltham, Massachusetts). The ultrasonic

machine was connected to an oscilloscope (3052, Tektronix, Beaverton, Oregon). The ultra-

sonic sound wave propagation was measured in the through-thickness direction. Parameters

such as density of the sample, and the shear wave and longitudinal wave speeds were used

to calculate the Young’s modulus.

Dielectric properties were obtained along the through-thickness direction by dielectric spec-

troscopy using a potentiostat (VersaSTAT 3F, Ametek, Berwyn, Pennsylvania). The fre-

quency was varied from 1 Hz to 1 MHz. Dielectric constant, dielectric loss and AC conduc-

tivity were calculated using standard formulations as follows [140].

ε
′

r =
−Z ′′

2πfεo((Z
′)2 + (Z ′′)2)

l

A
(3.1.1)

ε
′′

r =
Z ′

2πfεo((Z
′)2 + (Z ′′)2)

l

A
(3.1.2)

σAC = 2πfεoε
′′

r (3.1.3)
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Here, ε
′
r is the dielectric constant, ε

′′
r is the dielectric loss, σAC is the AC conductivity, εo

is the permittivity of free space, f is the AC frequency, l and A are sample thickness and

surface area respectively and Z ′ and Z ′′ are the real and imaginary components of impedance,

respectively.

3.2 Results and Discussion

3.2.1 Mechanics of unidirectional GNP alignment

The mechanics of a single GNP/GONP which is surrounded by a dielectric fluid experiencing

an external electric field are well documented [53, 59, 63]. The electric field results in the

formation of dipoles due to migration of the electron cloud over the sheets of graphene, given

that the electrical properties of epoxy differ from that of graphene. It should be noted that

the polarizibility of graphene is significantly higher in the in-plane direction as compared

to perpendicular direction due to its physical architecture. The resultant dipole moment

produces a rotational torque about the center of GNP which is opposed by the viscous

torque produced by the liquid epoxy. The resultant torque is responsible to orient the GNP

towards the electric field and it is dependant on GNP dimensions, electric field intensity,

viscosity and the dielectric constant of the epoxy. The time required for a GNP to orient

itself from an initial angle θo to a final angle θ
′
was devised by Wu et al. and is given by the

following equation [53]. The schematic of a GNP experiencing an electric field is depicted in

Fig. 19.

tr =
1

A
ln
tan θo
tan θ′

(3.2.1)

Here,

A =
π

8η

εm(
π
2
− b

a

)E2
o (3.2.2)

Here, A is a constant that depends on the viscosity (η) and dielectric constant of the epoxy
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(εm). It is also varies with electric field intensity (Eo), half thickness (b) and radius of GNP

(a).

After the platelets orient themselves towards the electric field direction, they tend to attract

towards each other due to the presence of opposite charges on adjacent particles. This

translation movement is resisted by translational viscous force acting on the particle due to

the epoxy. The translation movement of these particles results in chain formation from one

end of the electrode to the other. The schematic of a two GNPs experiencing attraction

forces fro the dipole formation due to electric field is depicted in Fig. 20. The time required

for end-to-end connection was also devised by Wu et al. for GNPs and it is given by the

following equations [53].

Figure 19: Schematic of a GNP experiencing an electric field E⃗.

tc =
2x3

o

3B
(3.2.3)

Here,

B =
4πa4

9ηktεo

E2
oε

2
m(

π
2
− b

a

)2 (3.2.4)
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and,

xo =
1

ρ

mG

WG

1

4a2
(3.2.5)

Here, tc is the translation time of the particles, kt is the translational friction coefficient that

depends on the surface area of GNP. The initial perpendicular distance between two adjacent

particles xo depends on the density of the epoxy (ρ), weight fraction of GNPs (WG), mass

of GNP (mG) and radius of GNP (a). The mass of GNP (mG) is calculated to be around

2.65 ×10−14 kg for a M25 GNP particle [53]. The radius of the platelet is 12.5 µm. The

combined density of epoxy-hardener system was calculated to be around 1.1 g/cm3. Also, B

is a constant that varies with viscosity and dielectric constant of the epoxy, aspect ratio of

GNP, translational friction coefficient and electric field strength.

Figure 20: Schematic of two GNPs experiencing dipole attraction after aligning towards the
electric field E⃗.

It is assumed that perfect dispersion takes place and translation happens after the parti-

cles are aligned along the electric field. Table 8 shows the variation of rotation time and

translation time of GNPs in epoxy based on the experimentally calculated viscosity of the

mixture for weight concentrations of 0.7, 1.4 and 2.8 wt%. Although an increase in viscosity

increases the time required for chain formation due to increase in viscous forces with con-

centration, the reduction of proximity of particles ultimately reduces the translation time.

It is interesting to note that the translation time decreases drastically as the concentration
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of GNP is increased and it is also significantly lower than the rotation time. This shows

that translation of GNP is prone to happen prior to rotation and thus making the overall

alignment behavior complex. The assumed frictional forces are no longer valid as particles

tend to agglomerate and they posses different dipole moments and rotational dynamics [54].

It should also be noted that multiple particle interactions must be considered if the dis-

tance between particles is less than the particle diameter (here, the GNP diameter is 25

µm) and the forces acting on the particles are a function of dielectric constant of the epoxy

and GNPs [141]. Considering these different criteria, frictional forces acting on the group of

particles are not in-line with theoretical predictions of Wu’s model when higher concentra-

tions of GNP are considered. In addition to this, viscosity of the system plays an important

role in determining the alignment time due to increased particle to particle interactions from

the close proximity of GNPs. The increment in rotation time with concentration due to

the added effects from viscosity is shown in Table 8. Regardless of the increased rotation

time, the total alignment time is expected to be higher due to the complex behavior of dif-

ferent sized GNP agglomerates under an electric field. Hence, a semi-empirical approach is

needed to characterize the alignment process for higher weight fractions. Here, higher weight

fractions refers to systems where the distance between particles xo is less than the particle

diameter (2a). Taking these factors into account, the new model encompasses the indirect

effects of viscosity by considering the inter particle distance of GNPs in the mixture. If the

distance between the particles xo is more than the particle diameter (2a), additional viscous

forces are not generated by particle-particle interaction and viscosity of epoxy and hardener

system can be used directly. The next section explains the significance of AC conductivity

measurements to capture the complex alignment behavior in the bulk system.

3.2.2 AC conductivity results

Long duration alignment experiments were performed on epoxy and epoxy/GNP samples

to determine the effects of alignment, GNP inclusions and curing on the resulting AC con-
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Table 8: Rotation time, translation time and spacing between the GNPs predicted using the
model proposed byWu et al. [53].The inputs into the model are GNP wt% and experimentally
determined viscosity (mPas).

GNP wt% Viscosity Rotation time xo Translation time
(mPas) (min) (µm) (sec)

0.7 1040 22 5.5 0.77
1.4 1400 30 2.7 0.13
2.8 1900 42 1.3 0.02

Figure 21: Variation of AC conductivity for 1.4 wt% GNP and epoxy at 35 V/mm during
alignment for 24 hours. Measurements for Unaligned 1.4 wt% GNPs in epoxy was taken at
intervals of 1 hour for 24 hours. The sampling rate was 40 samples/second, here every 2000th

data point is represented except for unaligned sample, where data was taken every hour.

ductivity. The AC conductivity variation for 1.4 wt% of GNP in epoxy which is exposed

to an electric field intensity of 35 V/mm at 10 kHz for 24 hours is depicted in Fig. 21. A

steep increase in AC conductivity is observed for the first one hour and gradual decrease in

AC conductivity for the next 12 hours was noticed and this stabilizes until the end of 24

hours. The initial increase in AC conductivity is primarily due to orientation of particles

and subsequent formation of conductive chains which causes an increase in current flow. The

flow of current is dictated by the contact conductance with possibility of electron hopping,

inter layer conductance of GNP and conductance along the graphene layers [142]. As more
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GNPs align towards the electric field and come in contact with other, percolated chains are

formed which increases the overall conductivity of the sample. A maximum point is achieved

which can qualitatively signify the maximum number of chains possible and further decrease

in AC conductivity can be attributed to curing of the epoxy which increases the viscosity

making the system less compliant to the flow of electricity.

Figure. 21 also shows the AC conductivity variation for an unaligned 1.4 wt% GNP sample.

Due to the possibility of alignment, the measurements were taken at an interval of an hour

for 24 hours. Here, we notice a slight increase in AC conductivity between 1–2 hour mark

which can be attributed to the exothermic reaction of the cross linking of the epoxy with

the hardener that reduces the viscosity of the system and enabling slight increase in current.

Similar behavior can be noticed for epoxy which does not contain GNPs. Since the crucial

effects of alignment is achieved during the first hour of electric field application, we narrowed

the observations of AC conductivity for further experiments to 60–70 minutes.

Figure 22: Variation of AC conductivity for different weight fractions of GNP in epoxy. Two
samples are depicted to show repeatability.

The AC conductivity variations obtained during the alignment process for various GNP
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Figure 23: Variation of AC conductivity for 1.4wt% GNPs in epoxy exposed to different
intensities of electric fields.

concentrations (0.7, 1.4 and 2.8 wt%) are shown in Fig. 22. Two curves are depicted for each

concentration to show repeat-ability of the experiments. Initially, prior to alignment, the

conductivity depends on the concentration of the GNP in the system. As alignment occurs,

particles rotate and translate to form conductive chains which allows more current to flow

through the system. Each concentration of GNP has a distinct curve and the conductivity

over time is a function of the amount of particles present and number of conductive chains

formed which would be higher for 2.8 wt% compared to 0.7 wt%. We can also notice

that the AC conductivity curves tend to plateau after a certain time signifying maximum

conductivity increase possible. The maximum conductivity qualitatively implies the number

of conducting channels and orientation of GNPs. Any further application of electric field

would have negligible effect on the already formed conductive chains. According to the

study performed by Wu et al., variation in GNP concentration should not affect the time

for alignment as the viscosity is considered to be constant which defines the rotation time

and the process of alignment should be completed in 20 minutes. However, from Fig. 22 it

is evident that the process of alignment is incomplete at 20 min mark and needs more time
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depending on the concentration of GNPs. As concentration increases, the time required

to achieve this maximum value of conductivity increases implying the effects of viscosity

as shown in 8, increased particle to particle interactions and additional time required for

effective rearrangement of chains. When chaining process takes place earlier than rotation,

the dipoles close to each other gets disrupted leading to repulsion of the adjacent particles. To

reestablish the chains, more time is required to reorient and effective formation of percolated

chains.

