CHAPTER IV
PREPARATION OF GRAPHENE/NATURAL RUBBER COMPOSITE FOR
COMPLIANT ELECTRODE APPLICATION

41 Abstract

A compliant electrode is a stretchable electronic device that retains good
conductivity under stretching. It has been used in various electro-actuating applica-
tions that require large deformations under electrical activated energy. The purpose
of this work was to fabricate the compliant electrode possessing high electrical
conductivity and good mechanical properties. Due to the excellent mechanical
properties of natural rubber (NR), it was used as a matrix for preparing a compliant
electrode. Graphene is one of many innovative new conductive fillers that provides
excellence electrical conductivity. In order to investigate its mechanical properties
and electrical conductivity, an experiment was carried out by using a melt rheometer
in tension mode. Both mechanical and electrical properties were improved by intro-
ducing graphene into the matrix. Despite the strain of NR films reaching 80%, the
films were able to maintain electrical conductivity values with very low drop offs.
The highest electrical conductivity was obtained from the 35.0 %v/v graphene/NR
composite which was greater than the DANFOSS commercial compliant electrode.
In conclusion, a graphene /NR composite was shown here as a promising material for
using as a compliant electrode.
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4.2 Introduction

A compliant electrode is a stretchable electronic device that retains good
conductivity under stretching. It has been used in various electro-actuating applica-
tions that require large deformations under electrical activated energy (Pelrine et aI,
2000). Utilization of compliant electrode has been increasing in the last decade for
effective performances of electro-active polymers (EAPs).

In the recent work compliant electrode has been fabricated from various
elastic materials, polydimethylsiloxane (PDMS) elastomer (Kujawski et al, 2010),
copolymer of tert-butyl acrylate (TBA) and acrylic acid (AA) (poly(TBA-co-AA))
(Yun et aI, 2012), and silicone rubber (Kim €t aI, 2012). The requirements of
compliant electrode from literature review were high conductivity (more than 0.1
s/m), sustainablity of conductivity during repeated deformation cycles, and being
highly compliant (i.e. Young' modulus <100 MPa) (Delille ., 2006).

According to requirements of compliant electrode, natural rubber (NR) is a
candidate as a matrix of compliant electrode. It is well known to be the most excel-
lent rubbery material having outstanding mechanical properties (Arayapranee et al,
2008) and (Bhattacharyya et aI, 2008). Moreover, Thailand is one of the leading NR
producers in the world. The natural rubber product is more than 3 million tons per
year. The growing productions continued to increase from 3.05 million tons per year
in 2007 up to 3.56 million tons in 2011, a 16.8 percentage increase (Manmoun,
2013). In 2012, the rubber production increased to 3.6 million tons, a 8.25 percentage
increase (Sincharoenkul, 2012). So, adding value to the Thai NR through the produc-
tion of compliant electrodes directly benefits Thailand's economy. However, NR is
an insulating material and electrical properties can be improved by introducing
various conductive fillers.

An enhancement of electrical conductivity can be served by various
methods. Metal fillers embedded in polymer matrices are, for example, an epoxy res-
in (ER) and poly(vinyl chloride) (PVC) filled with copper and nickel powders
(Mamunya et aI, 2002), conductive polymer blending as a polypyrrole/polypyrrole
coated short nylon (Pramila Devi et aI, 2013), and the conventional conductive

fillers such as a carbon based particle that are widely used in polymer composite



(Sengupta et aI, 2011). They are many types of carbon based filler such as carbon
black, carbon nanotubes, fullerene, graphite, and graphene.

