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Abstract

Nano-sized carbons, such as graphene nanopar@Gié) and multiwall
carbon nanotube (MWCNT), have attracted a great dkeattention due to their
extraordinary intrinsic properties. Extensive reskehas been done on each carbon
material for epoxy nanocomposites but only a fewehaentured into a comparison
study. In this paper, the effect of GNP and MWCIdiTyarious filler loadings, on the
mechanical, thermal and dielectric properties obxgpnanocomposites have been
investigated. The experimental results demonstrdtat GNP filled epoxy
nanocomposites showed higher thermal and dieleptoperties, but slightly lower
mechanical properties compared to the MWCNT filigbxy nanocomposites. The
tensile strength, flexural strength, thermal conigitg and dielectric constant of GNP
filed epoxy nanocomposites improved up to 11%, 17%6%, and 171%
respectively, and MWCNT filled epoxy nanocompositeproved up to 26%, 29%,

60%, and 73% respectively.
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1.0 Introduction

Epoxy resin belongs to a major class of enginegroigmeric materials and is
extensively used as a matrix for polymer composgitesto its excellent chemical and
heat resistancelkw shrinkage upon curing and relatively high stytanand modulus
[1] [2] [3] and [4]. During the last few decades, epoxy nanocompositds carbon-
based nanofillers have been extensively investigatefabricating materials with
multifunctional properties, such as high mechanicdlermal and electrical
performances. Futhermore, within the last few ydarge number of researches have
been conducted in performing multifunctional epogpnocomposites based on carbon
nanotubes (CNTs) and graphene, due to the extraoxdintrinsic properties of these
fillers [5] [6] [7] [8] [9]and [10].

CNTs were discovered by lijima in 1991 [11], folled by graphene - also
known as the mother of all graphitic materials -2004 [12]. Since the advent of
CNTs and graphene, the scientific community’s iegéron these two nanomaterials
has grown exponentially; and the number of pulibcest written on these materials
has increased dramatically [13] [14] [15] and [1BNTs are one-dimensional with a
cylindrical nanostructure, while graphene is twmensional with a sheet
nanostructure. These two nanomaterials are béthydpidized carbon atoms that are
densely packed in a honeycomb crystal lattice; distinctly different in geometry.
CNTs and graphene were reported to possess sumeeichanical properties, with
Young's modulus of 0.27 - 0.95TPa [17] and 1TP4 f&8pectively, and ultimate
strengths of 11 - 63GPa [17] and 130Gpa, [18] retspedy. CNTs and graphene are
also predicted to give remarkable performancesaasasuch as thermal and electrical
conductivity. Thermal and electrical conductivity ICNTs is up to 3,000W/mK [19]

and 1800 S/cm, [20] respectively. Meanwhile, therriinal and electrical conductivity



for graphene is up to 5,000W/mK [21] and 6,000S/[28] respectively. Due to their
remarkable mechanical, thermal and electrical ptase it is believed that small
amounts of CNTs and graphene can significantly anerthe performance of epoxy
nanocomposites [23] [24] [25] [26]. Despite the hmmaical properties of CNTs being
on a par with graphene, the latter remains a bettgerial than CNTs in certain
aspects, such as thermal and electrical conductivitrthermore, recent studies have
also shown that graphene surpasses the propeft@ehlts [27]. This is attributed
to the incredibly high specific surface area, ueiguaphitised plane structure and
the extremely high charge mobility of graphene [@8Y [29].

The purpose of this study was to compare the effettCNTs and graphene
on the mechanical, thermal and dielectric propgmieepoxy nanocomposites. Even
though some comparisons have been reported préyioagarding CNTs and
graphene, the effect of these two fillers withire thange of 0.5 — 3 wt% on
mechanical, thermal and dielectric properties atty be reported. Therefore, our
characterization and assessment provides additiom@amation pertaining to the
comparison between CNTs and graphene. This studyals® identified new and
significant information that would be of interest tesearchers and industrialists
working on epoxy nanocomposites, in order for themmake a good selection
between these two fillers for various applications.

