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ABSTRACT

Phenol formaldehyde (PF) resins are one of thesblsithesized and very widely used
resins. Their properties can be improved with th@rporation nano-fillers even with
lower loadings. Graphene materials have attradgguifeant attention in recent years
owing to its exceptional thermal, mechanical arettical properties. Herein, we report
a very simple and effective way to reduce grapheriele (GO) by using highly
abundant potato starch instead of conventionalgdu®xic and hazardous reducing
agents like hydrazine. The reduced GO (RGO) is #féactively incorporated into PF
resin by optimizing various processing paramefeng. reinforcing effect of RGO sheets
on the PF matrix was investigated by X-ray diffract (XRD) and Transmission
Electron Microscopy (TEM). The effect of RGO onrimal properties of the polymer
nanocomposites was studied using Thermo Gravimeffialysis (TGA). The
mechanical properties of PF/RGO composites wergieduby tensile and 1zod impact
tests. The fracture mechanism of the compositesimestigated by Scanning Electron
Microscopy. Theoretical prediction of the mechahmaperties of the nanocomposites
using Halpin-Tsai models gave sufficient informatioegarding the orientation of

graphene sheets in PF matrix.
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1. Introduction

Phenol formaldehyde (PF) resole resin is one ofdlldest synthesized low-cost resins
with excellent thermal stability, mechanical prdpes, good solvent and weather
resistance which make them excellent candidate ferde variety of applications in the

fields of thermal insulation, coatings, automotmed aerospace industries. Their FST



(fire, smoke, low toxicity) properties also makeertin highly favorable for composite
preparation [1]. In spite of these advantages anlgry few studies have been made on
this phenolic resin since it is known to form thd#mensional molecular structure even
before it is cured. Phenolics are generally Menmjtle but that can be modified and

varied by adding appropriate fillers or other ag@s into the matrix.

Graphene is well-known for its excellent mechanipabperties such as high tensile
strength, high Young's modulus, and fracture toegbnbut the lack of any reacting
functionalities make it non-responsive to any cosifgoformation. However, layered
graphene oxide (GO) which we get by exfoliatiorgodphite possess several surface O-
functionalities which can facilitate the interfdciateraction, effective dispersion and
hence efficient load transfer between GO layers thedpolymer matrix[2]. Therefore,
GO can function as an ideal candidate for impantany of graphene-related properties
like superior mechanical, electrical and electrgmioperties, light weight and the high
surface area nature in its nanocomposites makem trersatile multifunctional materials
[3]. Different methods are used for the synthesephbene like mechanical exfoliation
[4], Chemical Vapour Deposition (CVD) [5], chemiaatidation/ exfoliation followed by
reduction of graphene derivatives such as grapbegie (GO) [6,7], unzipping carbon
nanotubes [8], arc discharge methods [9]. Amongdaheethods, chemical oxidation of
natural graphite by Hummers method followed by odidu is the most commonly used
method. Earlier, the chemical reduction of GO weeeformed using various reducing
agents such as hydrazine and its derivatives [10NMa&BH,[17, 18], hydroquinone [19],
hydroiodic acid (HI) [20-22], sulfur-containing cmounds [23], metal powders [24-27]
and hydroxylamine [28]. Among these the most widalppted method for the reduction
of GO was done by hydrazine which is a very haasdchemical, both to the human
health and to the environment [29]. Employing gresghucing agents can therefore act as
a highly favorable alternative method for such hdaas materials and for the large-scale
production of graphene-like materials. The firsean route for the preparation of

graphene dispersions from graphite oxide was reddyy Fan et al [30]. Previous studies



based on graphene as a filler in various thermiagetesin like epoxy [31-33], polyimide

[34, 35], polyurethane [36] showed improvement echmnical properties.

Studies based on the synthesis and characterigatibphenolic resin/layered silicate
nanocomposites were reported earlier [37-41]. Wamgj colleagues prepared phenolic
resin/surface treated CNT and found that the cossre strength and hardness of the
material improved by the incorporation of modifiEeT [42]. One of the drawbacks of
CNT is their higher production cost which makes ufavorable for composite
preparation. Studies on the morphology and theceftd carbon nanotube filler on
tribology of phenol formaldehyde resin based conipesre reported elsewhere [43]. Xu
and colleagues prepared graphene oxide (GO)/phdonomaldehyde polymer
nanocomposites by in situ method [44]. As a resitilgood dispersion of GO in the
polymer matrix and the good interfacial interactlmtween GO sheets and the polymer
matrix resulted in enhancement of thermal stabditgd mechanical property. A facile in
situ synthesis of reduced graphene oxide (RGO)nphformaldehyde (PF) composites
with an interactive oxidation-reduction reactionsw@&ported by Zhao and co-workers
[45]. The presence of-n stacking interaction and the covalent bond foramatietween
GO and phenol homologs resulted in good disperaimh strong interfacial interaction
with the polymer. The results showed enhancedopdnces in terms of mechanical

strength, electrical conductivity, thermal conduityi, and thermal resistance.