Graphene is one atom thick, two dimentional honey comb lattice material
and it is an ideal candidate as a high-power and high-energy material
(Krishnamoorthy et aI, 2013). Wang et al. (2007) studied the performance of gra-
phene compared with the other conventional nanofillers (nanoclay, carbon nanotube,
ethylene glycol). It was found that graphene has higher surface area, larger aspect
ratio, greater tensile strength, higher thermal conductivity and electrical conductivity,
better transparency and flexibility (Wang et aI, 2007). Luong et al.(2011) studied the
mechanical properties of polyimide/graphene composite, they found that Young's
modulus of the composite film was dramatically increased from 1.8 GPa to 2.3 GPa
and tensile strength was increased from 122 MPa to 131 MPa by adding 0.38 wt% of
graphene (Luong &t al, 2011). Kim et al. (2011) prepared multi-layers
graphene/styrene butadiene rubber nanocomposite and studied the electrical conduc-
tivity. They reported that the electrical conductivity of the composite was increased
from 4.5 x 10'13s/cm to 4.5 X 10'7s/cm with a corresponding increase of graphene
from 0.5 wt% to 5 wt% (Kim et al, 2011).

The purpose of this work was to fabricate the compliant electrode
possessing high electrical conductivity and good mechanical properties based on
graphene as a conductive filler and NR as a matrix. Mechanical and electrical
properties were evaluated in terms of graphene concentration and carried out by
using the melt rheometer in tension mode. The performances of graphene/NR
composites were directly compared with the commercial DANFOSS compliant

electrode.

4.3 Experimental

4.3.1 Chemicals and Materials
Double centrifuge natural rubber latex (concentrated latex, 60 % of
dry rubber content) was obtained from Thai Eastern Rubber Co., Ltd. Graphene
multilayers (commercial grade) having particle dimeter < 2pm was purchased from

XG Sciences (USA). TWEEN 80 as a surfactant, 2-methyl-4’-(methylthio)-2 mor-
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pholinopropiophenone (MMMP) as a photo-initiator, and trimethylol-propane 3-
mercaptopropionate (TMPTMP) as a crosslinker were contributed from Sigma A |-
drich. Toluene (reagent grade) was obtained from Carlo ERBA. Deionized water was

used in all the experiments. All of reagents was used without further purification.

4.3.2 Preparation of Graphene/NR Composite

TMPTMP concentration was varied at 0.1, 0.5, 1.0, 2.0, 3.0, 5.0, 7.0,
10.0, 15.0, and 20.0 %v/v of NR. The MM M P concentration was set up to be at 3:1
ratio of TMPTMP. First, TMPTMP and MM MP were mixed together with magnetic
stirrer until homogenous. The TWEEN 80 (1.0 %v/v) was added into 20 m| DI water
and magnetically stirred for 5 min. Graphene was slowly added in TWEEN 80 solu-
tion to make a graphene solution. The mixture of TMPTMP and MM M P was added
into latex and stirred until homogenous, to be called the latex mixture. Lastly, the
graphene solution was added to the latex mixture. The compounded latex was mag-
netically stirred for 15 min. before curing with UV radiation. The NR film and its
composite were investigated under the effects of crosslinking concentration,

crosslinking time, and graphene concentration.

4.3.3 Characterizations of Graphene/NR Composite

Raman spectroscope was used to verify graphene multilayers due to
the ability to identify and characterize all the members of the carbon family. The in-
dication of graphene was measured by the raman spectroscopy (NT-MDT,NTEGRA
Spectra) with 632.8 nm excitation laser, objective lens I0Ox and accumulate time 60s
from National Nanotechnology Center.

The wide angle X-ray diffraction microscope (XRD) was used to
study the crystal structure below the nanometer scale. The CuK-alpha radiation
source was operated at 40 kV/30 mA. K-beta filter was used to eliminate interference
peak. Divergence slit and scattering slit 0.5 deg together with 0.3 mm of receiving
slit were set on the instrument.

The crosslink density of NR films was measured by following ASTM
D6814-02. The dried rubber sheets were prepared by casting the latex on glass plates

and cured under UV radiation at various crosslinking times and crosslinking ratios.
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The thin films were cut into small pieces (1 cm2) and then immersed in toluene (150
m L) until the swelling reached the equilibrium (3 days). The mole percent uptake of
solvent, weight loss, and crosslinking density of crosslinked NR were calculated

from the following equations:
we-w0
Mole percent uptake of solvent = —(),— X 100 (4.1)

where W0 and , are the weights of dried and swollen samples, respectively. MW is the

molar mass of toluene (92.14 g mol')).