The effects of various intensities of electric field strength on 1.4wt% GNP in epoxy is pre-

sented in Fig. 23. When the electric field intensity is increased, the rotation and translation

time decreases in a parabolic form which results in a decrease in the total alignment time.

This phenomena can be observed in Fig. 23, where the alignment time for application of

electric field intensity of 55 V/mm is noticeably less than 25 V/mm. According to Wu’s

model, electric field intensity should not affect the quality of alignment but rather the time

for alignment [53]. However, we observe that the maximum AC conductivity achieved in-

creases with electric field intensity which implies that more number of percolated chains

have been generated. It should be noted that the rotation time calculated from the model

is the worst case scenario and majority of the particles take less time to orient themselves

along the electric field. Also, the initial orientation of the particles in the system follow

normal distribution which indicates 68.2% of particles have an initial angle between 45◦

and 55◦. When particles are capable of rotating faster they form more efficient conductive

chains, that can also result in more number of chains due to availability of particles due to

decreased agglomeration. This can also be substantiated by considering that the frictional

forces increase tremendously when particles bunch together and try to rotate or translate

due to their increased surface area which is expected to happen in lower electric fields as

their rotation times are relatively lower. This phenomena can be observed for 25 V/mm

in Fig. 23. Although, alignment can be completed faster for higher electric fields relative

to smaller electric fields, it is imperative to apply the external electric field for 60 minutes
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due to brownian motion of GNPs, which distort the orientation of GNPs if the electric field

is turned off. This is explained in a later section. and . Maximum level of alignment was

assumed to be achieved when the slope of the AC conductivity curve is zero and the rate

of change of slope of the AC conductivity curves were determined by Eq. 3.2.6. Based on

the predicted time of alignment due to added viscosity effects, 90% of the maximum level of

alignment possible was completed for both cases i.e. different concentrations of GNPs and

1.4 wt% GNPs exposed to different electric field intensities.

% change =
δσAC

δt

( δσAC

δt
)i

(3.2.6)

Here, ( δσAC

δt
)i refers to the initial slope of the AC conductivity curve.

3.2.3 Dielectric properties of aligned GNP composites

The dielectric constant variations for different weight fractions of unaligned GNPs (0.7,1.4

and 2.8 wt%) with frequency ranging from 1 Hz to 1 MHz is shown in Fig. 24a. For these

samples, we noticed a systematic increase in dielectric constant with weight fraction due to

increase in number of dipoles which reduces the distance between particles, thereby enhancing

the mini-capacitor effect [65]. These capacitors are formed with epoxy acting as the thin

dielectric surrounded by GNPs as electrodes. Also, strong interfacial polarization results

from the proximity of the particles due to large difference in dielectric constant between the

epoxy and GNPs, this effect is known as Maxwell-Wagner-Sillars mechanism (MWS) [91,

92]. Typically, below the percolation threshold, the dielectric constant will not vary with

frequency which can be seen in all three unaligned samples.

The dielectric constant variations for different weight fractions of aligned GNPs (0.7,1.4 and

2.8 wt%) with frequency ranging from 1 Hz to 1 MHz is shown in Fig. 24b. Here, we see a

significant increase in dielectric constants and they are dependent on frequency which implies
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(a)

(b)

Figure 24: Dependence of dielectric constant on frequency for a) unaligned and b) aligned
GNPs of concentrations 0.7, 1.4 and 2.8 wt% in epoxy. Here, the magnitude of electric field
is 35 V/mm at 10 kHz.
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(a)

(b)

Figure 25: Dependence of dielectric loss on frequency for a) unaligned and b) aligned GNPs
of concentrations 0.7, 1.4 and 2.8 wt% in epoxy. Here, the magnitude of electric field is 35
V/mm at 10 kHz.
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percolative behavior. Dielectric constant decreases as frequency increases due to increased

non-ohmic conduction which facilitates barrier-tunneling (electron hoping) between GNPs

separated by epoxy layer [91]. The increase in dielectric constant can be attributed to the

chain formation which results in a highly percolated system which makes the system highly

conductive. In addition to this, the orientation of these particles towards the electric field and

close proximity of the particles result in high interfacial surface area and polarization density

leading to enhanced MWS effects. This can be substantiated with dielectric loss variations

shown in Fig. 25b. Alignment and chain formation of GNPs will increase the dielectric loss

by several orders of magnitude due to conductive nature of the sample resulting in high

leakage current [143]. This can be witnessed in 1.4 wt% and 2.8 wt% aligned samples whose

dielectric losses are 80 and 5000 respectively. These increments in dielectric constant can

be correlated to the AC conductivity measurements obtained during alignment as seen in

Fig. 22. Higher GNP content and alignment will result in increased AC conductivity, which

signifies higher dielectric constant due to percolation. We do not see similar behavior for 0.7

wt% aligned sample which implies it was below percolation threshold and its dielectric loss

variation with frequency is identical to unaligned samples as shown in Fig. 25a.

The corresponding AC conductivity curves for 0.7, 1.4 and 2.8 %wt aligned and unaligned

samples for a frequency range of 1 Hz to 1 MHz are shown in Fig. 26. In both aligned

and unaligned cases the AC conductivity increases with frequency due to the propensity of

electrons to jump across interfaces (epoxy) due to frequency derived electron hopping. At

high frequencies such as 1 MHz, the AC conductivity is dominant which results in negligible

difference in AC conductivity for all weight fractions. It should be noted that for lower

concentrations of GNPs (below percolation threshold) the distance between GNPs is high

and their conductivity is frequency dependant for the entire range from 1 Hz to 1 MHz.

This behavior is expected for insulating materials [66]. In Fig. 26b we notice an onset of

percolative behavior for 1.4 wt% concentration. As the sample becomes more conductive due

to percolated networks the AC conductivity will become frequency independent as depicted
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(a)

(b)

Figure 26: Dependence of AC conductivity on frequency for a) unaligned and b) aligned
GNPs of concentrations 0.7, 1.4 and 2.8 wt% in epoxy. Here, the magnitude of electric field
is 35 V/mm at 10 kHz.

in Fig. 26b for 2.8 wt% between 1 Hz and 100 Hz. This happens because of DC conductivity

being the major influence during these frequencies. However, after 100 Hz, it becomes a

60



function of AC frequency due to high frequency phenomena which causes the generated

dipoles to have less time to orient towards the external electric field [91]. Based on this, all

unaligned and 0.7 wt% aligned samples are below percolation threshold. Table 9 shows the

increment of Young’s modulus for various concentrations of GNPs compared to unaligned

samples. As particles tend to orient and result in chain formation we expect to see an

increase in strength since in-plane modulus is significantly higher than through-thickness

modulus for a GNP. We observed a (7–15%) increase along the aligned direction for different

concentrations tested.

The dielectric constant and dielectric loss variations with frequency for 1.4 wt% GNPs in

epoxy exposed to different intensities of electric fields are shown in Fig. 27. Here, we see an

increase in dielectric constant and dielectric loss as the applied external electric field during

alignment is increased. These increments suggests that the quality of alignment is improved

which is not predicted by Wu’s study [53]. The dielectric constant increases with increase

in electric field strength due to the formation of higher number of efficient chains. The

relatively lower dielectric constant and dielectric loss for the sample exposed to 25 V/mm

suggests that lesser number of conducting chains have formed. This might be due to increased

rotation time caused by GNP agglomeration. These results are in synchronous with the AC

conductivity data obtained during the alignment for different electric fields from Fig. 23.

However, we notice a steep increment in dielectric constant for 35 V/mm as compared to

25 V/mm. This is due to the parabolic decrease of rotational and translation times as

predicted from equations (3.2.1) and (3.2.3). This reflects on the quality of alignment for

a specific concentration of GNPs, which implies the chain formation was not as effective as

higher electric fields. The increment in dielectric constant at 1 Hz reduces beyond 35 V/mm

signifying that the higher amount of electric fields beyond 55 V/mm will lead to saturation

point of obtained dielectric constant.

The dielectric loss of sample exposed to 25 V/mm electric field intensity was 10 compared to
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(a)

(b)

Figure 27: a) Dielectric constant and b) dielectric loss variation for 1.4 wt% GNPs in epoxy
exposed to different intensities of electric fields (Unaligned, 25, 35, 45, 55 V/mm). Here, the
external electric field was applied for 60 minutes and samples were left to cure.
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Table 9: Increment of Young’s modulus in the aligned direction for various weight fractions
exposed to 35 V/mm intensity and 1.4 wt% concentration exposed to various electric field
intensities.

GNPs Young’s modulus Electric field intensity Young’s modulus for 1.4 wt% GNPs
(wt%) Increment (%) (V/mm) Increment (%)
0.7 7 25 3
1.4 9 35 9
2.8 15 45 11
- - 55 13

65–68 for higher electric field intensities. There is no difference in dielectric loss for (35–55

V/mm) implying the saturation and also the formation of effective chains which tend to

have lesser agglomerations. Table 9 also shows the increment of Young’s modulus along

the aligned direction for 1.4 wt% GNP samples exposed to different electric field intensities.

A similar trend as dielectric properties was observed for Young’s modulus in the through-

thickness direction of the aligned samples as compared to unaligned samples, the increment

is 3% for 25 V/mm and for 35 V/mm the increment is 9% and thereafter the percent

change is restricted to 2%. This signifies a saturation point for mechanical strength as

well. Comparison of dielectric properties and Young’s modulus with in situ AC conductivity

curves for various weight fractions and electric field intensities show that this method is a

reasonable qualitative technique to monitor the alignment process for GNPs. In the next

section the effect of brownian motion is studied using AC conductivity measurements.

3.2.4 Brownian motion of GNPs in epoxy

GNPs suspended in epoxy will not be stationary and these particles are subjected to constant

randommotion due to collisions from other particles. This phenomenon is known as brownian

motion. To study this effect on alignment and chain formation of the GNPs, an experiment

was designed to study the variation of AC conductivity for 5 minute electric field on/off

cycles. The normalized AC conductivity variation for 1.4 wt% GNPs in epoxy subjected to

35 V/mm electric field intensity is shown in Fig. 28. Here, the electric field was turned on

for every 5 minutes until 65 minutes. The AC conductivity was zero when no external field
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was applied. It is evident that the orientation/chain formation phenomenon was affected

due to brownian motion of GNPs. At time t=0 we see a rise in conductivity for 5 min and

the electric field was switched off and when the electric field was applied again at t=10 min

we noticed a discontinuity of AC conductivity and this reduction amounts to 22%. At the

60 minute cycle the reduction in AC conductivity decreases to 10%. The effect of brownian

motion tends to decrease steadily which could imply that chain formation may lead to stable

connections due to static forces, while the free particles are still prone to brownian motion.