In the present study we make use of a highly amindatural non-toxic bio-material,
potato starch, as a very effective reducing agamthfe reduction of graphene oxide [46].
The products obtained after reduction is envirortabn friendly and reduces the
graphene oxide under mild conditions. The important the present work is that the
incorporation of reduced graphene oxide into thenph formaldehyde resin and
preparation of the nanocomposites without the amdiof any curing agents. Heat cure

method is adopted for the preparation of the nampusites. The resultant



nanocomposites were characterized by microscdpeental and mechanical analysis. It
is expected that the resultant composites will haotential applications in conductive,

thermal interface materials and other high techgyladustries.

2. Experimental
2.1. Materials

Graphite powder, NaN9Conc. HSO, KMnO,4 Hydrogen peroxide, and Ammonia are
purchased from Merck, India. Starch potato is predudrom LOBA Chemie Pvt. Ltd.

Phenol formaldehyde resole resin was purchased Rolyformalin (Ernakulam, Kerala).
2.2. Preparation of the PF/RGO polymer nanocomposites

The reduction of graphene oxide obtained by Hummethod [47] was done by starch
potato. The weight percentage of reduced grapbeige required for the preparation of
the polymer nanocomposite was taken on the badiseo§olid content of the PF resin.
Acetone facilitates the mixing of RGO into the PB&trnx. It is then stirred well using a
mechanical stirrer with a speed of 4000 rotatioms/mor 2 h. After stirring, it is
sonicated using an ultrasonicator for 1h at a teatpee of 60°C. Now the sample is
transferred into a glass tray containing a glagsepand kept in an oven at a low
temperature of 5(C until it becomes a semi-cured stage. The sarspieen molded in a
pre-heated compression molding machine at ©0fbr 30 min. After cooling, the sheets
of polymer nanocomposites were obtained and catthnd required size and can be used
for further investigation. The schematic represimaof the preparation of PF/RGO

nanocomposites is shown in Scheme.1.
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2.3. Characterization of PF/RGO nanocomposites
2.3.1. Structural characterization

The XRD measurements were done on an X-ray refrestier XPERT-PRO and the

intensity was recorded ovef angles from 5° to 40° with step sizé &t 0.001 using a
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Ni-filtered Cu K radiation §= 1.5406 A) and an operating voltage of 45 kV and a
filament current of 35 mA. The Raman spectra ofdhmples were done in WiTec Alpha
300 RA confocal Raman microscope with AFM (WITec i&#n Ulm, Germany).

2.3.2. Morphological characterization

The morphological analysis of the prepared PF/R@@onomposites was obtained on a
High-Resolution Transmission Electron MicroscopeMJELOOHRTEM. The ultra-
microtome cutting was employed and collected o®@ rdesh Cu grid for obtaining the
TEM images of PF/RGO nanocomposites. WITec Alph® A confocal Raman
microscope with AFM (WITec GmbH, Ulm, Germany) wased to study the AFM
image of RGO. The surface morphology of the tensiéetured surfaces of PF/RGO
nanocomposites was examined using the Scannindgréiedicroscope (JEOL JSM -820
model). To avoid charring during the SEM imaginge tsamples are then coated with

gold using a vacuum sputter coater.
2.3.3. Mechanical characterization

The tensile properties of the samples were testaja universal testing machine Tinius
Olsen tensile testing machine according to ASTMIB.6Bhe tests were conducted at
room temperature for rectangularly shaped sampitts avgauge length of 60mm and a
crosshead speed of 2mm/min. The impact strengtheohotched samples was done by
ASTM D256. The Izod impact test is performed foe threpared PF and PF/RGO

polymer nanocomposites with Zwick / Roell HIT 2%r®del impact tester.
2.3.4. Thermal characterization

Thermal properties of the samples were carriedbgutising a PerkinElmer STA 6000
(Simultaneous Thermal Analyzer) at a heating rA®03C per minute under the nitrogen
atmosphere. The amount of the samples used foartaklysis was in between 5 and 10

mg and the thermograms were recorded from roomeeamyre to 706C.