In this study, the morphology and characteristitshe CNTs and graphene
were observed using Field Emission Scanning ElaciMicroscope (FESEM) and
High Resolution Transmission Electron Microscop&kTHEM). Tensile and flexural
tests were done on the CNTs and graphene filledyepanocomposites. The FESEM
and HRTEM observation were performed on the fracturface of the CNTs and

graphene filled epoxy nanocomposites to evaluatedibpersion of fillers and the



fracture mechanism. Thermal conductivity was messwsing a Hot Disk Thermal
Constants Analyser and the dielectric constant wdsntified using RF

Impedance. The possible explanations for compasidoetween the CNTs filled
epoxy nanocomposites and graphene filled epoxy acmanposites are discussed

below.

2.0 Experimental

2.1 Materials

Industrial grade graphene nanopowder (GNP) andiswalted carbon nanotubes
(MWCNT) were purchased from SkySpring Nanomatetiats The GNP constituted
of a few sheets of graphene stacked together addahagarticle diameter of about
15um. The sheet thickness of GNP ranged from 11 tarh5The MWCNT had an
outside diameter of 10-20 nm and inside diameted-6hm with a length in a range
of 5-30um. The purity of the GNP and MWCNT were 95% andh98respectively.
The epoxy resin and curing agent were used in padyranocomposites are DER 331
and Epoxy Hardener Clear. The DER 331 and Epoxyétaar Clear were purchased

from Eurochemo Pharma Sdn. Bhd.

2.2 Preparation of CNT and GNP epoxy hanocomposites

The GNP and MWCNT were first dispersed in DER 3Btha frequency of 25kHz
using a QSonica sonicator machine for 30 minutée tEBmperature of the mixture
was maintained in the range of 60°C-70°C to avaasnage to the structure of
MWCNT and GNP structure. Then, the curing agentof§gpHardener Clear) was
poured into the mixture at a mass ratio of 6:1Qh® epoxy resin. After that, the

mixture was placed in a vacuum in order to remavéabbles at 76cm Hg pressure



for 30 minutes. Finally, the epoxy nanocompositeseapoured into a silicon mould
and cured at 120°C for 1 hour. The epoxy nanocoitggowere prepared with various
filler loadings of GNP and MWCNT contents. Tablddpicted the descriptions of the

composite samples.

2.3 Characterization of CNT and GNP

The X-ray diffraction system (Model: Philips X-Pé&to Diffractometer) was used to
characterize the GNP and MWCNT crystallographiadtires in the @ range of 10—
80°. The morphologies of the GNP and MWCNT werelys®al by using a field
emission scanning electron microscope (FESEM) (MddeO SUPRA 35VP, Carl
Zeiss, Germany) and a high resolution transmissieotron microscope (HRTEM)
(Model: Philip TECNAI 20). The structural charadstics of the GNP and MWCNT

were analysed using Raman spectroscopy (Renishéa Raman spectrometer).

2.4 Characterization of epoxy nanocomposites

Universal testing machine (Model: 5982, Instron A)®ere used to perform tensile
and flexural tests of the Epoxy/GNP and Epoxy/MWCNTe tensile and flexural
specimens were prepared and tested according tdVIA3G38 standard and ASTM
D790 standard respectively. Five specimens for esachples were tested to ensure
the reliability of the test results. The fracturgfaces from tensile tested specimens
were analysed by FESEM after being coated with BOBm Au-Pd layer through
sputtering. The morphology of Epoxy/GNP and EpoXWRINT at nano-scale were
analysed using HRTEM. Cryo-ultramicrotomy was perfousing Leica (Model:
Reichert-Jung Ultracut E) to prepare the samplad wOnm thickness. Hot Disk
Thermal Constants Analyser (Model: TPS 2500 S) used to determine thermal

conductivity of the Epoxy/GNP and Epoxy/MWCNT w#pecimen size of 30mm in



diameter and 10mm in thickness. RF Impedance (MddeWlett Packard 4219B)
was performed at frequency range of 500MHz to 1@&Hneasure dielectric constant
of the Epoxy/GNP and Epoxy/MWCNT. Dimension of tk@mples was 30mm in

diameter and 2mm in thickness.