Figure 28: Normalized AC conductivity variation for 1.4 wt% GNPs in epoxy at 35 V/mm.
Here, the external electric field is applied every 5 minutes to study the brownian movement.

To further understand the effect of brownian motion on alignment of GNPs, alignment

was performed for 1.4 wt% concentration of GNPs in epoxy at 35 V/mm for a limited

time between 5-70 minutes and the samples were left to cure at room temperature. The

variation of dielectric constant and dielectric loss for these samples are shown in Fig. 29a.

The growth of dielectric constant and dielectric loss were synchronous and remain steady

until 30 minutes. After that they rapidly increase and stabilize after 60 minutes. The effect

of brownian motion is enhanced in the samples that were aligned for less than 30 minutes.
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(a)

(b)

Figure 29: a) Dielectric constant, dielectric loss and b) AC conductivity variation at 1 Hz
for 1.4 wt% GNPs in epoxy at 35 V/mm. Here, the external electric field was applied for a
limited amount of time and samples were left to cure.

Although we notice that the AC conductivity during alignment for 1.4 wt% at 30 minute

mark in Fig. 21 almost reaches a saturation point, the dielectric constant of the sample
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remained low. This can imply that the chain formation was subjected to severe brownian

motion that resulted in disruption of these chains and randomizing the orientation of GNPs.

The samples that were cured for more than 30 minutes had a significant increase in dielectric

constant and dielectric loss. This can be explained by the fact that the effect of brownian

motion continues to decrease steadily as seen in Fig. 28. The growth of AC conductivity at

1 Hz for these samples is also shown in Fig. 29b. We see a 2 order magnitude increase in

AC conductivity and the rate of increase seems to be steady and tending to saturate after

60 minutes. In Fig. 29a the standard deviations of dielectric constant and dielectric loss

are negligible up to 30 minute mark and increases significantly thereafter. We believe that

the AC current is dominated by displacement current in the beginning stages of alignment

assuming that the system is below percolation threshold and later resistive current takes over

due to formation of conductive chains. The formation of these conductive chains will allow

the flow of direct current rendering the electric field ineffective in the surrounding regions.

Furthermore, the chain formation of GNPs deprives the surrounding regions of GNPs due to

continuous attraction of particles, leading to a more concentrated area of percolated chains.

Taking these factors into account, the bulk composite becomes in-homogeneous after the

application of electric field. Kou et al. also observed the localized effects of electric field

on GNPs [144]. They performed a statistical analysis on the GNP orientations affected by

a strong electric field (400 Vrms) and found that the agglomerates were not affected by the

electric field and they also observed that the effect of electric field was limited to certain

regions in the composite.

3.3 Conclusion

In this study, the alignment of GNPs were successfully characterized using continuous in situ

AC conductivity measurements for higher concentrations of GNPs (0.7, 1.4 and 2.8 wt%).

AC conductivity observations showed that the time required for alignment has a strong

dependence on concentration of GNPs, viscosity of the epoxy/GNP blend and electric field
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intensity. Contemporary analytical models fail to address the effects of these parameters

for alignment. The quality of alignment predicted by AC conductivity measurements taken

during the process of alignment were substantiated by dielectric properties such as dielectric

constant, dielectric loss, and AC conductivity, and Young’s modulus values obtained from

cured samples. It was found that the alignment time increases with concentration due to

additional viscous forces created by agglomerations. The AC conductivity measurements

of 1.4 wt% GNPs exposed to different electric field intensities showed that the quality of

alignment can be improved by using higher electric fields. Higher electric fields will have

faster rotation and translation times which reduces the possibility of deleterious agglomerate

formations. We noticed a 9–15% increase in Young’s modulus compared to unaligned samples

for various concentrations and 3–13% increase for various electric field intensities for 1.4

wt% of GNPs. We also noticed a 61-2115% increase in dielectric constant at a frequency

of 1 Hz in the aligned direction for 0.7–2.8 wt% concentrations of GNPs. The effect of

browninan motion was also studied using AC conductivity measurements and it was found

that the brownian motion was prevalent in the early stages and gradually reduces with time

as particles were held together as chain formation commenced. The growth of dielectric

constant, dielectric loss and AC conductivity with electric exposure time for 1.4 wt% GNPs

at 35 V/mm was also studied to further understand the effects of brownian motion. We

noticed a negligible growth of dielectric constant and dielectric loss until 30 minutes due

to brownian motion and followed by a rapid increase until 60 minutes until they stabilized.

Besides this, we also found that the application of alignment results in a heterogeneous

composite due to localized effects of electric field, non responsive regions of agglomerations

and stacked up percolated chains.
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CHAPTER IV

PLANAR ALIGNMENT OF GRAPHENE NANOPLATELETS (GNPs) IN

EPOXY

In this study, we align various concentrations (0.175-1.4 wt%) of GNPs of two sizes (M-

5 and M-25) along the in-plane directions (x and y) using a rotating electric field in a

thermosetting epoxy. In-situ AC conductivity measurements were used to characterize the

alignment process. Dielectric constants of the resultant composite was calculated in in-plane

and through-thickness directions to substantiate the planar alignment.

4.1 Materials and Methods

4.1.1 Experimental setup

Here, we present an experimental setup to understand the unidirectional alignment process

which will be extended to planar alignment of GNPs. For unidirectional alignment, we used

a setup that is made of two conductive aluminum plates of size 200 × 200 mm which are

seperated by polymer spacers to prevent shorting. These plates are connected in series to a

wideband amplifier (7602M, Krohnite, Brockton, Massachusetts) which is connected to an

AC signal generator (3312A, HP, Alto California) and closing the loop in series with a pre-

cision multimeter (5491B, BK Precision, Yorba Linda, California). LabVIEW software was

connected to the multimeter to track the minuscule changes in AC current. The schematic is

represented in Figure 31a. The AC conductivity was measured at 10 kHz considering the AC
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current, electric field intensity and dimensions of the sample. AC electric field was applied

for 70 minutes depending on the weight fraction of GNP in epoxy and left to cure at room

temperature for 24 hours.

For planar alignment we faced three challenges to acquire repeatable results. Firstly, the

electrode manufacturing was done by using an aluminum pipe of diameter 9 mm and length

150 mm, which was filled with molding wax. Four horizontal and equally spaced groves were

cut in 90 degrees along the length of the pipe using a milling machine. Around 25mm of

pipe is left unmachined on each side to provide structural support which was sawed off later.

Smaller grove width and accurately spaced groves should be ensured for uniform alignment.

The grove width was around 1.5mm. Then fast casting epoxy (JB clear weld epoxy) was

applied between the groves to provide structural support by adhering the electrode sections

and to insulate the adjacent aluminum sections. After curing for 24 hours at room temper-

ature, the setup was placed in an oven at 60°C to melt the molding wax and subsequently

the unmachined part of aluminum pipe was sawed off manually. The result is a composite

pipe consisting of equally spaced conductive aluminum sections separated by 1.5mm insu-

lating epoxy sections. The bottom part of the composite pipe electrode was filled with

silicone mold-making epoxy to prevent leakage of epoxy/GNP mixture during the process of

alignment.

Second challenge was to provide a continuous rotating electric field to the epoxy through

the conducting aluminum sections. An electrode holding setup was 3D printed using PLA

which can hold the electrode and simultaneously rotate using a stepper motor controlled by

Arduino software. The composite pipe can be mounted on the electrode holder. Two spring

loaded electrodes were employed to ensure good connection to the aluminum electrodes

while rotating and to create an electric field between the parallel composite pipe aluminum

sections. The stepper motor rotates the composite pipe so that the two parallel sections will

create an electric field alternatively.
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Figure 30: The composite electrode fabrication process for planar alignment

Third challenge was to observe and quantify the alignment process using AC current. This

was accomplished using a multi-meter connected in series with the wide-band amplifier (7602

M. Krohn-Hite Corporation, Brockton, Massachusetts), which is connected in series with

the spring-loaded electrodes and the composite pipe. The data acquisition of AC current

variations was made in LABVIEW to observe the real time alignment process.

4.1.2 Materials and preparation

The GNPs (M5 and M25, XG Sciences, Lansing, Michigan) have an average thickness of 6-8

nm with a surface area of 120-150 m2/g and an average particle diameter of 5 and 25 µm

respectively. Epoxy resin (EPON 862, Hexion, Columbus, Ohio) and hardener (EPIKURE

Curing agent 3274, Hexion, Columbus, Ohio) were used for dispersing the GNPs. EPON 862

is low viscosity blend of diglycidyl ether of bisphenol F. The liquid hardener is a moderately

reactive low viscosity aliphatic amine.

GNPs in powder form were added to epoxy resin and stirred on a magnetic stirrer for an hour

to dissolve and break the larger agglomerates. Then the mixture was passed through a three-

roll mill (T65, Torrey Hills Technologies, San Diego, California) for 15 times at 100 rpm with
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(a)

(b)

Figure 31: a) Real experimental setup and b) schematic of planar alignment setup.

a roller-gap distance of 25 µm to exfoliate and obtain uniform dispersion of GNPs in epoxy.

After the dispersion process, stoichiometric ratio of hardener (100:40) was added to the

mixture and degassed in a vacuum oven for 30 min to remove the trapped air bubbles. The

mixture was then poured into a mold made of aluminum plates for unidirectional alignment

and aluminum composite pipe electrode for planar alignment. The samples were cured at
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room temperature for 24 hours prior to electrical testing.

4.1.3 Alignment of GNPs

Nanocomposites of different weight fractions (0.175, 0.35, 0.7 and 1.4 wt%) of size M5 and

weight fractions (0.175, 0.35, 0.7 wt%) of size M25 were unidirectionally aligned at 35 V/mm

and 10 kHz, to study the effect of concentration on AC conductivity and to compare with

planar aligned samples. The same weight fractions were used for planar alignment. These

samples were aligned at 25 V/mm and 10 KHz. Electric field magnitude was reduced to

accomodate the larger thickness of the planar electrodes.

4.1.4 Material analysis and characterization

The dynamic viscosity of the GNP and epoxy mixture was measured prior to alignment

process using a viscometer (LVDVE, Brookfield, Middleboro, Massachusetts) according to

ASTM-D2196. Post alignment and curing, 5 samples of size 10 x 10 x 3 mm for unidirection-

ally aligned nanocomposite were cut for each weight fraction using a precision saw and were

lightly sanded on top and bottom surfaces using 800 grit paper. Where as for planar aligned

cylindrical sample, rectangular specimens of size 5 × 5 × 2 mm were cut from 90 degree

orientations which resemble 1 and 2 directions and specimens of size 5× 5× 2 mm were cut

cross sectionally along the z axis which resemble direction 3. The specimens obtained from

the cylindrical sample is depicted in figure. Due to the presence of insulating epoxy, the

top and bottom surfaces were coated with an electrically conductive epoxy (Duralco 120,

Cotronics, Brooklyn, New York) to provide uniform electrical contact.