% Weight loss - T X oo (4.2)

where Mj and Mg are the weight of dried rubber before and after soaking in toluene.

V, = £sa lip ~» 4.,3)

where V€ is effective number of chains in a real network per unit volume, Vlis vol-
ume fraction of polymer in a swollen network in equilibrium with pure solvent and is

calculated as:

7o Weight of dry rubber/density of dry rubber It m
T Weight of dry rubber™ Weightofsolvent absorbed by sample (4-4)
Density of dry rubber Density of solvent

where Xi is polymer-solvent interaction parameter (0.391) and V, is molecular vol-
ume of solvent.

The mechanical and electrical properties of pure NR and composite
films were measured by the melt rheometer (Rheometric scientific, Ares) with the
extensional fixture at room temperature. In this experiment, the transient mode was
applied and the stress was monitored during stretching. To evaluate the electrical
conductivity, the DC voltage was applied with DC power supply (Instek, GFG
8216A) connected with a digital multimeter (Tektronix, CDM 250) to monitor the
voltage input. The electrical conductivity during stretching was calculated through

the following equation:
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1,1 _ 1 1
A —-X=-= X - 4.5
R A Vo A (4.5)
where d is the electrical conductivity (S/cm), R is the resistivity (TlIxcm), | is the

length of specimen (cm), A is the cross-section area of specimen (cm?2), / is the
current (Ampere), and Fis the applied voltage (Volt).

In addition, the length and area of specimen depend on the stretching
which were calculated based on the incompressible material via the following

equations:

Y=~ =~ =05 (4.6)
tX = t,(1 - 633) = to(l + 0.5en) (4.7)
VIX= o(1- «33) = 0(L + 0.5en) (4.8)
IX = io (1 + £11) (4.9)
6 _facT-0 (4.10)
112 h %)

where y is the Possion ratio (for rubber = 0.5), F11,22,33 are the strains in X, y, z axes, t
is the thickness of specimen (cm), is the width of specimen (cm), /is the length of
specimen (cm). Subscript X means any strain, and subscript 0 means at strain = 0.

A field-emission scanning electron microscope (FE-SEM, JSM-
7001F) was used to examine the morphological structure and to determine the
dispersion of the graphene in the NR matrix. The film was placed on the holder with
an adhesive tape and coated with a thin layer of gold using an ion sputtering device
for 100 sec prior to observation under FE-SEM. The SEM images were investigated
by using an acceleration voltage of 20 kv with a magnification in the range of 2k -
60k times.

The topology of the composite was obtained by using the atomic force
microscope (AFM, Park System, XE-100) in air under ambient conditions. For the
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conventional AFM, the non-contact mode was operated with the cantilever (NSC36)
tapping at scan rate of 0.5 Hz, applied Z-servo gain of 10, and scanning area of 2
pm2.

4.4 Result and Discussion

4.4.1 Characterizations of Graphene Multilayers

The Raman spectroscopy is a powerful characterization technique of
all types of carbon nanostructures. The main features in the Raman spectra of gra-
phene are called D and G peaks, which are present at around 1329 and 1575 cm-1,
respectively, as shown in Figure 4.1. The G peak represents the bond stretching of all
pairs of sp2atoms in both rings and chains. The D peak refers to the breathing modes
of sp2atoms in the six angles rings (Ferrari, 2007). Another peak is 2D, at 2660 cm '],
which is the second order of D peak (Krishnamoorthy €t aI, 2012).

The purity and crystallinity of the graphene were examined by using
powder XRD measurement, as shown in Figure 4.2. The graphene multilayers XRD
diffraction shows strong and sharp peaks at 26.4°, 43.9°, and 77.4° that can be re-
ferred to as the (hkl) crystal structure at (002), (101), and (004), respectively (Yue et
al., 2013). The narrow sharp peaks indicate that the graphene is highly crystalline.

This implies the high purity of graphene.