3.0 Results and Discussion

3.1 Analysisof GNP and MWCNT

The surface morphologies of the GNP and MWCNT wararacterized by
SEM. Fig. 1a shows the SEM images of the GNP witippacal crumpled structure.
This typical thin sheet structure makes the GNPehawhuge specific surface area.
From the SEM observation, the diameter of the GbIRkout 10 - 20m and its
thickness ranged from 11 - 15nm, which consistech dew sheets of graphene
stacked together. In addition, it was observed tBame GNP nanosheets
superimposed on top of each other and wrinkled amoirregular shape. Fig. 1b
displays the morphological structure of MWCNT. dtdlear that the MWCNT were
tubular in structure and uniformed in distributidrne diameter of the MWCNT was

about 10 -20nm.

Fig. 2 shows HRTEM images of the GNP and MWCNT. HRTEM image of the
GNP in Fig. 2a shows that the GNP nanosheet la&kswrinkled or crumpled thin
paper. The high magnification image of the edgéhef GNP nanosheet is shown in
Fig. 2b. From the figure, it can be observed thed planer few layer graphene
structures consists of 26 numbers of graphiticrey&he HRTEM image in Fig. 2c
shows the MWCNT, which are randomly organized aggdregated owing to inter-
molecular Van der Waals’ interaction which form aglements in certain areas.

From closer observations of the MWCNT structure, sh®wn in Fig. 2d, the



MWCNT had 15-25 walls of graphitized carbon andrarer hollow diameter of 4—
8nm. The diameter of the tube was 15nm, which ¢dett approximately with the
diameter estimated from the SEM image. For thetalyface spacing distance
between walls, both GNP and MWCNT show the value-@f34nm which indicate
the ideal structure for graphite in GNP and MWCNTiTand Chou have discussed a
theoretical concept of crystal face spacing betwienstructural and molecular in
graphite [30]. The carbon atoms in graphite arareyed at the corners of hexagons
and covalently bonded to each other witt0.14nm carbon—carbon distance.
Meanwhile, the interlayer distance of the graptétger was~0.34nm which was

weakly bounded through Van der Wall's interaction.

A diffraction pattern is created when X-rays intgravith a crystalline
substance (phase). The XRD pattern of a pure suiestaan be described as an
identification of the substance because the sarbstauce always gives the same
pattern. The main features of the XRD pattern ofPFGhhd MWCNT are close to
those of graphite due to their intrinsic naturegy. @ shows the XRD patterns of GNP
(curve a) and MWCNT (curve b). The diffractogramt GNP and MWCNT
displayed the existence of carbon (C). Both the Gild MWCNT exhibited a
(0 0 2) peak atZ=26° due to the presence of C, which indicatedotlesence of well-
crystallized graphite. As seen in Fig. 3, the istgnof the GNP peak is higher and
sharp compared to MWCNT. This is due to the faet t-ray diffraction does not
measure (0 0 2) peak with well-aligned, straight MIMT on the substrate surface
[31]. In the case of MWCNT, the X-ray incident be&rscattered inside the sample
and is not collected when the tube axis perpenaiicial the substrate surface. Thus,

the intensity of the (0 0 2) peak of MWCNT decrease



The Raman spectroscopy is a simple yet eleganttwayudy the structural
characteristics of GNP and MWCNT. It was a usdbl in examining the
nanocrystalline, crystalline, and amorphous of Qitap base materials [32]. Fig.
4 displays the representative Raman spectra oGt and MWCNT samples. The
main features of GNP and MWCNT in the Raman spattisere the irregular
induced D-band which represented the charactesi&ircdefects in graphitic structure
and disordered carbon-{350 cm?); the G-band which indicated the crystalline
graphitic and tangent vibrations ofsm@rbon (1500-1600 ¢i); and the B-band
which represented the overtone of the disored@600 cm?) [33]. The GNP Raman
spectra showed peaks at 1328t(D-band), 1580 cit(G-band) and
2689 cm® (D*-band) and MWCNT Raman spectra showed peaks at dr@3QD-
band), 1594 cit (G-band) and 2650 cth(D*-band). Generally, defects in graphitic
structure and the disorders of graphitic base nadg¢eare due to finite or nano sized
graphitic planes and other forms of carbon, suclvaxmancies, heptagon—pentagon
pairs, rings around the defects on graphitic stmagtheteroatoms and kinks [34]. A
common method to measure the quality of GNP and NMiWGamples is by
analysing the ratio of the intensity of the D-bdadhe G-bandif/Ig) [35]. Usually,
materials which have lowslig ratio are carbon atomsZdponded with a few defects
or high purity. Large quantities of impurities agfdcts in the sample were indicated
by a high b/l ratio. Based on Table 3, the intensity ratioshaf D-band to the G-
band (p/lc) of the GNP and MWCNT were calculated as 0.36 268 respectively.
The degree of disorder on the GNP and MWCNT can hbks determined by the
intensity ratio of the Bband to the G-bandd¥lg). Higher degree of disorder or a
higher defect concentration can be described byeased the value o/lg or