3. Results and discussions



3.1. Property analysis of PF/RGO nanocomposites

The properties of the polymer nanocomposites arpermtded upon the combined
properties of the matrix and filler such as thecepesurface area of graphene, interfacial
adhesion between the filler and matrix and esdeptaperties of filler and matrix. The
properties of graphene sheets such as surfacenesghavailability of surface functional
groups for attractive interactions, the surfaceaareailable for contact with the matrix
molecules etc. Therefore it is essential to itigage the morphology of the prepared
graphene sheets. Fig.1 (a) and (b) represent$Ei images of RGO sheets. Some
scrolling and corrugations are present on the edfedGO. The RGO nanosheets are
layer structured, irregular and folded with lots wfinkles [48]. The wrinkled
morphology of RGO is clearly seen from Fig.5(a) ahd layered structure is from
Fig.5(b).

Fig.1. TEM images of RGO in two different magniticas (a) x 200 nm (b) x 50 nm

Fig. 2 shows the AFM image of RGO dispersion inaxatfter deposition on a silicon
wafer by drop casting method. The thickness of RfB€ets ranges about 0.67 nm, which

are corresponds to the thickness of single lay@plggne sheets, observed from the TEM



images (Fig. 1(a) and (b)) and this is due to themaval of most of the hydroxyl,

carboxyl and epoxy groups on the surface of GO.
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Fig.2. Topographic AFM image and histogram of RGO
32.1. Morphology of PF/RGO nanocomposites

The properties of the nanocomposites strongly depmm the dispersion state of the
nanofiller in the polymer matrix. The morphologydadispersion of RGO in PF/RGO
nanocomposites observed from the TEM images of @t¥2 RGO (which shows higher
property improvement) are given in Fig.3. Fromfiere, it is clear that RGO sheets are
homogeneously dispersed in the PF matrix withow &rge agglomerates. The
wrinkled and overlapped RGO sheets are spreaddghout the PF matrix as a result of
non-covalent interactions (shown in Scheme. 2) betwthe RGO sheets and PF matrix.
Some stacked RGO layers are also observed fronTHEM image. On comparing the
TEM images of RGO sheets (Fig 1(a) and (b)) witat tof PF/RGO composites, it is
clear that there was a marked change in the sunfacphology of the RGO sheets when
it is incorporated into the PF matrix. From tblsservation, we can conclude that there
exists a strong interfacial interaction such asadeing andn-n stacking interaction
between PF and RGO sheets.



Fig.3.TEM image of 0.12 wt% PF/RGO nanocomposites

3.2.2. XRD analysis

The effects of RGO on the structural propertiesariocomposites studied from the XRD
patterns of nanocomposites and are presented . Fibn the case of neat PF, there is no
sharp peak observed. The diffraction peak of poss&rch reduced graphene oxide is
observed around62= 26.53 and this peak is totally disappeared in XRD of FBRGD
nanocomposites. The XRD peaks of all PF compositessimilar to that of PF. The
results suggest that the basal space of reducethegra oxide changes to an exfoliated
morphology in the nanocomposites. Similar reswkse reported earlier [49]. The XRD
result also confirms the reinforcement of RGO itihe PF resin and the interfacial

interaction with the matrix that affect the crygtation of RGO.
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Fig.4. XRD of PF and PF/RGO nanocomposites

3.2.3. Thermal degradation analysis

The degree of thermal stability of the polymer r@omoposites depends on the
dispersion, the degree of interaction betweenrféled matrix, size, shape, nature and
amount of filler [50]. The effect of RGO on the th®l properties of PF was studied by
TGA analysis and it is shown Fig. 5(a) and 5(b)tHa case of neat PF, the initial mass
loss is observed below 100 from the DTG graph with a peak temperature o762C.
The water absorbed by the powders of cured mateeédre the testing of TGA is
evaporated at this temperature range. The weightdbserved below 30G is due to the
breakage of the bond between methylene and bemireneAbove 350C, the polymeric
materials undergo gradual disintegration and redulh the weight loss due to the

elimination of certain volatiles. The volatiles afly present are carbon oxides (CO,
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C0O,), CH,;, CHg, phenol and its methyl derivatives and also sowmdensed nuclear
hydrocarbons [51]. Above 60C, the material undergoes degradation continuoaisty

resulted in the formation of char-like substand&/R&0O nanocomposites with 0.12 wt%
RGO showed higher thermal stability than other wiP RGO and is due to the good
dispersion of RGO in the PF matrix. Better therstability of PF/RGO nanocomposites
is due to the large surface area of RGO which cawmige a good interfacial interaction
between RGO and PF matrix. In the study of therstability of polymer/clay

nanocomposites, clay has two opposing effects bi&eaier and promoter effects were

reported elsewhere [52].