4.4.2 Characterizations of Crosslinked NR

The crosslink density of NR films was measured following ASTM
D6814-02 and examined under the effects of crosslinking time and crosslinking con-
centration. Figure 4.3 shows the effect of uv irradiation time on the crosslinking
density. When increasing UV-irradiation time, the crosslink density of NR film is
dramatically increased. This is because the bonded junction point between each rub-
ber chain increases with UV-irradiation time (Yahya et aI., 2011). With longer UV-
irradiation time, the photo-initiator and the crosslinker could become more disassoci-
ated leading to more possibility to attach with the rubber molecule and causing more
crosslinked points within the rubber chain (Choi et aI., 2006). However, UV-

irradiation time of 15 min. exhibits the lowest crosslink density because high energy
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from uv light may create chain scission degradation that can destroy crosslinked
points and rubber chains (Kehlet &t aI)

Furthermore, the crosslink density of NR films, under the condition of
concentrations of crosslinker is shown in Figure 4.4. Crosslink density of NR films
with various concentrations of crosslinker continuously increases with increasing
concentration level due to more possibility to attach with the rubber molecule. This
may result from the increase of permanently bonded junction points with increasing
crosslinker concentration (Choi et al, 2006). But the crosslink density tends to
decrease at crosslinking concentration over 15 %v/v because an over crosslinking
agent introduces a heterogeneous crosslinking network, with over-crosslinked do-
mains as a cluster (GonzaAlez et a|, 2005). This domain causes a larger accumula-
tions of defect compared with uniform distribution networks of the crosslinked sites.

Figure 4.5 and 4.6 show the mechanical properties of crosslinked NR
films at various UV-irradiation times and concentrations of crosslinker, respectively.
Under applied strain, stress increases monotonically because molecules of
crosslinked NR films become oriented and re-arranged in the direction of stretching,
in which crystallization of material occurs during straining, the process is called
strain induced crystallization (Toki, 2014). Furthermore, under applied stain up to the
critical point, the material loses elasticity and the stress suddenly drops. The critical
point is called the yield strength, it is the point that material can hold the elastic part
without any defect. When the strain is larger than the critical point, the material tends
to completely deform and can not recover to it original shape and size. This causes
the loss of elastic behavior and the viscous part is dominant.

Table 4.1 summarizes the mechanical properties of NR film with vari-
ous UV-irradiation times of the NR films. The yield strength, yield strain, and
modulus increases with increasing UV-irradiation time because when increasing
crosslinking time, the crosslink density is increased leading to the material becomes
more stiffen. The UV-irradiation time of 12 min. shows the highest value, while UV -
irradiation time of 15 min. shows the lowest value when compared with others. The
decrease of modulus at a higher UV-irradiation time may have occured from the deg-

radation of rubber molecule during the uv curing (Kehlet &t al. 2014), where the
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color appearance of crosslinked film turned to a yellow-brown color. The result
suggests that 15 min. is not appropriate to fabricate a crosslinked NR film.

The film mechanical properties change significantly with concentra-
tion of crosslinker, as shown in Figure 4.6 and Table 4.2. The higher concentration
is, the greater mechanical properties are obtained. But, the mechanical properties
drop off with excessive concentration of crosslinker. The main reason can be related
to the distribution of crossliked network. If NR film has a homogeneous junction
point, the stress arriving at the connected points will be quickly transferred to the
other connecting chains as illistrated in the concentration of crosslinker below 5.0
%v/v. But, at the level of concentration over 5.0 %v/v of crosslinker, significant
decreases of the mechanical mechanical properties occur because the molecular mo-
tions are more restricted and the stress is not rapidly transferred through NR chains
causing some accumulations of stress within some clusters (Lederer et aI, 1981).
Furthermore, the photoinitiator and crosslinker also bloomed out to the NR film
surface that confirms the excessive concentration to crosslink the film. Consequently,
the best material performance belongs to the concentration of crosslinker of 5 %v/v

which shows the maximum strength of 0.77 MPa and yield strain of 50 %.

4.4.3 Characterizations of Graphene/NR Composite

FE-SEM images of the composites are shown in Table 4.3. The pho-
tographs exhibit the dispersion and distribution of graphene multilayers in the NR
matrix. The 5.0 %v/v graphene/NR composite have a good dispersion when com-
pared with 20.0 %v/v graphene/NR composite at the same magnification. Moreover,
the magnification of 60 kx can be used to confirm the agglomeration of graphene
mulltilayers in 20.0% v/v graphene/NR composite.