decreased the value ¢fllc. From the result, the MWCNT showed higher value



of Ip/lc and lower value ofpt/lg compared to the GNP. This was attributed to
sp’ bonding defects, and kinks and twists in the stmecof the MWCNT. The results
reveal that the GNP has the best structure qudillys statement was supported by
the previous XRD analysis which showed a sharp psfakarbon in the GNP.
Consequently, the high crystalline structures of RGbbuld have higher thermal

conductivity and electrical properties.

3.2 Mechanical properties

Tensile and flexural testing were carried out teestigate the reinforcement effect of
GNP and MWCNT on epoxy nanocomposites. Fig. 5 shibwsensile stress—strain
curve of Epoxy/GNP and Epoxy/MWCNT at various difet filler loadings.
Meanwhile, Fig. 6 shows the flexural stress—strirve of the Epoxy/GNP and the
Epoxy/MWCNT at various different filler loadings.e@erally, both Epoxy/GNP and
Epoxy/MWCNT show an enhancement of the tensile dledural properties
compared to the neat epoxy. This is due to theaesdinary mechanical properties of
GNP and MWCNT as fillers. The difference betweere tEpoxy/GNP and
Epoxy/MWCNT are shown in Table 3. It can be seeat tthe Epoxy/MWCNT
showed a higher tensile strength, tensile modullesural strength and flexural
modulus compared to the Epoxy/MWCNT. From the talilas evident that the
highest tensile strength was achieved by the EpWYCNTL with an increment of
up to about 58.65MPa, which correspond to a 26%ement compared to the neat
epoxy. Meanwhile, the Epoxy/GNP 1 also recordetharement of 11% (51.65MPa)
in tensile strength as compared to the neat epidxg.highest flexural strength of the
Epoxy/MWCNT 1 was 126.70MPa, which presented arapobment of up to 29%
compared to the neat epoxy. The highest flexuredngth of Epoxy/GNP was

achieved at 1wt% with 114.89MPa, and exhibited ahaacement of up to 17%



compared to the neat epoxy. The tensile strength flaxural strength for epoxy
composites depends on various factors; includiegrterfacial adhesion, strength of
the matrix material, and the shape and disperdigraxticles in the matrix [36]. The
dispersion and shape of the GNP and MWCNT in tHgnper matrix is one of the
most crucial factors to be considered. The higlesite strength and flexural strength
of the Epoxy/MWCNT has been attributed to the thett two-dimensional GNP is
more easily aggregated than MWCNT due to its lagyeface areas and plane-to-
plane contact areas. Thus, the Van der Waals’ foeteeen adjacent GNP may be
stronger than those between MWCNT,; making the MWGQCMSier to disperse than
the GNP in the epoxy matrix. In addition, some kiakd twists in the structure of the
MWCNT might have prevented the detachment of MW the epoxy matrix.
In comparison, the two-dimensional structure of @P, like wrinkled thin film,
seemed much easier to detach from the epoxy metnmpared to the MWCNT
structure. These factors contribute to the reirdorent efficacy involved in the good
interfacial interaction among the fillers and thm®y matrix. As a result, the load can
effectively be transferred from the epoxy matrixhe fillers and therefore the tensile
strength and flexural strength could be improved.