XRD was performed for each weight concentration of both M5 and M25 planar aligned GNPs

in three directions (x,y,z). XRD analysis was done using AXS D8 Discover diffractometer

(Bruker, Madison, Wisconsin) with a Cu-κα (40 kV, 40 mA) X-ray source. The XRD data

was collected over a 2 θ range of 10 to 50 degrees using refractive mode 2-D detector. The

pixel overlap was 30% and each frame was exposed to 30 seconds.
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The cylindrical samples were fractured using liquid nitrogen to visually observe the planar

aligned GNPs. The surfaces were fractured in two orthogonal directions and the in-plane

and out of plane surfaces were viewed under a field emission scanning electron microscope

(S-4800 FESEM, Chiyoda city, Tokyo). The surfaces were coated with irridium han using a

sputter coater (EM ACE600, Leica Microsystems Inc., Deerfield, Illinois).

The dielectric spectroscopy was performed to obtain dielectric constant and dielectric loss

along the aligned direction using a potentiostat (VersaSTAT 3F, Ametek, Berwyn, Pennsyl-

vania). For these properties, the frequency was ranged from 1 Hz to 1 MHz. In all char-

acterization tests, randomly oriented samples were compared to aligned samples. Dielectric

constant, dielectric loss and AC conductivity were calculated using standard formulations as

follows [140].

ε
′

r =
−Z ′′

2πfεo((Z
′)2 + (Z ′′)2)

l

A
(4.1.1)

ε
′′

r =
Z ′

2πfεo((Z
′)2 + (Z ′′)2)

l

A
(4.1.2)

σAC = 2πfεoε
′′

r (4.1.3)

Here, f is the AC frequency, εo is the permittivity of free space, l and A are sample thickness

and surface area respectively and Z ′ and Z ′′ are the real and imaginary parts of impedance

respectively.
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4.2 Results and Discussion

4.2.1 Mechanics of planar GNP alignment

A single GNP surrounded by a dielectric fluid will undergo electronic polarization in the

presence of an external electric field. The polarization is higher in the in-plane direction

compared to the through thickness direction causing a dipole effect. This dipole is typically

unaligned in the electric field and it produces a dipole moment at the center of the platelet

which causes it to rotate towards the electric field while opposing the rotational viscous force

generated by the epoxy. After they are aligned in the fluid, the presence of attraction forces

from nearby particles causes a translation motion that results in long chains of particles.

This translation force is opposed by the translational viscous force. Depending on the electric

field strength, particle size, viscosity of the fluid rotation and translation times vary. Wu et

al. formulated the rotation time of a GNP experiencing an external electric field (Eo) from

an initial angle θo to a final angle θ′ . This is given by the following equation [53].

tr =
1

A
ln
tan θo
tan θ′

(4.2.1)

Here,

A =
π

8η

εm(
π
2
− b

a

)E2
o (4.2.2)

Here, A is a function of the viscosity of the epoxy (η), dielectric constant of the epoxy (εm),

electric field strength (Eo), half thickness of GNP (b) and radius (a).

Subsequently, the particles tend to translate after they are aligned towards the electric field.

The translation time was also calculated by Wu et al. and it is given by the following

equation [53].
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Here,
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and,

xo =
1

ρ

mG

WG

1

4a2
(4.2.5)

Here, tc is the translation time of the particles, kt is the translational friction coefficient that

depends on the surface area of GNP and xo is the initial perpendicular distance between

two adjacent particles which depends on the density of the epoxy (ρ), weight fraction of

GNP (WG), mass of GNP (mG) and radius of GNP (a). The mass of GNP (mG) which is

calculated to be around 2.65 ×10−14 kg for a M25 GNP particle. The radius of the platelet

is 12.5 µm. The density of the epoxy system (1.1 g/cm3) was calculated from the densities

of the epoxy and hardener. Also, B is a constant depending on the viscosity, dimensions of

the platelet, dielectric constant of the epoxy and the intensity of electric field.

The above mentioned equations will give an approximate time for alignment, taking into

account that the viscosity would remain low for addition of lower weight fractions. Higher

weight fractions of GNPs, will lead to drastic increase of viscosity subsequently increasing

the particle to particle interactions. A study on polarization forces and conductivity effects

in electrorheological fluids showed that multiple particle interactions should be considered if

the distance between particles is less than the particle diameter [141]. Based on the above

speculation, we do not consider any added viscosity effects for samples whose interparticle
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distance is more than the diameter. In other cases we consider the viscosity to be an

additional factor in deciding the translational time and rotational time. Table. shows the

variation of rotation and translation times of different GNPs size and their concentrations.

If the viscosity is assumed to be the same, the particle rotation time does not change, which

is true for M5 (0.175, 0.35 and 0.7 wt%) and M25 (0.175 wt%). Where as in other cases, the

particle distance is less than the particle diameter, hence there is a slight increase in rotation

time. Although the increase seems insignificant, as the weight fraction of GNP increases we

see noticeable changes in rotation and translation times that should be accounted for planar

alignment. It is assumed that translation of particles takes place after rotation and dispersion

is uniform throughout. However, if the particles are close to each other, translation can take

place irrespective of its orientation. This is an important consideration for planar alignment,

where we define switching time. Translation takes place due to opposite charges present on

the nearby particles, and when the electric field rotates 90, the charges on the transversely

isotropic platelets switch accordingly as shown in figure. This causes repulsion of the nearby

particles and may disorient the particle. Hence, to avoid chain formation we need to rotate

the electric field before complete translation of the particles take place. Hence, we consider

the switching time to be around 0.5 times translation time. This ensures that the particles

rotate uniformly in both x and y directions. However, for lower weight fractions in the case

of M5 (0.175 wt%), the switching time is very high compared to rotation time. Here, any

arbitrary switching time can be considered provided it is equally distributed between x and

y directions. The change in orientation of the GNP and chain formation can be monitored

by AC current flowing through the system. The next section explains the AC conductivity

behavior for one direction alignment and that will be extended to planar alignment.

Rotation time, translation time and spacing between the GNPs predicted using the model

proposed by Wu et al..The inputs into the model are GNP wt% and experimentally deter-

mined viscosity (mPas).
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Table 10: Rotation time, translation time and spacing between the M5 GNPs predicted using
the model proposed by Wu et al..The inputs into the model are GNP wt% and experimentally
determined viscosity (mPas). [53]

GNP wt% xo Rotation time Translation time
(µm) (min) (sec)

0.175 22 20 7273
0.35 11 20 910
0.7 5.5 20 114
1.4 2.8 22 16

Table 11: Rotation time, translation time and spacing between the M25 GNPs predicted
using the model proposed by Wu et al..The inputs into the model are GNP wt% and exper-
imentally determined viscosity (mPas). [53]

GNP wt% xo Rotation time Translation time
(µm) (min) (sec)

0.175 21 20 34
0.35 11 22 4.7
0.7 5.5 24 0.8

Table 12: GNP wt%, rotation time and switching time variation for different exposures
calculated using the analytical model proposed by Wu et al. for M5 and M25 GNPs exposed
to 25 V/mm 10 kHz electric field [53]. Here, switching time is defined as the time after which
the electric field is rotated 90◦ about z-axis.

M5 M25
GNP wt% Rotation time Switching time Rotation time Switching time

(min) (sec) (min) (sec)
0.175 50 6747 50 43
0.35 50 843 52 10
0.7 50 105 56 1
1.4 54 14 - -
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4.2.2 AC conductivity results

Figure 32: Variation of AC conductivity captured during unidirectional alignment process
for M5-(0.135–1.4 wt%) GNP and epoxy at 50 V/mm with time. The sampling rate was 40
samples/second, here every 2000th data point is represented.

The AC conductivity variation for M5- GNP for various concentrations (0.135–1.4 wt%)

captured during unidirectional alignment process for 70 minutes is depicted in Fig. 32. For

a specific concentration the AC current of the system increases during alignment due to

changing orientation of the GNPs and subsequent chain formation leading to percolated

chains. The primary mechanisms involved in changing AC current from changing orienta-

tion of GNP are interlayer conductance and in-plane conductance of GNP. Whereas chain

formation is predominately contact conductance and electron hopping between GNPs [142].

As GNPs orient themselves along the electric field direction, they lead to microstructural

changes in resistance that reflects in the overall conductivity of the sample. The AC current

is also a function of the concentration of GNPs. More GNPs, will result in increase of AC

conductivity as seen in Fig. 32. Also, it is interesting to note that each concentration will

have a distinct curve resulting from quantity of percolated chains. Higher concentrations will

have the capacity to form chains earlier and will result in a steeper curve. However, all the
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Figure 33: Variation of AC conductivity captured during unidirectional alignment process
for M25-(0.135–0.7 wt%) GNP and epoxy at 50 V/mm with time. The sampling rate was
40 samples/second, here every 2000th data point is represented.

AC conductivity curves tend to flatten after a certain time. This signifies the maximum AC

conductivity achieved for a specific concentration. Similar behavior can be seen in Fig. 33

for M25-GNPs as well. As concentration increases, the viscosity increases which makes the

behavior more complex and will lead to higher saturation times compared to lower weight

fractions such as 0.175 and 0.35 wt%. Figure. 21 also shows the AC conductivity variation

for epoxy sample which does not contain any GNPs. As expected we do not see any variation

in AC current due to lack of conducting particles and microstructural resistance changes.

Also, Tables 10 and 12 shows the variation of translation times with concentration for both

M5 and M25 GNPs. The translation time for M25 -0.7wt% is 0.8, hence we see a steeper

curve compared to M5-0.7wt% . It should also be noted that the diameter of M5 is five times

less than M25 and it requires five times more number of particles for a percolated chain. For

M5- 0.175 wt%, the translation time is around 100 minutes which is greater than its rotation

time and the total alignment time of 70 minutes. This shows that the percolated channels

are not possible in the system. However, we see a noticeable increase in AC conductivity
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in the early stages. This shows that orientation of these GNPs are primary cause of the

increment and it can be captured for the bulk system.

Figure 34: Variation of AC conductivity for M5 planar aligned GNPs. Here, each curve for
specific concentration represents AC conductivity in two perpendicular in-plane directions.