From topology image of AFM technique, the distributions in micro-
scale of a composite in the area of 2 pm2are observed as shown in Figure 4.7. The
higher graphene concentration embedded in the NR matrix, the larger agglomeration
can be observed. Interestingly, 5.0 %v/v graphene/NR composite exhibits the best
dispersion of graphene in the matrix without agglomeration and also shows a

uniform dispersion compared with other composites. In contrast, the 20.0 %v/v



40

graphene/NR composite has a poor dispersion with very large agglomeration of
graphene. Nevertheless, the commercial DANFOSS compliant electrode exhibits a
perfect dispersion of silver metallic particles within polydimethylsiloxane matrix
(Berardi, 2013).

Mechanical properties of graphene/NR composites are shown in Table
4.4 and Figure 4.8. The composite film mechanical properties significantly vary with
increasing graphene concentration because graphene acts as a reinforcement to
enhance the strength of NR matrix. The 20 %v/v of graphene concentration shows
the highest values of strength without any material breakdown. The large surface
area of graphene offers much stronger reinforcement effect and causes a greater
interfacial interaction between graphene and the NR matrix (Yang et aI, 2007). The
strength of NR film increases from 0.6 MPa to 9.9 MPa when adding 20 %v/v of
graphene, a 1500 % increase in the strength at maximum stress. This observed
improvement is higher than that previous literature. For example, multi-walled
carbon nanotube/NR composite had an increase in stress of 700 % (Bokobza, 2012).
However, the presence of a small amount of reinforcement particle, as 0.01 and
0.1 %v/v of graphene in NR matrix, may not have a significant influence in
mechanical properties because the particles do not restrict NR molecular chain
movement during stretching (Kueseng et aI, 2006). Furthermore, adding a large
amount of graphene (over 20.0 %v/v), it behaves like a stifftening material. For the
35.0 %v/v graphene/NR composite, it appeared to breakdown at strain of 13.06 %
due to an excessive graphene content embedded in the NR matrix. The large amount
of graphene acted as a defect in NR matrix because graphene particles tended to
agglomerage and thus provided the phase seperation causing a weak physical
interaction between graphene surface and the NR matrix. Moreover, the
performance of composite changes form rubbery-like to plastic-like behavior with
applied graphene content more than 20.0 %v/v. Thus, this indicates that an increase
of graphene concentration directly affects the mechanical properties of composites.
Comparing with commercial DANFOSS compliant electrode, over 5.0 %v/v of
graphene embedded in NR matrix exhibits a better mechanical performance
including yield strength, yield strain, and modulus. Especially for yield strength,

these composites show a value higher than that of DANFOSS by a factor of 2.
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Figure 4.9 shows the electrical conductivity of composite film under
stretching. The electrical conductivity tends to decrease with increasing strain be-
cause the distance between graphene particles is longer, when applying a larger
strain. The electron pathways are hindered with increasing strain and thus electrical
conductivity is dramatically reduced. Moreover, at a critical strain, some of the gra-
phene conductive pathways are permanently damaged by excessive stretching. As a
higher graphene content embedded in NR matrix, a greater critical strain is obtained,
as shown in Table 4.5, because a larger amount of graphene has a larger number of
conductive networks and leading to electrical network breakdown (Cocci et aI.,
1973).