The variation of the tensile modulus and flexuraddulus of the Epoxy/GNP and
Epoxy/MWCNT showed a similar trend as tensile gitknand flexural strength.
Epoxy/MWCNT 1 shows that the highest tensile modulas achieved by a 26%
increment compared to the neat epoxy which was@P8/ The tensile modulus of
the Epoxy/GNP 1 seemed to be the highest amonigpalky/GNP composites with
1.65GPa, and showed a 11% increment compared todaeepoxy. The flexural
modulus of the Epoxy/MWCNT specimens filled with t¥wof MWCNT presented

the highest flexural modulus with an enhancemenipofo 38% compared to the neat



epoxy. Similarly, for Epoxy/GNP, the flexural modalspecimens filled with 1wt%
of GNP presented the highest flexural modulus \aithenhancement of up to 28%
compared to the neat epoxy. The enhancement ofleéemodulus and flexural
modulus could be related to the addition of the GME MWCNT, which restricted
the mobility of polymer chains under the load [3T]s possible that the effect of the
addition of the GNP and MWCNT may have increasesl ¢hoss-link ratio and
blocked the molecular motions of the epoxy mat8&][ Furthermore, the high aspect
ratio, high modulus and strength of the GNP and MWVGlso contributed to the
enhancement of the tensile modulus and flexural ulusd However, further
increment of filler loadings of the GNP and MWCNahove 3wt%, showed a trend
of tensile and flexural properties slightly decrags This phenomenon was expected
and largely attributed to the agglomeration of BBIP and MWCNT, and the
difficulties in dispersing the filler at higher amentrations; especially with the large
surface area of the GNP and MWCNT. The GNP and MWGQ&hded to stack
together owing to their Van der Waals’ force, whitien formed agglomerations.
Thereby, the tensile and flexural properties of $histem were reduced because the
agglomeration avoids the effective stress distrdout and introduces stress
concentration, which weakens the matrix. The fracsirain of the epoxy composites
reduced with the increasing filler loadings forbthe GNP and MWCNT due to the
increase in rigidity provided by the rigid fillerd'he addition of the GNP and
MWCNT caused the epoxy composites to become matdeband resulted in a

decrease in the elongation at break.

In order to understand the enhancement of theléeasd flexural properties of the
epoxy nanocomposites, the fracture processes thet taking place on or in the

immediate vicinity of the fracture surface were raxeed by FESEM. Fig. 7a—c



shows the fracture surface of the Epoxy/GNP, whlemonstrates the flaky-shape of
the GNP at the surface of the epoxy matrix. Froenfijure, it can be seen that some
GNP caused wrinkling and crimping. This is duehe very thin paper-like structure
of the GNP, which makes it very flexible and easiBformed. Fig. 8a—c shows the
fracture surface of the Epoxy/MWCNT. From the figuit can be seen that there are
small bright dots in the fracture surface, indicgtthe ends of broken MWCNT. The
MWCNT were broken instead of being pulled out & #poxy matrix, demonstrating
that the MWCNT possess a strong interfacial bondgiitly the epoxy matrix, whereby
it can tightly hold the MWCNT through interfaciabbding. This condition resulted in
an effective load transfer from matrix to fillehetreby improving the tensile and

flexural properties.

The HRTEM was conducted to further study the molgdw of the Epoxy/GNP and
Epoxy/MWCNT, with a more close-up view at nano scédased on the morphology
of the Epoxy/GNP, shown in Fig. 9a—b, the GNP sektade wrinkled in the epoxy
matrix, which was similar to the previous SEM obs¢éion. Meanwhile, the
morphology of the Epoxy/MWCNT, shown in Fig. 9cHtystrated that the MWCNT

had distributed randomly within the epoxy matrix.

3.3 Thermal conductivity

As a type of polymer, the pure epoxy resin has plermal conductivity. Based on
the theories of thermal conduction [39] howeveg thermal conductivity of the
epoxy resin can be improved by filling it with hgghthermal conductivity fillers. The
extraordinary thermal properties of MWCNT and GNP expected to give an epoxy

matrix higher thermal conductivity. It is well knowthat, the heat is transferred



mainly in the form of acoustic phonons in polymemposites. Thus, factors such as
fraction, aspect ratio, surface roughness, dedgrdespersion, orientation, the intrinsic
crystallinity of the filler and the filler-matrixnterface thermal contact resistance can
affect the overall thermal conductivity of polynwmmposites [40].