The AC conductivity variations for planar alignment for M5 and M25 GNPs are shown

in Fig. 34 & Fig. 35 respectively. For each concentration two curves represent the AC

conductivity in direction-1 and direction-2. It should be emphasized that the alignment take

place in direction-1 has negligible influence on direction-2. This can be substantiated by

observing the discontinuities of AC conductivity for M5-15-1.4 wt% in directions 1 or 2. If

the alignment in direction-1 is affecting direction-2, we would notice a larger discontinuity

between subsequent alignment curves as shown in Fig. 34. For M5-1.4 wt% the switching

time is around 60 seconds. The AC conductivity is first measured in direction-1 and after 60

seconds, the electric field is rotated 90◦ about direction-3 and AC conductivity is measured in

direction-2 for 60 seconds. This repeats for 70 minutes. Hence, for this concentration we see

35 smaller curves for each direction which resembles the change in orientation of the GNPs.

We also notice a similar increase in conductivity over time which signifies uniform alignment

taking place in both directions. It should be noted that the slight difference between the
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Figure 35: Variation of AC conductivity for M25 planar aligned GNPs. Here, each curve for
specific concentration represents AC conductivity in two perpendicular in-plane directions.

direction-1 and direction-2 curves is due to geometric error during the manufacturing of

the electrodes. Similar to unidirectional curves as shown in Fig. 32, we see the effect on

concentrations on the AC curves obtained. M5-1.4wt% showed the highest increment of

conductivity over time, due to close proximity and higher number of particles. It is also

interesting to see that the maximum conductivity achieved for planar aligned samples is

lower than than unidirectional aligned samples. For the case of unidirectional samples, chain

formation takes place which allows uninterrupted direct current to flow through the system.

However, the alignment behavior of GNPs in planar alignment are configured to not touch

each other, which results restriction of dominating conducting behaviour to in-plane and

interlayer conductance. Nevertheless, higher weight fractions such as M5-1.4 wt% has the

possibility to exhibit electron tunnelling for particles closer than 1.4 nm. For the case of

M5-0.175 wt% the predicted electric field switching time was more than 150 minutes which is

greater than rotation time. Hence, an arbitrary switching time of 10 minutes was considered

so that alignment in both directions can transpire.
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Similar behaviour can be noticed for planar aligned M25 GNP composites as shown in Fig. 35.

M25-0.7 wt% experiences a larger increase in conductivity compared to 0.175 and 0.35 wt%

due to the possibility of electron hopping apart from other mechanisms of conductance as

mentioned in the previous passage. The electric field switching time for M25-0.7 wt% was

1 second and the AC conductivity data of the two directions show a slight deviation which

could imply faster rotation of electric fields is necessary. When the switching time is so low,

the rotation speed of the motor which ultimately defines the rotation of electric field should

be taken into consideration. Apart from this, more detailed study of the transition of dipoles

along the surface of the GNP must be done to better understand the behaviour at higher

rotation speeds. For concentrations of 0.175 and 0.35 wt% we see a noticeable increase in AC

conductivity for the first 5 minutes and 20 minutes respectively, and stabilizes thereafter.

However, the increment in AC conductivity was relatively higher for the same concentrations

that were aligned unidirectionally as shown in Fig. 33. This due to lack of chain formation

which is responsible for the proportional increase of conductivity over time. Nonetheless,

the small increments can be associated with orientation changes in GNPs and based on the

AC conductivity curves, uniform alignment is taking place. The next section talks about the

validation of planar alignment using dielectric spectroscopy.

4.2.3 XRD results

The XRD patterns obtained for planar aligned samples for a 2θ range of 10◦ to 50◦ for M5 and

M25 GNPs of different concentrations (0.175, 0.35 and 0.7 wt%) are shown in Fig. 36. Here,

direction 1 and 2 resemble in-plane directions and direction-3 refers to the through-thickness

direction. In all the samples, we see the broad amorphous region exhibited by epoxy. The

XRD spectra also shows (002) diffraction peak at 2θ=26.5◦, indicating the distance between

graphene layers. The application of Bragg’s equation gives rise to d-spacing of 3.35 nm,

which is the typical distance between graphene layers[]. The (10) diffraction peak indicates

a d-spacing of 0.21 nm according to Bragg’s equation and this corresponds to the short range
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order of stacked graphene sheets [145, 146]. The measured lattice spacing of 0.213 was also

observed in HR-TEM imaging of a graphene quantum dot by [147, 148]. In all the XRD

spectra, direction-3 does not have the (10) peak and (002) peak is more prominent compared

to other directions. However, direction 1 and 2 contains the (10) peak which is only captured

when the graphene layers are aligned perpendicular to the incident X-rays. The consistency

of this peak in all the samples for in-plane directions provides additional validation of planar

alignment transpiring.

4.2.4 Dielectric properties of planar GNP composites

The dielectric constant dependence on frequency for planar aligned, unaligned and unidirec-

tionally aligned M5 and M25 for various concentrations are shown in Fig. 37. Here, for each

concentration, directional dielectric constant for three directions is also depicted for planar

aligned samples. The presence of GNPs typically increases the dielectric constant of the

material due to formation of mini capacitors that utilizes the thin layer of epoxy present be-

tween two GNPs as the dielectric material [65]. Unidirectional alignment of GNPs increases

the dielectric constant due to orientation of GNPs, chain formation, reduction in proxim-

ity of the particles. The later mechanism results in strong interfacial polarization due to

the large difference in dielectric constant between epoxy and GNPs, which is widely known

as Maxwell-Wagner-Sillars effect [91, 92]. The dielectric constant predominantly remains

constant with frequency, suggesting that there is no percolating behavior.

The planar aligned samples showed consistent behavior for all three directions tested. The

dielectric constant in direction-1 and direction-2 is equal. Due to the transversely isotropic

nature of GNP, this is an expected behavior and confirms the in-plane isotropy of the sample.

Compared to unidirectional aligned samples, planar aligned samples have a higher dielectric

constant along the in-plane direction. This can be explained by the increased availability of

particles to enhance the mini capacitor effect and planar orientation which utilizes the max-

imum directional effects. In unidirectional alignment, the GNPs tend to form agglomerated
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Figure 36: XRD patterns corresponding to planar aligned GNP composites of M5 and M25
for 0.175, 0.35 and 0.7 wt% concentrations. Two significant peaks ((002) & (10)) are high-
lighted which resemble graphene inter spacing distance and lattice constant respectively.
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Figure 37: Dependance of dielectric constant on frequency for a) M5-0.175 wt%, b) M5-0.35
wt%, c) M5-0.7 wt%, d) M5-1.4 wt%, e) M25-0.175 wt%, f) M25-0.35 wt% and g) M25-0.7
wt% planar aligned GNPs in 3 orthogonal directions

chains which render ineffective regions that do not contribute to the dielectric constant. The

mechanism of planar alignment process prevents the agglomerations due to constant attrac-
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tion and repulsion of adjacent particles. Nevertheless, the dielectric constant in direction-3 is

relatively higher than in-plane dielectric constants (directions 1 and 2) for all concentrations.

This confirms that planar alignment has materialized for both M5 and M25 GNPs.

A previous study regarding anisotropic dielectric constant of GO sheets showed that the

through-thickness dielectric constant was less than in-plane value [93]. The high in-plane di-

electric constant of GO can be attributed to the abundant oxygen functional groups present

on the edges and basal planes which induces a higher electronegative charge relative to

positive charge density of carbon and hydrogen atoms [149]. Apart from this, GO contains

defects and polarized groups such as water intercalating between its layers. The conductivity

phenomena through the GO layers reduces rapidly due to functional groups and intercalat-

ing molecules [150]. However, for graphene the mechanism of dielectric behavior is purely

attributed to displacement of electron cloud over the layers or along the plane of graphene.

Santos and Kaxiras found that the polarization along the thickness of graphene layers is

twice that of in-plane and graphene behaves as a metal along the plane and as a semicon-

ductor perpendicular to the plane [94]. They also found that the dielectric constant was

higher in through-thickness compared to in-plane direction which validates the peculiar in-

crement in direction-3 dielectric constant of planar aligned GNPs. Apart from the intrinsic

anisotropy of dielectric constant of graphene, we believe that the greater surface area of the

GNPs which leads to greater interfacial polarization, relatively lower proximity of GNPs in

direction-3 and lower conductivity along through-thickness direction has an influence in the

higher value of dielectric constant obtained. Apart form this, we noticed a greater increment

in dielectric constant for unidirectionally aligned composites of M25 compared to M5. This

is due to the higher diameter of M25 GNPs which facilitates easier chain formation that

results in increased dielectric constant [68].

86



(a) (b)

(c) (d)

(e) (f)

Figure 38: SEM images of fractured surfaces of planar aligned GNPs. a) planar view of 0.35
wt% M5 GNP showing various sites of GNP pull out, and b) zoomed in planar view showing
the GNP pull out regions, c) out of plane view of planar aligned 0.7 wt% M25 showing
multiple pull out of GNPs, d) magnified view of a GNP embedded in epoxy in the 0.7 wt%
M25 sample, e) out of plane view of planar aligned 0.7 wt% M25 GNP sample showing two
GNPs in close proximity and debonding during fracture and f) out of plane view of M25
GNP showing the micro crack path and delamination of GNP.

4.2.5 Fractographic analysis

Fractographic analysis was performed for the planar aligned samples. The cylindrical speci-

men obtained after the alignment was fractured in two different ways, parallel and perpen-

dicular to the planar direction of oriented GNPs. Figure. 38 shows the fracture surfaces of

M5-0.35 wt% and M25-0.7 wt%. Figure. 38a shows the fracture surface along the planar
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direction. Here, we noticed multiple GNP pull out regions whose diameter is between 4-10

µm, which ascertains the planar alignment of GNPs. Figure. 38b shows the magnified view

of the pull out sections which correspond to a GNP diameter of around 10 µm. Figure. 38c

shows the fracture surface perpendicular to the planar direction. Here, The GNP pull out

sections were deeper and the length of the sections correspond to the diameter of GNP. Also,

the sections were aligned along the planar direction, further proving the planar alignment of

GNPs. Figure. 38d shows a single GNP embedded in the epoxy aligned along the 1-3 and 2-3

planes. Debonding between epoxy and GNP, micro cracks around GNPs and delamination

of GNPs are also depicted for planar aligned M25-0.7wt% GNPs in the Figs. 38f and 38e.
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4.3 Conclusion

In this study transversely isotropic GNPs were successfully aligned along the in-plane direc-

tions in a in-house developed composite electrode setup capable of using a rotating electric

field. The rotation speed of electric field was dependant on electric field strength, concen-

tration and size of GNPs. Two different sizes, M5 and M25 of different concentrations i.e.