In addition, electrical conductivity increases with increasing graphene
concentration as the electrical conductive pathways from graphene are increased. The
electrical conductivity can be divided into 2 groups. For the first group, the 0.01, 0.1,
and 1.0 %v/v of graphene contents show very low conductivity because conductive
pathway or distance between graphene filler is too large to conduct the electrons
along the specimen. The second group, over 5.0 %v/v of graphene concentrations has
a higher conductivity because the amount of graphene embedded in rubber matrix is
high enough to conduct electrons and the distance between graphene particles is
shorter. Therefore, the electrons transfer is easier and the conductivity is greater than
the first group. At this concentration, the graphene content reaches the percolation
threshold due to the overshoot of electrical conductivity. The 35.0 %v/v graphene
concentration exibited the highest conductivity (0.6 s/cm) because the fillers were
very close to each other allowing electrons to easily jump and hop along the electri-
cal pathways throughout the specimen (Kim &t al, 2012). The electrical conductivity
was improved by 4 orders of magnitude whencompared with the pristine rubber.
Furthermore, when compared with commercial DANFOSS compliant electrode, for
the concentrations of graphene over 10.0 %v/v embedded in NR matrix indcued
higher electrical conductivity than the commercial one. Compared with the other
conductive fillers, the electrical conductivity of single-walled carbon nano-
tube/acrylic elastomer composite, carbon black/silicon rubber composite, silver
nanopaticle/poly(te/7-butylacrylate-co-acrylic acid) composite, and carbon nano-

tube/polyurethane was 0.34 s/cm, 1.7X10"4 s/cm, 2.8 xI0'3s/cm, and 0.1 s/cm, re-
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spectively ( Kim et al, 2012, witt et al, 2013, yun et al, 2012, and shin et al,
2010).

In order to be used as a compliant electrode, the composites should
possess the ability to absorb certain levels of strain without undergoing any signifi-
cant degradation in their electrical conductivity. Electrical conductivity under
stretching cycles is investigated and shown in Figure 4.10. Both of the 0.01 and
5.0 %v/v of graphene concentration composites their electrical conductivity remains
nearly constant with increasing stretching cycle. But for 20 %v/v of graphene con-
tent, electrical conductivity gradually decreases due to the loss of electrical conduc-
tivity pathway (Kujawski et al, 2010). Indeed, when the composites are stretched to
1 % strain for 20 times, the conductivity of all composites drops off. The change in
conductivity of 20.0 % v/v graphene/NR composite is much higher than the others in
which it decreases by a factor of 1.36 (from 0.33 s/cm to 0.14 s/cm). While 5.0 %v/v
graphene/NR composite has a decrease by a factor of 0.1 (from 0.11 s/cm to 0.10
S/cm). This low degradation of electrical conductivity of 5.0 %v/v graphene/NR
composite is due to the uniform dispersion of graphene in the NR matrix. During
stretching in the first cycle, the conductive pathways are aligned in the direction of
strain as a filler orientation. After several stretching, destruction of the electrical
pathways slightly occurs (Buselli €t al, 2011). But in the case of agglomerated
graphene in the matrix, conductive pathways are permanently damaged with weak
contacts with neighboring conductive particles, due to excessive one-dimensional
stretching that causes a larger conductivity drop under repeated strain (Kim 6t al,
2012).

The other stretching parameter that affects the conductivity of the
composites is the strain rate. As mentioned earlier, during stretching, two possible
phenomena can occur which are filler orientation and conductive network break-
down. Beyond the critical strain, the breakage of conductive pathway becomes much
more predominant. As shown in Figure 4.11, the critical strain of 5.0 %v/v
graphene/NR composite at the strain rates of 0.01 '1, 0.1 'l and 1.0 'lare 2.01 %,
16.60 %, and 61.35 %, respectively. It is evident that critical strain increases with
increasing extension rate because material has a little time for the conductivity re-

sponse. Hence, the result implies that the faster mobility of composite is responsible
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for the decrease in the conductive pathway breakdown and the formation of a few

new conductive networks in the NR matrix might be occur (Das et aI, 2002).

4.5 Conclusions

Flexible compliant electrode has been prepared by natural rubber (NR)
fdled with multilayer graphene nanoplatelets. The crosslinked NR films were ob-
tained by the UV crosslink technique. The best crosslinking condition was 7minute
of UV irradiation time and 50 %v/v crosslinker concentration, it exhibited the yield
strength of 077 MPa, yield strain of 504 %, and modulus of 0018 MPa, and with
the crosslink density of 73 X 10|5mole/cm3. In addition, the mechanical property,
especially the strength, of NR was improved when adding graphene. The highest
electrical conductivity was obtained from the 350 %v/v graphene/NR composite (06
s/cm). Interestingly, the electrical condcutivity of the 50 %v/v graphene/NR com -
posite did not significantly change within 20 stretching cycle times due to a uniform
dispersion of graphene in NR matrix. From these results, it can be summarized that
50 %v/v graphene/NR composite is an interesting material candidate for use as a
compliant electrode with very low conductivity drop under repeating stretching cy-