Fig. 10 shows the graph of the thermal conductivatfy the neat epoxy, the
Epoxy/GNP and the Epoxy/MWCNT with different filldoadings. Based on the
graph, it is evident that the Epoxy/GNP and the Xy dWCNT showed a higher
thermal conductivity compared to the neat epoxye ifftremental trends of thermal
conductivity via the adding of MWCNT and GNP in ggamanocomposites has been
reported by other researchers on previous occa$szijg41]. As such, the thermal
conducting path or network was the significant dactvhich contributed to the
thermal conductivity improvement of the epoxy nasmaposites. The addition of the
MWCNT and GNP into the epoxy matrix acted as arttarbridge, which efficiently
enhanced the heat flow. As a result, the formednthk chains among the fillers
enhanced the thermal conductivity of the epoxy pangosites. In addition, the
increment in thermal conductivity of the Epoxy/MWTNnd the Epoxy/GNP was
also a result of the great level of thermal condttgtof the MWCNT and GNP; both
which possessed thermal conductivity up to 3,0000//rand 5,000W/mK
respectively [19] and [21].

The thermal conductivity of the Epoxy/MWCNT and EgSNP simultaneously
increased while increasing the filler loading of NDONT and GNP. This is because
the decrease in distance between fillers could fiorone thermal chains between the
fillers; creating a thermal conducting path or ratw At 0.5wt % of filler loading,
the thermal conductivity of the epoxy nanocompasaentaining MWCNT and GNP

increased from 0.21W/mK to 0.24W/mK and 0.27W/mKspectively. As the



MWCNT and GNP concentration was further increase@wt %, the Epoxy/GNP

still performed at better thermal conductivity caamgd to the Epoxy/MWCNT.

The Epoxy/GNP 3 showed a thermal conductivity d7®vV/mK with increment about
126.4% compared to the neat epoxy. Meanwhile, EMWCNT 3 showed a

thermal conductivity of 0.33W/mK an increase of80.compared to the neat epoxy.
This is because the GNP provides better thermadiwdivity compared to the CNT
due to the two-dimensional sheet structure. In GtiE, phonon can travel in two
directions - parallel and perpendicular to the atef Meanwhile in CNT, the phonon
only travels in one direction — along the nanotutlae to its one-dimensional
cylindrical structure. Moreover, the phonon movialgng the nanotube would be
obstructed when the phonon meets the kinks ordwisthe CNT [42]. The kinks and
twists formed at the CNT would lead to reduce ife@fve aspect ratio of the CNT.

Therefore, decreasing the thermal conductivityhefépoxy nanocomposite.

3.4 Didlectric Constant

The frequency dependence of dielectric constants trif Epoxy/GNP and

Epoxy/MWCNT including various weight fractions dfet filler were measured over
the frequency range of 500MHz to 1GHz at room tenaijpee, and the results are
shown in Fig.11. The dielectric constant is of s@emterest to researchers and
engineers as these properties provide insight @t® and MWCNT suitability for

electronic applications. As we know, the dielectonstant of material represents the
polarization response of material to an electreddfi The effects of the GNP and
MWCNT on the dielectric constant of the epoxy namoposite depended on their

reaction to the polarization process. For hetereges polymers, there are a few



factors affecting the dielectric constant such lasteonic and atomic orientation and
interfacial polarization [43]. In addition, the ahrctivity of the fillers and the
interface adhesion between the fillers and epoxyrimaletermined the electric
response of the epoxy nanocomposites. Based ogréph, it can be seen that the
Epoxy/GNP and the Epoxy/MWCNT showed a higher dieie constant compared
to the neat epoxy. This is due to the additionhef GNP and MWCNT to the epoxy
matrix which induced the variation of the polariaatprocess. It was reported that,
the GNP and MWCNT, which consist of “spybridized carbon atoms, exhibit
superior electrical properties. The delocalizatifrthe = electrons in hybridized $p
makes the electrons free to move when an eleatidt i applied. As a result, higher
conductivity fillers such as GNP and MWCNT leadthe formation of a micro-
capacitor and increase the dielectric constanthef époxy nanocomposites. The
formation of the micro-capacitor caused the GNP @MW CNT charges to
accumulate when the electric field was appliedii@rmore, the polarizability of the
epoxy nanocomposites increased with the increasiirtige filler loading because the
isolation distance between the fillers reduced #mnmeously. This caused more
charges to accumulate on the GNP and MWCNT and ithareased the dielectric
constant of the epoxy nanocomposites.