0.175, 0.35, 0.7 and 1.4 wt% were aligned along the planar direction. The alignment of

GNPs was initially characterized by the AC current flowing the system in two perpendicular

in-plane directions. The systematic and periodic increase of AC conductivity showed that

alignment along these directions was taking place uniformly. XRD analysis of these cured

samples along the three orthogonal directions identified the graphene and lattice constant

of graphene. The interlaminar distance peak was more pronounced in the through-thickness

XRD analysis. The two in-plane XRD patterns were comparable and they featured the

peak that captures the lattice constant of graphene and this can only be recognizable in the

in-plane direction, thus signifying the planar orientation of GNPs. In addition to this, di-

electric spectroscopy of the planar aligned samples in three orthogonal directions showed the

indistinguishable pattern of dielectric constant variation along the two in-plane directions

with frequency for each concentration. Due to the inherent anisotropy exhibited by GNPs,

we noticed an increase of dielectric constant along the through thickness direction. The

dielectric constants of planar aligned samples were compared with unaligned and unidirec-

tionally aligned samples. Planar aligned samples demonstrated higher dielectric constants

due to availability of GNPs, lack of conduction pathways and uniform distribution of oriented

GNPs. Fracture surfaces viewed under an SEM further provided proof of the planar orien-

tation of GNPs and showed the different surface morphologies obtained by fracturing in two

perpendicular orientations. The planar aligned GNP samples can also exhibit anisotropic

fracture toughness.
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CHAPTER V

GRAPHENE OXIDE (GO) BASED STRUCTURAL SUPERCAPACITORS

(SSCs)

In this study, we develop structural supercapacitors (SSCs) capable of storing electrical

energy while demonstrating structural integrity using grpahene oxide (GO) as nano fillers.

The SSCs are made using a hand layup technique using various concentrations of polyethylene

glycol (PEG) and lithium based ionic liquid. SSCs are made from highly activated carbon

fibers as electrodes and glass fibers and polypropylene membranes as separators. The SSCs

are characterized by electrochemical impedance spectroscopy (EIS), cyclic voltammetry (CV)

and constant current charge discharge (CCCD).

5.1 Materials and Methods

5.1.1 Materials

The GO was procured from Nanoshel UK limited, United Kingdom. The GO was obtained

in black gray powder form (1.9-2.2 g/cm3) and the lateral size of the platelets is 10 µm while

the thickness of the platellet is 1.6 nm. The content of carboxylic groups (COOH) is 1 wt%.

PEG of molecular weight of 600 and 200 was purchased from Acros organics, Waltham, MA.

Lithium bis(trifluoromethylsulphonyl)imide (LiTFSI) was also obtained from Acros organics,

Waltham, MA. Epoxy resin (EPON 862, Hexion, Columbus, Ohio) and hardener (EPIKURE

Curing agent 3274, Hexion, Columbus, Ohio) were used for dispersing the GNPs. EPON 862
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is low viscosity blend of diglycidyl ether of bisphenol F. The liquid hardener is a moderately

reactive low viscosity aliphatic amine. The activated carbon fibers (Kynol, Kynol Europa

GmbH, Hamburg, Germany) have a surface area of 2000 m2/g. The glass fibers (Style

120 E-glass, Fiberglast Brookville, Ohio) have a stain weave with a thickness of 0.07–0.15

mm and weighs 93 g/m. The polypropylene membrane (Celgard 3501, Celgard, Charlotte,

NC) has a thickness of 25 µm and a prorsity of 55%. Acetone, Sulphuric acid (H2SO4),

N, N-Dimethylformamide (DMF), Propylene carbonate (PC) and potassium permanganate

(KMnO4), were purchased from Sigma Aldrich, St. Louis, Missouri.

5.1.2 Electrolyte preparation

Initially 0.5 wt% of GO with respect to PEG was mixed with DMF with a ratio of 1 mg/ml

with respect to GO weight and PEG on a magnetic stirrer at 40◦C for an hour for proper

dispersion. Then the solution was probe sonicated for 15 min using a ultra sound probe

sonicator to break the larger agglomerates. The solution was maintained at 0◦C using an

ice bath to avoid unnecessary overheating of PEG. The solution was then moved to a bath

sonicator for 30 minutes to exfoliate the GO sheets. The bath was maintained at 35–40◦C

using a mid level intensity. The DMF/PEG/GO dispersion was transferred to a vacuum

oven at 60◦C and the DMF was removed over a period of 12 hours by solvent extraction

using dry ice. The PEG/GO mixture was transferred to a glove box. Here, LITFSi was

added wit PC and stirred vigorously at 40◦C until the salt was dissolved. This completes

the procedure for the ionic liquid. For the structural part, epoxy is poured into a separate

beaker, and is mixed with the hardening agent in a 5:2 ratio. The epoxy and ionic liquid

were poured into a single beaker and mixed thoroughly. The solid polymer electrolyte (SPE)

is then degassed and measured appropriately for SSC fabrication. Apart from this SPE was

added to rectangular molds of 1 mm thickness for SPE chracterization.
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5.1.3 Structural supercapacitor preparation

Surface activation of celgard membrane was necessary since PP membrane is highly inert and

lacks good adhesion. The membrane was surface treated using microwaves and an oxidizing

agent [151]. Acetone was applied to a 8 × 8” celgard separator by a brush and allowed to

dry at room temperature for five minutes. The membrane was submersed in 20% (H2SO4)

solution to clean the surface and remove any impurities. A 0.5 M solution of (KMnO4) was

then prepared and the celgard membrane was immersed and microwaved for 120 seconds.

The microwave irradiation caused the surface to oxidize in the presence of (H2SO4). This

makes the surface hydrophilic and also improves the wet-ability.

Two activated carbon fabric of size (6 × 3 inches) was cut and conductive copper tape was

applied on one side of both the fabrics. The fabrics were then hot pressed at 100◦C to ensure

strong adhesion between the copper tape and the carbon fabric. The SSC was made by hand

layup technique. First the carbon fabric was placed and a layer of the SPE was brushed and

then the fabric was placed under vacuum to remove the air bubbles present on the surface.

Then the seperator (GF or celgard) of size (7 × 4 inches) was placed and then more SPE was

added and then degassed. Finally, the second carbon fabric was added with SPE penetrating

the other side. The laminate was then cured in the oven at 60◦C for 24 hours.

5.1.4 Summary of experiments

The advantages of GO addition towards the ionic conductivity was identified using a liquid

electrolyte system. Exfoliated GO was added in 0.05 wt% increments to PEG until 1 wt%

and the ionic conductivity of the liquid was tested at every increment.

SPEs were prepared for various concentrations of structural element and ionic elements.

They also include incorporation of PC and lower molecular weight PEG-200.

Finally, SSCs were prepared using hand lay up technique using combinations of separators
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Table 13: Summary of structural supercapacitors fabricated and their constituents. Two
separators were used for glass fiber based SSCs, while celgard based SSSs have a single
separator.

SSC Seperator type PEG+Li Epoxy PC GO
% % % %

SSC-GF-PC GF 50 40 10 -
SSC-GF-PC-GO GF 50 40 10 0.5
SSC-C celgard 50 50 - -
SSC-C-PC celgard 50 40 10 -
SSC-C-PC-GO celgard 50 40 10 0.5

and the addition of PC and the epoxy to ionic components ratio was maintained at 40:60 for

all the SSCs prepared. Two glass fiber fabrics were used to ensure symmetry and preventing

shorting between carbon fabric electrodes [152]. One layer of celgard separator was sufficient

since the pores were small enough to prevent the electrodes from making contact with each

other.

5.1.5 Material analysis and characterization

X-ray diffraction (XRD) was performed on powder samples of GO at ambient temperature

using a Bruker D8 AXS (Bruker, Millerica, Massachusetts). XRD was used to determine the

interlayer spacing between the nanosheets using Bragg’s law.

d =
nλ

2 sin θ
(5.1.1)

Where d is the distance between the nanosheets, λ is the wavelength of the x-ray, and θ is

the diffraction angle. The powder sample was then scanned from 10° to 40° for 30 seconds.

CuKα (λ=0.154nm) radiation was generated at a voltage of 40 kV and a current of 40 mA

was used as the X-ray source.

The electrochemical characterization was performed on a potentiostat (VersaSTAT 3F, Prince-

ton applied research, Oak Ridge, Tennessee). The ionic conductivity was measured at am-
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bient room temperature (20◦C) and is calculated based on the electrochemical impedance

spectroscopy (EIS) measurements. The ionic liquid conductivity was measured using a two

probe method with square stainless steel electrodes for a frequency range of 0.01 Hz to 1

MHz. The ionic conductivity of the SPE was measured for circular samples cut by a die

which are sandwiched between two stainless steel electrodes. The amplitude of signal was

100 mV. The ionic conductivity was calculated from the electrolyte resistance (R) from the

impedance curve, thickness of the electrolyte or distance between electrodes for liquid elec-

trolyte (t) and the area of the contact between the SPE or liquid with the electrodes (A). It

is given by the following formula

σ =
t

R× A
(5.1.2)

Cyclic voltammetry (CV) was performed on the SSCs with a two-electrode system between

a potential window of -1V to +1V and a scan rates of 1, 0.1, 0.01 and 0.001V/s and the

electrochemical responses were recorded. Constant current charge discharge (CCCD) mea-

surements were performed with charging currents ranging between 5–10 mA. The active

mass takes into the weight of carbon fibers, seperators and SPE. The following equations

were used to calculate the specific capacitance, energy density and power density of the

SSCs.

Cp =
Im∆t

∆V
(5.1.3)

Eg = 0.5Cp∆V 2 (5.1.4)

94



Pg =
Eg

∆t
(5.1.5)

Here, Im is the current density, ∆t is the discharge time, DeltaV is the voltage drop of the

discharge cycle, Eg is the energy density and Pg is the power density.

5.2 Results and Discussion

5.2.1 Influence of GO on ionic conductivity of ionic liquid

GO is a carbon-based material with a two-dimensional honeycomb lattice structure that

shows a strong diffraction peak at 2θ≈26.4◦. This gives us an interlayer spacing of 3.36 Å

between the graphene layers. This ensures the carboxylic groups are present on the outer

edges on the GO plane [59].

The variation of ionic conductivity of non exfoliated GO particles is depicted in Fig. 39. GO

particles have abundant carboxylic and hydroxyl groups on the edges of the basal plane of the

graphene. We noticed a one order increase in ionic conductivity at 0.2 wt% of GO inclusion.