cles.
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Table 41 Mechanical properties of NR films at various UV-irradiation times, a
fixed concentration of crosslinker of 2.0 %v/v, by using the melt rheometer in the

tension mode with a strain rate 0.01 'land temperature of 300 K

UV-irradiation

Yield strength (Pa) Yield strain (%) Modulus (Pa)
times (min)
0 2.65E+5 * 9.27E+4 53.97 £7.39 4. 67Ex3%+ 1.0Ex3
7 4.92E+5 * 1.12E+5 70.39 *=7.26 6.82E+x3 + 8.74E+x2
12 8.62E+5 = 1.70E+5 73.61 £2.09 1.16Ex4+ 1.75E+2
15 3.23E+5 + 9.67E+3 62.23 = 4.28 5.05E+3 = 5.06Ex2

Table 42 Mechanical properties of NR films at various concentrations of
crosslinker, a fixed UV-irradiation time of 7 min., by using the melt rheometer in the

tension mode with a strain rate 0.01 ‘'land temperature of 300 K

Concentrations

of crosslinker Yield strength (Pa) Yield strain (%) Modulus (Pa)
(% v/v)
0.1 3.09Ex5+9.00E+4 45.02 =£9.17 7.76Ex3 = 7.00Ex2
0.5 3.41E+x5+6.00E+x4 36.76 £3.37 1,00Ex4 = 1,09Ex2
1.0 5.53E+5 + 5.37E+3 46.80 =£3.20 1.29E+4+9.82Ex2
2.0 4 92Ex5+ 1.12E+5 51.57 £ 5.84 1.06Ex4+ 1.36E+3
3.0 5.25E+x5+ 1.40E%5 39.58 £6.07 1.30E+x4+2.20E+3
5.0 7.71Ex5 *+ 2.04E+5 50.41 +£5.18 1.79Ex4+ 1.27E+3
7.0 5.08Ex5 £ 1.11E+5 39.18 £2.74 1.16Ex4+x3.93E+2
10.0 6.29Ex5+ 1.22E+5 45.46 *£3.18 1.32E+4+ 1.08Ex3
15.0 7.44Ex5+ 1.15E+5 50.30 £4.98 1.54E+4+ 1.69E%3

20.0 6.71Ex5+5.81E+4 53.66 £5.82 1.96E+x4+3.02E+3
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Table 4.3 FE-SEM images of the 5.0%v/v graphene/NR composite and the

20.0%v/v graphene/NR composite at different magnifications

FE-SEM images

5.0%v/v graphene/NR composite 20.0%v/v graphene/NR composite

Magnification

2 kX

60 kX
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Table 44 Mechanical properties of graphene/NR composites at various concentra-
tions of the graphene multilayers as measured by the melt rheometer in the tension
mode with a strain rate 0f 0.01 "L temperature of 300 K, and applied electric field of

5volt

Graphene con-

centration
(%vIv)

0.0
0.01
0.1
1.0
5.0
10.0
20.0
30.0
35.0
40.0
45.0

DANFOSS

Yield strength (Pa)

6.14E+5 + 1.18E+5
6.26E+5 £ 3.28E+4
4.07E+5 + 1.04E+5
7.11E+5 + 2.76E+4
8.36E+6 + 4.18E+5
9.15E+6 £ 4.57E+5
9.99E+6 + 4.99E+5
4.95E+6 £ 2.47E+5

4.36E+6 + 2.18E+5

+

3.65E+6 + 1.82E+5

+

5.94E+6 £ 2.9TE+5

2.84E+6 £ 1.78E+4

Yield strain (%)

63.60 £2.04

10.23 £2.42

5487 + 1.88

66.46 + 2.29

69.86 £3.49

53.53 £2.67

60.42 £3.00

16.75 £0.84

13.06 £0.65

2.46 £0.12

144 £0.07

75.12 £2.60

Modulus (Pa)