In comparison, the Epoxy/GNP showed a higher dieteconstant compared to the
Epoxy/MWCNT. The dielectric constant slightly inesed at 0.5wt% of filler
loading. However, at above 1wt% of filler loading,significant increment in the
dielectric constant was observed. The highest cigteconstant was achieved by the
Epoxy/GNP 3, with an increment of up to 9.05, whimbrresponded to a 171%
increment compared with the neat epoxy at 1GHz. Higlke dielectric constant of the

Epoxy/GNP may be attributed to the ability of thBSto produce large amounts of



micro-capacitors compared to the MWCNT. This is daethe good quality of
structure of the GNP compared to MWCNT, based an Raman spectroscopy
analysis. Furthermore, the GNP was also reportedpdssess better electrical
properties than the MWCNT [27]. As shown in theufig, the dielectric constant for
all investigated composite systems decreased \hiricrease in frequency. The
decrease of the dielectric constant when compartdtiae frequency was associated
to the decrease of total polarization arising frdimoles. In dielectric materials, the
electric dipoles tend to align with the applieddieAt low frequency, the low rate of
alteration of the electric field makes dipoles otithemselves easily in the direction
of the alternating field, which leads to a high leltric constant. At a higher
frequency, the inability of dipoles to easily chantpe direction of orientation with
the increasing rate of the alteration of the apbheld leads to a lower dielectric
constant.

In electronic application, low value of dielecttixss is favorable due to the
low energy loss. In this study, the effect of GNfel MMWCNT addition as well as the
amount of each fillers is evaluated and comparedhasvn in Fig. 12. From the
figure, it can be seen that the dielectric loss tbé Epoxy/GNP and the
Epoxy/MWCNT increased with increasing filler loadim the epoxy matrix. This is
because when the filler loading of GNP and MWCNdr@ased, highly conductive of
GNP and MWCNT particle easily formed a conductiahpin the Epoxy/GNP and
Epoxy/MWCNT. Thus, leakage current will occur wheBpoxy/GNP and
Epoxy/MWCNT become more conductive as filler inees and cause part of the
electrical energy to be transformed into thermadrgn [44]. For comparison, it can
be seen that the Epoxy/GNP showed a higher diagetdss compared to the

Epoxy/MWCNT for a given filler loading of 0.5wt%,wit% and 3wt%. This is



because, Epoxy/GNP is more conductive than Epoxy®WWW due to the GNP

possess better electrical properties than the MW@sldiscussed previously.

4.0 Conclusion

This study investigated the effect of GNP and MWCdiTthe mechanical, thermal
and dielectric properties of epoxy nanocompositesdous filler loadings. Based on
the experimental findings, it can be concluded that incorporation of GNP and
MWCNT in epoxy creates a significant impact on tweperties of the epoxy
nanocomposites. The Epoxy/GNP showed higher theanhdielectric properties but
slightly lower mechanical properties compared te Epoxy/ MWCNT. The tensile
strength and flexural strength of the Epoxy/GNPexemhanced about 11% and 17%
respectively, whereas the tensile strength andifdxstrength of the Epoxy/MWCNT
were enhanced to about 26% and 29% respectively.tfii@rmal conductivity and
dielectric constant of the Epoxy/GNP showed sigatifit improvement of up to 126%
and 171% respectively, and the Epoxy/MWCNT showedhgrovement up to 60%
and 73% respectively. MWCNT possess strong intaffatteractions between fillers
and the matrix compared to GNP, which leads to drigmechanical properties.
However, based on the XRD and Raman analysis, Gd#Besses better structure
quality compared to MWCNT, which results in high#rermal and dielectric

properties.
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Fig. 1. SEM images of (a) GNP and (b) MWCNT