This is due to the presence of the functional groups aiding in the ion transfer. After 0.2wt%,

further increments of 0.05 wt% of GO to the solution decreased the ionic conductivity steadily

until it plateaus at 0.6 wt%. Further addition of GO will cause the particles to agglomerate

which reduces the access of lithium ions to the functional groups. It should also be noted

that the GO used here is non exfoliated, hence the peak ionic conductivity was attained at

lower wt%. A separate study of exfoliated GO was performed by using 0.7 wt% GO and the

liquid ionic conductivity attained was 2.8 x 10−3 S/cm. This shows the beneficial effects of

exfoliated GO and the natural tendency of GO to agglomerate due to van der Waals forces

between the functional groups.
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Figure 39: Variation of ionic conductivity of PEG-600 liquid electrolyte with 10 wt% LITFSI
with increments of non exfoliated GO.

5.2.2 Influence of GO on ionic conductivity of solid polymer electrolyte (SPE)

Figure. 40 shows the ionic conductivity variation for 50:50 epoxy and ionic component SPE

with GO wt%. Here, normal samples are prepared using bath and probe sonication according

to the method specified in the materials and methods section. Additionally, some samples

underwent centrifugation for 15 minutes at 10,000 RPM. Physical observation showed that

the supernatant samples were well dispersed did not contain larger agglomerates of GO.

Hence, the ionic conductivities of supernatant samples were relatively higher than its counter

part normal samples as seen Fig. 40 . We also noticed at 0.5 wt%, the ionic conductivity was

the highest. This is due to good phase separation of ionic and epoxy components because GO

increases the viscosity and negatively affects phase separation which is required for achieving

optimum ionic conductivity [153]. Hence, 0.5 wt% GO was chosen for fabrication of SSCs

as the optimum amount to achieve good ionic properties.
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Figure 40: Variation of ionic conductivity of PEG-600 SPE with epoxy to ionic component
ratio (50:50) with 10 wt% LITFSI. Here, normal sample has undergone probe and bath soni-
cated, whereas the supernatant sample has undergone additional 15 minutes of centrifuging.

5.2.3 GO based structural supercapacitors (SSCs)

Figure. 41 shows the SSCs prepared using handlay up technique. Figure. 42 shows the

nyquist plots for various SSCs fabricated. The equivalent series resistance (ESR) obtained

from the plots are reasonable for structural supercapacitor applications. Typically, the ESR

depends on the electrode resistance, ionic resistance of the SPE and the characteristics of

the separator. Here, the celgard has a lower ESR compared to glass fiber SSCs due to

the thickness of the separators layers and also the amount of pores are higher for celgard

separator. We also noticed a greater decrease in ESR as PC is added for celgard SSC

compared to glass fiber SCCs. PP is a plasticzer which aids in improvement of the ionic

conductivity by reducing the viscosity of the SPE. However, we noticed negligible effect of

PC in regards to ESR for glass fiber SSCs. Morever, when GO was introduced to the celgard

SSC, the ESR rose slightly. This maybe due to GO size being larger then the celgard pores

which result in blockage and reduction in amount of accessible pores. The presence of GO
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would not affect GF SCCs due to the gaps in glass fiber mat are larger than GO particles.

Figure 41: Photographs of SSCs. a) SSC-GF, b) SSC-GF-PC-GO and c) SSC-C-PC-GO

Figure 42: Nyquist plots of the EIS data obtained from the potentiostat for various SSCs.

Figure. 43 shows the cyclic voltammograms obtained between for a voltage window of 0 and

1 V for glass fiber based SSCs. The CV curves showed good cyclability for all the scan

rates tested. The area under the CV curve was low for SSC-GF-PC, since the GF is a

poor ion conductor. However, The CV area and the current density improved upon adding

GO, proving the ionic conductivity improvements as well as plasticizing the SPE to allow

more current flow. Figure. 44 shows the rate-dependant cyclic voltammograms obtained for
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Table 14: Comparison of electrical properties of glass fiber and celgard based SSCs.

SSC Volumetric capacitance Specific capacitance Energy density Power density
mF/cm3 mF/g mWh/kg mW/kg

SSC-GF-PC 20.4 161.0 3.1 181.2
SSC-GF-PC-GO 36.6 258.0 2.4 142.3
SSC-C 28.9 174.0 4.9 183.2
SSC-C-PC 36.2 220.7 5.3 187.0
SSC-C-PC-GO 45.3 329.3 5.8 208.3

celgard based SSCs. Here, good cyclability is seen and at lower scan rates the ions have

enough time to intercalate into the carbon fabric. The CV curves improved upon addition

of PC as expected. The volumetric and specific capacitance were calculated based on the

0.001 V/s CV curve which exhibits the highest capacitance as seen in Table.14. Although

incorporating GO increased the ESR of the SSCs, it had a positive effect on capacitance for

both glass fiber and celgrard based SSCs due to its ion transfer properties associated with

its higher surface area. SSC-C-PC-GO has the highest capacitance amongst the fabricated

SSCs. This can be associated with higher number of pores and lower thickness allowing ions

to pass through easily.

Figure. 45 shows the charge discharge curves for glass fiber based SSCs for three different

currents (2, 5 and 10 mA). The capacitors were allowed to chrage to 2 V and discharged to 0

V. Five cycles were performed for each SSC but only the final cycle is depicted. When high

current such as 10 mA is applied the ions have higher enegry to dissociate and move through

the separator membrane. It took less than 10 seconds to charge the SSC-GF-PC SSC as seen

in Fig. 45a. As the current is lowered the SSC takes more time to reach 2 V due to lower

threshold for ion dissociation. The SSC was able to charge successfully when the current

was 5 mA and 10 mA, whereas for the case of 2 mA, the SSC had reached its maximum

voltage capability. This can be explained by the formation of a double layer near the carbon

fibers, which resists further accumulation of charge for a given low current. Figure. 45b

shows the charge discharge curves when GO is introduced. Despite having an increment in

specific capacitance, GO had a negative effect on the energy and power densities for glass
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(a)

(b)

Figure 43: Cyclic voltammograms of glass fiber based SSCs. a) SSC with PC b) SSC with
PC and 0.5 wt% of GO with respect to PEG

fiber based SSC as seen in Table.14. A study on tetraethylammonium tetrafluoroborate

(TEABF4)/PC based supercapacitors also showed higher capacitance due to incorporation

100



(a)

(b)

(c)

Figure 44: Cyclic voltammograms of celgard based SSCs. a) Plain SSC b) SSC with PC and
c) SSC with PC and 0.5 wt% of GO with respect to PEG
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of PC but it slowed down the ion transport leading to lower power density. This phenomenon

was associated with the increase of solvated cation size which reduces the ability of ions to

penetrate into the slits of carbon fibers and also the van der Walls forces increase which

lowers the ion transport [154]. Regardless of current, the SSC was not able to charge to the

expected 2 V. This may be related to the agglomeration of GO in the system. This issue

needs more clarity and have to be looked into further.

Figure. 46 shows the charge discharge curves for glass fiber based SSCs for three different

currents (2, 5 and 10 mA). The lower thickness and high porosity of celgard separator allowed

better ion transfer compared to glass fiber separator. The lower proximity of electrodes also

creates a stronger double layer which increases the energy and power densities as seen in

Table.14. The effect of PC is clearly visible which shows the effect of improvement of ionic

conductivity has on its CD characteristics. For a low current of 2 mA, the SSC was able to

charge up to 1.8 V. Similar to glass fiber SSC, the effect of GO seems to have a negative effect

on its maximum charge capacity. However, the discharge time was comparable for SSC-C-

PC-GO and SSC-C-PC which was 100 seconds. However, SSC-C-PC-GO had a lower voltage

drop and also was only charged to 1.8 V. This manifested a higher performance amongst

the celgard SSCs with the highest power and energy densities of 201.3 mW/kg and 5.6

mWh/kg respectively. Further analysis has to be made regarding the pore blockage due to

GO agglomerates.
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(a)

(b)

Figure 45: Constant current charge discharge cycles of glass fiber based SSCs for various
currents. a) SSC with PC b) SSC with PC and 0.5 wt% of GO with respect to PEG
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(a)

(b)

(c)

Figure 46: Constant current charge discharge cycles of celgard based SSCs for various cur-
rents. a) Plain SSC b) SSC with PC and c) SSC with PC and 0.5 wt% of GO with respect
to PEG
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5.3 Conclusion

In this study structural supercapacitors based on glass fiber and celgrad separators were

developed using hand layup technique. Highly activated carbon fiber fabrics were used as

electrodes and graphene oxide was added to the PEG based ionic liquid to improve its

ionic and structural properties. We noticed a one order increase in ionic conductivity when

0.15 wt% non exfoliated GO was introduced in PEG-600 ionic liquid. The solid polymer

electrolyte based on 0.5 wt% GO saw a 100% increase when it was compared to SPE which

does not include GO. However, when the SPE was made of supernatant, we noticed an order

increase in ionic conductivity. This is due to presence of hydroxyl and carboxyl fucntional

gruops on GO for ion transfer as well as plasticizing effects demonstrated by GO. The

SPE formulation of 50 wt% ionic component 50 wt% structural component was used to

manufacture SSCs for glass fiber and celgard separators. The amount of LITFSI of 10 wt%

with respect to PEG was found to be optimum. The SPE formulation had to be modified

for GF and celgard based SSCs by incorporating 10 wt% propylene carbonate (PC), which

showed promising results in reducing the electrochemical series resistance (ESR) of SSCs.

The volumetric capacitance for celgard based SSC without PC was 28.9 mF/cm3 and with PC

was 36.2 mF/cm3. Specific capacitance also increased from 174.0 to 220.7 mF/g for the same.

Celgard proved to be a better separator due to its high porosity (55%) and lower thickness

(25µm) compared to glass fiber separator whose thickness was 4 times higher. Introduction

of GO to glass fiber composites had a detrimental effect on the energy and power densities.

However, the specific capacitance of glass fiber SSC increased after adding GO from 161.0 to

258 mF/g. This peculiar effect needs more research on the agglomeration effects on charge

discharge cycles. On the contrary, adding GO to celgard based SSCs proved to be fruitful

and we achieved a specific capacitance, energy density and power density of 329.3 mF/g, 5.8

mWh/kg and 201.3 mW/kg respectively. The structural properties of these SSCs have to

be determined and further fabrication of SSCs should be made using supernantant of ionic

liquid which could eliminate the larger agglomerates of GO that are unfavourable to both
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ionic and structural properties.
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(a)

(b)

Figure 47: Structural supercapacitors powering a LED at 2V a) SSC-GF-PC-GO b) SSC-
celgrad-PC-GO
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CHAPTER VI

SUMMARY

The major conclusions from this study are summarized below:

• Extensive literature review was completed to obtain information on electrical conduc-

tion through carbon fiber reinforced polymer (CFRP) composites. The need to study

the behavior under constant low direct currents and its significance to lightning strikes

and structural supercapacitors was highlighted.