4.75E+4+ 399.45
8.48E+3 £ 497.65
5.95E+3 +401.56
7.12E+3 £ 32.10
1.13E£545.67E+4
1.63E£5£8.15E+4
1.54E+5 £ 7.7T1E+4
2.66E+5% 1.33E+4
2.46E£5 + 1.23E+4
6.99E+5 £3.50E+4
3.65E£6 £ 1.83E+5

8.15E+3+ 1893.50
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Table 45 Electrical conductivity of graphene/NR composites at various concentra-
tions of the graphene multilayers as measured by the melt rheometer in the tension
mode with a strain rate of 0.01 'L temperature of 300 K, and applied electric field of

5volt
Graphene concentration Conduct.ivity Critical strain® (%)

(%Vviv) before stretching (S/cm)

0.0 1.41E-5 £ 5.47E-6 > 100
0.01 3.55E-5 1.77E-6 > 100

0.1 4.05E-5 + 2.03E-6 > 100
1.0 3.84E-4 + 2.23E-4 > 100
5.0 1.10E-1 £ 5.50E-3 2.01 +0.11
10.0 1.50E-1 £ 5.07E-2 3.11 £0.51
20.0 3.36E-1 + 1.90E-2 5.02 +0.67
30.0 6.04E-1 + 1.00E-2 12.70 £0.92
35.0 6.12E-1 + 3.06E-2 0.88 £0.04
40.0 5.22E-1 + 2.61E-2 0.23 £0.01
45.0 4.86E-1 £ 2.43E-2 0.07 £ 3.64E-3

DANFOSS 2.54E-2 + 1.27E-3 6.45 +0.32

* Critical strain refers to 5% conductivity drop. Beyond this critical strain point, the
material’s behavior is non-linear and the conductivity declines.
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Figure 41 Raman spectra of graphene multilayers.
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Figure4.2 XRD pattern of the graphene multilayers.
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Figure4.3 Crosslinking density of crossliked NR film at various crosslinking times,
a fixed crosslink concentration 0f2.0 %v/v.
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Figure 44 crosslink density of crossliked NR film at various concentrations of
crosslinker, and at a fixed UV -irradiation time of 7 min.
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Figure 45 Stress-strain curve of NR film at various UV-irradiation times, a fixed
concentration of crosslinker of 2.0 %v/v, by using the melt rheometer in the tension
mode with a strain rate 0.01 “land temperature of 300 K.
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Figure 4.6 Stress-strain curve of NR film of various concentrations of crossiinker, a
fixed UV-irradiation time of 7 min, by using the melt rheometer in the tension mode
with a strain rate 0.01 ', and temperature of 300 K.



Figure 4.7 Distribution in micro-scale of composite in the area of 2 pm2

(a) 1.0%v/v graphene/NR composite; (b) 5.0%v/v graphene/NR composite;

(c) 10.0%v/v graphene/NR composite; (d) 20.0%v/v graphene/NR composite; and
(e) DANFOSS commercial compliant electrode.
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Figure 4.8 Stress-strain curve of graphene/NR composites at various concentrations
of the graphene multilayers as measured by the melt rheometer in the tension mode
with a strain rate 0f 0.01s'%, temperature of 300 K, and applied electric field of 5 volt.
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Figure 49 Conductivity of graphene/NR composites at various concentrations of
the graphene multilayers as measured by the melt rheometer in the tension mode with
a strain rate 0f 0.01 "1 temperature of 300 K, and applied electric field of 5 volt.
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Figure 4.10 Conductivity of the graphene/NR composites as a function of stretching
cycles at fixed strain 1% as measured by the melt rheometer in the tension mode with
a strain rate 0f 0.01s'L temperature 0f 300 K, and applied electric field of 5 volt.
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Figure 4.11 Conductivity of 5.0 %v/v graphene/NR composites as a function of
strain rate as measured by the melt rheometer in the tension mode with a strain rate
0f0.01s1 temperature 0f 300 K, and applied electric field of 5 volt.
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