Fig. 2. HRTEM images of GNP with magnification ) 7,000X and (b) 690,000X and
MWCNT with magnification of (c) 97,000X and (d) 6900X

Fig. 3. XRD patterns of (a) GNP and (b) MWCNT
Fig. 4. Raman spectrum of (a) GNP and (b) MWCNT

Fig. 5. Tensile stress—strain curves of a neatepoxi the epoxy composites with 1%, 3%, and
5% weight percentage of GNP and MWCNT

Fig. 6. Flexural stress—strain curves of a neakgpmd the epoxy composites with 1%, 3%, and
5% weight percentage of GNP and MWCNT

Fig. 7. SEM images of fracture surfaces of Epoxyqi) 1,000X, (b) 3,000X and (c) 5,000X

Fig. 8. SEM images of fracture surfaces of Epoxy/@MI (a) 10,000X, (b) 150,000X (c)
200,000X

Fig. 9. HRTEM images of Epoxy/GNP at magnificatioh (a) 9,000X, (b) 19,000X and
Epoxy/MWCNT at magnification of (c) 71,000X and ()5,000X

Fig. 10. Thermal conductivity of neat epoxy and»gpaomposites with 0.5%, 1% and 3%
weight percentage of GNP and MWCNT

Fig. 11. Frequency dependent dielectric constaneat epoxy and epoxy composites with 0.5%,
1% and 3% weight percentage of GNP and MWCNT

Fig. 12. Frequency dependent dielectric loss of apaxy and epoxy composites with 0.5%, 1%
and 3% weight percentage of GNP and MWCNT.



Table 1. Descriptions of the samples.

Samples Descriptions

Epoxy/MWCNT Epoxy filled with MWCNT
Epoxy/MWCNT 0.5 Epoxy filled with 0.5 wt% MWCNT
Epoxy/MWCNT 1 Epoxy filled with 1 wt% MWCNT
Epoxy/MWCNT 3 Epoxy filled with 3 wt% MWCNT
Epoxy/GNP Epoxy filled with GNP
Epoxy/GNP 0.5 Epoxy filled with 0.5 wt% GNP
Epoxy/GNP 1 Epoxy filled with 1 wt% GNP

Epoxy/GNP 3 Epoxy filled with 3 wt% GNP




Table 2. Raman intensity of GNP and MWCNT.

|ntenS|ty Ip | o I |D/|G ID*/IG

GNP 953.13 1760.60 2647.94 0.36 0.66

MWCNT 3967.65 1428.44 2343.75 1.69 0.61




Table 3. Tensile and flexural properties of Epoxy/GNP and Epoxy/MWCNT.

Samples Tensile | Tensile | Tensile | Fexura Hexural | Flexura
Strength | Modulus | Fracture | Strength | Modulus | Fracture
(MPa) (GPa) Strain (MPa) (GPa) Strain
(%) (%)
Epoxy 46.46 + 1.48 + 4.68 + 98.09 + 242+ 6.72 +
1.19 0.02 0.18 1.62 0.12 0.23
Epoxy/GNP 0.5 47.48 + 1.56 + 402+ | 10504+ | 276% 4.44 +
1.34 0.03 0.16 1.86 0.14 0.24
Epoxy/GNP 1 51.65 + 1.65+ 361+ | 11489+ | 3.10% 4.06 +
1.43 0.04 0.19 2.23 0.18 0.26
Epoxy/GNP 3 49.78 + 1.64 + 350+ | 10479+ | 289% 3.86+
1.57 0.06 2.2 2.47 0.15 0.25
Epoxy/MWCNT 0.5 | 50.25% 1.68 + 413+ | 11034+ | 281+ 481+
1.26 0.02 0.17 1.89 0.13 0.24
Epoxy/MWCNT 1 58.65 1.87 + 388+ | 12670+ | 3.35% 4.62 +
1.35 0.02 0.19 2.35 0.16 0.28
Epoxy/MWCNT 3 54.48 + 1.69 + 381+ | 11759+ | 307+ 4.48 +
1.54 0.03 2.1 1.95 0.15 0.27
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