• Mechanical strength degradation of CFRP laminates due to low-density direct current

and pertaining mechanisms involved have been identified. Experimental results show

that the electrical degradation in CFRP is a cumulative effect of thermal and electrical

effects and the damage occurs very early under these circumstances. The observed

degradation is caused by the following phenomenon, thermal decomposition of the

epoxy due to resistive heating, dielectric breakdown at the carbon fiber–epoxy interface

and thermal mismatch during heating and cooling of the laminates.

• A reduction in ultimate compressive strength, Young’s modulus in the thickness di-

rection, glass transition temperature and an increment of tan δ values was observed

for degraded samples. The through-thickness resistivity measurements showed the ex-

tent of delamination in degraded samples and in-plane resistivity changes revealed the

effects of Joule heating and subsequent reduction of resistance due to dielectric break-
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down of polymer leading to a more conductive but degraded sample over time. CT

scan images showed the extent of dielectric breakdown between plies that led to de-

lamination and matrix decomposition caused by the heat generated by Joule heating

of carbon fibers.

• Significant variation between in-plane and through-thickness electrical and thermal

conductivity played a dominant role towards the electrical degradation of CFRP lami-

nates. Incorporation of aligned graphene between CFRP plies can significantly improve

the through-thickness properties that will aid in suppressing the damaging effects of

electrical conduction. Aligned GNPs are also responsible for manifesting multifunc-

tional properties.

• A novel semi-empirical method using AC conductivity measurements to qualitatively

assess the degree of alignment for higher weight concentrations of GNPs was discovered.

AC conductivity observations showed that the time required for alignment has a strong

dependence on concentration of GNPs, viscosity of the epoxy/GNP blend and electric

field intensity. Contemporary analytical models fail to address the effects of these

parameters for alignment.

• The quality of alignment predicted by AC conductivity measurements taken during

the process of alignment were substantiated by dielectric properties such as dielectric

constant, dielectric loss, and AC conductivity, and Young’s modulus values obtained

from cured samples. Higher electric fields will have faster rotation and translation

times which reduces the possibility of deleterious agglomerate formations.

• The effect of browninan motion was also studied using AC conductivity measurements

and it was found that the brownian motion was prevalent in the early stages and grad-

ually reduces with time as particles were held together as chain formation commenced.

Besides this, we also found that the application of alignment results in a heterogeneous
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composite due to localized effects of electric field, non responsive regions of agglomer-

ations and stacked up percolated chains.

• Transversely isotropic GNPs were successfully aligned along the in-plane directions in

a in-house developed composite electrode setup capable of using a rotating electric

field. The rotation speed of electric field was dependant on electric field strength,

concentration and size of GNPs.

• The alignment of GNPs was initially characterized by the AC current flowing the

system in two perpendicular in-plane directions. The systematic and periodic increase

of AC conductivity showed that alignment along these directions was taking place

uniformly.

• Dielectric spectroscopy of the planar aligned samples in three orthogonal directions

showed the indistinguishable pattern of dielectric constant variation along the two in-

plane directions with frequency for each concentration. Due to the inherent anisotropy

exhibited by GNPs, we noticed an increase of dielectric constant along the through

thickness direction. Planar aligned samples demonstrated higher dielectric constants

due to availability of GNPs, lack of conduction pathways and uniform distribution of

oriented GNPs. The low value of loss tangent acquired for planar GNPs demonstrates

the benefits for charge storage applications.

• XRD analysis of the planar aligned samples performed along three orthogonal di-

rections identified the graphene interlayer distance and lattice constant of graphene.

The interlayer distance was more pronounced in the through-thickness XRD analysis.

The two in-plane XRD patterns were comparable and the peak for lattice constant of

graphene was identified which was absent in the through-thickness XRD results.

• SEM images of the fractured surfaces in two perpendicular directions showed the dif-

ferent surface morpohologies and the pull out of GNPs were unique in both surfaces

110



and further proved the manifestation of the planar alignment in epoxy.
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CHAPTER VII

FUTURE WORK

The prospective work is summarized below:

• Study of electrical degradation on cross-ply CFRP laminates highlighted the damage

mechanisms such as thermal mismatch, dielectric breakdown and thermal decomposi-

tion. These mechanisms led to micro delamination as evidenced from micro CT scans

and through thickness resistivity measurements. To counter these detrimental damage

GNPs can be incorporated in the epoxy. To benefit from the anistropic properties ex-

perienced by GNPs such as electrical and thermal conductivity, alignment of GNPs can

be performed during composite manufacturing. The aligned GNPs can form a conduc-

tive path between the carbon fiber plies and has the potential to reduce electrothermal

effects leading to micro delamination.

• Unidirectional alignment of GNPs identified the factors affecting alignment such as vis-

cosity of the epoxy/GNP, dimensions of GNP and electric field strength. The alignment

kinetics of GNPs in higher weight fractions are different compared to lower concen-

trations. Due to high possibility of establishing conductive chains prior to alignment

for higher concentrations, which fades the electric field in that region. This prevents

alignment from taking place in this local region. Alignment also results in migration of

GNPs depriving some regions of particles leading to a heterogeneous nanocomposite.

These phenomena needs more understanding and small scale samples can be fabri-
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cated with controlled alignment. This allows micro scale testing of chain formation

and migration.

• Planar alignment has led to developing a nanocomposite capable of depicting trans-

versely isotropic properties. It also utilizes the maximum surface area of the nanopar-

ticles added into epoxy. The structured distribution of these GNPs improved the

dielectric constant of the material due to mini capacitor effect. This study can be ex-

tended to particles that possess higher dielectric constants which has a higher emphasis

on energy storage and energy dispersion in flexible electronics. Planar alignment of

GNPs also exhibits anisotropic mechanical and fracture properties. GNPs have been

researched tremendously due to their ability to resist fracture and improve the tough-

ness of the materials. More research can done to study the fracture behaviour of these

materials which may be suitable for high strain rate applications.

• Future work for structural supercapacitors (SSCs) include mechanical testing of lam-

inates to understand the effects of graphene oxide (GO) on its mechanical properties.

Tensile, compression and three point bend tests can be performed. The glass fiber

separator thickness which is 120µm has a detrimental effect on the capacitance and

energy properties of SSC. The relatively larger weave gaps promote shorting. Hence,

more efficient glass fiber separators must be utilized which have lower thickness and

tighter weave. In addition to this, SSCs should be fabricated with supernatant of exfo-

liated GO so the effects of GO agglomeration can be minimized. The ionic conductivity

of present SPE with addition of GO was suitable but not optimum for SSCs. Hence,

more conductive polymer or bi-phase polymer systems must be looked into.
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Code for unidirectional alignment of GNPs

c l c

c l e a r a l l

dens i ty epoxy= 1174 . 3 ;

dens i ty ha rdene r =950.22;

d en s i t y he l oxy =910;

m epoxy=100;

m hardener=40;

m heloxy=0;

m tot=m epoxy+m hardener+m heloxy ;

mf epoxy=m epoxy/m tot ;

mf hardener=m hardener/m tot ;

mf heloxy=m heloxy/m tot ;

V tot=m epoxy/ dens i ty epoxy+m hardener/ dens i ty ha rdene r+m

heloxy / den s i t y he l oxy ;

Vf epoxy=mf epoxy/ dens i ty epoxy /(mf epoxy/ dens i ty epoxy+mf

hardener / dens i ty ha rdene r+mf heloxy / den s i t y he l oxy ) ;

Vf hardener=mf hardener / dens i ty ha rdene r /(mf epoxy/ den s i t y

epoxy+mf hardener / dens i ty ha rdene r+mf heloxy / dens i t y he l oxy ) ;

Vf he loxy=1−(Vf hardener+Vf epoxy ) ;

dens i ty=Vf hardener ∗ dens i ty ha rdene r+Vf epoxy∗ dens i ty epoxy+

Vf heloxy ∗ dens i t y he l oxy ;

d en s i t y 1=m tot/V tot ;

a=(25e−6)/2; % rad iu s o f GNP (um)

b=(8e−9)/2; % ha l f t h i c kne s s o f GNP (nm)

mg=2.65e−14;%mass o f graphene in Kg
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Wg=0.7/100;%weight f r a c t i o n o f graphene

t e l e c t r o d e s=3e−3; %th i ckne s s o f e l e c t r o d e s (m)

Eo=105; %Applied e l e c t r i c f e i l d (V)

E=Eo/ t e l e c t r o d e s ;%E l e c t r i c f e i l d s t r ength (V/m)

Neta=1.1

mu epon=7.2;%Pa . s

mu heloxy=1.5/1000;%Pa . s

mu epikure =0.05;

Eps i lon=8.8e−12; %pe rm i t i v i t y o f vacuum

Epsilon m=3.6∗Eps i lon ; %pe rm i t i v i t y o f polymer

A=(pi ∗Epsilon m∗Eˆ2)/( (8∗Neta )∗ ( ( p i /2)−(b/a ) ) ) ;

t h e t a i =0: p i /200 : p i /2 . 000005 ;

t h e t a f =0.01∗ pi /180 ;

t=( log ( tan ( t h e t a i )/ tan ( t h e t a f ) ) ) /A;

f i g u r e

p l o t ( t h e t a i ∗180/ pi , t /60 , ’ l ineWidth ’ , 5 )

%t i t l e ( ’ Rotation time Vs I n t i t i a l angle ’ )

s e t ( gca , ’ FontSize ’ , 18)

x l ab e l ( ’ Angle in degrees ’ )

y l ab e l ( ’Time (Minutes ) ’ )

kt=6∗pi ∗ ( ( a ˆ2)∗b )ˆ (1/3 )∗ ( abs ( ( b/a )ˆ2 −1)ˆ0.5)/

atan ( abs ( ( b/a )ˆ2 −1)ˆ0.5/(b/a ) ) ;

%Tran s l a t i ona l f r i c t i o n c o e f f
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x0=mg/(Wg∗ dens i ty ∗2∗a∗2∗a)%paper

x=0:x0 /100 : x0 ;

B=4∗pi ∗aˆ4∗Eˆ2∗Epsilon m ˆ2/(9∗Neta∗kt∗Eps i lon ∗( p i/2−b/a ) ˆ 2 ) ;

tc=2∗(x0ˆ3−x . ˆ3 )/ (3∗B)

f i g u r e

p l o t ( tc , x/1e−6 , ’ l ineWidth ’ , 5 )

s e t ( gca , ’ FontSize ’ , 18)

%t i t l e ( ’ Trans la t i on time Vs d i s tance ’ )

x l ab e l ( ’ Trans la t i on time ( Seconds ) ’ )

y l ab e l ( ’ Distance (um) ’ )
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