From the TGA results, we found that the RGO sheglsbit two effects in the thermal
stability of PF/RGO nanocomposites, barrier effmetl promoter effect. At lower wt%
RGO, thermal stability is increased due to theibagffect and good dispersion of RGO
sheets in the PF matrix. However, with the increaset% RGO, the promoter effect
activates and it increases the degradation of tyner, thereby decreasing the thermal
stability. It is also observed that for 0.25 andit% PF/RGO the degradation pattern is
almost similar to that of RGO, but in the case .4P0wt% RGO, the inherent degradation
behavior of RGO doesn't affect the PF/RGO nanocasies.

The temperatures at which 10 and 15% weight ldss, residue at 700C and the
temperature at which maximum degradation occurretiabulated in Table 1. It can be
seen that at 10% and 15% loss the temperatureagseseanith an increase in wt% RGO.

The maximum value of residue at 7@is 49.13 and it is observed in 0.12% RGO.
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Fig .5 (b) DTG of PF and PF/RGO composites

Tablel. Thermal property of PF and PF/RGO comp®site

Temperature

Sample _Temperature Temperature Residue at at maximum

(C)at10% loss| (C) at15% 700 C degradation
loss rate (C)
0 147.13 209.85 47.14 429.48
0.05 156.86 219.78 47.30 436.94
0.08 164.84 231.85 47.42 436.94
0.12 180.99 258.73 49.13 432.95
0.15 193.96 257.86 45.39 435.24
0.25 229.59 307.19 33.07 371.92
1 285.42 335.92 18.76 400.31
RGO 84.71 150.80 3.31 308.15

3.2.4. Mechanical Properties of PF/RGO nanocomposites

The mechanical properties of polymer nanocomposiéggend on certain factors such as
the dispersion of nanofiller in the polymer matmalignment of the filler in the matrix,

reinforcement phase aspect ratio and interfaceibgri@3]. The presence of aggregates
reduces the effective aspect ratio of the filleor Bbtaining effective reinforcement, a
strong interfacial adhesion between the nanoshektpalymer matrix is essential. The
incompatibility between the phases is the reasanldaering the modulus of the

composite. The lowering of modulus can also be tduthe low-stress transfer between

the polymer matrix and filler. The hydrogen bondsnied between graphene and

14




polymer matrix also play a crucial role in improgithe mechanical property. The H-
bonding interaction present during the formatiolR&fO and PF/RGO nanocomposites is

represented in Scheme 2.
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With increasing the amount of nanofillers into th@ymer matrix, the arrangement of
nanosheet in the polymer matrix is expected to Deirfdividual dispersion of the
nanofiller at intervals in the matrix, (2) side &ige joining of the edges of the sheets, (3)
overlapping of some parts of the sheets and, @gthacking of graphene as layers. When
there is an increase in the weight percentage obfileers in the polymer matrix, the
distance between the layers becomes small anditharpossibility of stacking the layers
due to the van der Waals interaction. Like eleatror rheological percolation there is
also a mechanical percolation, a critical pointtled mechanical properties upon the
nanosheet content [54]. There is a good dispersionanosheets expected when the
amount of the nanofiller lower than this contend atso a significant improvement in the
mechanical properties is observed. With furtherdiog, the nanosheets get stacked

together and as a result, a decrease is observedadnanical properties.

In the case of graphene nanocomposites, the \@rgatn the mechanical properties are
due to the structure and intrinsic properties ef lanofiller graphene, the modifications
present on its surface, the nature of the polymatrimnand also the polymerizing
processes. The wrinkled morphology of the graphemédd enhance the adhesion and
mechanical interlocking with the polymer chain. Slnelps to enhance the interaction
and load transfer between the polymer and graphreording to molecular dynamics
and molecular mechanics simulation studies, the hamr@cal interlocking plays an
important role in the interfacial bonding betweaaphene and polymer matrix. Due to
the absorption of the chemical functional groupghensurface of the graphene sheet, the
surface roughness of the graphene can stronglgiankewith the polymer molecules and
arrest the slippage of the polymer chains and thaditates the effective load transfer
[53]. The mechanical properties of the prepared RE&) nanocomposites are

summarized in Table 2.

The stress-strain behavior of the neat PF and its ranposites with different
compositions (0, 0.05, 0.08, 0.12, 0.15, 0.25 amt¥d RGO) are shown in Fig.6. The PF

resin is very brittle and its brittle nature is iomed from the stress-strain curve. The

17



stress-strain curve is almost linear to failuraha case of brittle material. This failure
occurs before the yield strength is reached. énctise of 0.5 wt% RGO, the amount of
filler present in the PF matrix is very low andrhés no efficient load transfer between
the PF matrix and RGO sheets occur not effectivelgr 0.05 wt% RGO, the decrease in
the slope of the curve corresponds to the plagtiorchation and to microcrack initiation
in the matrix. The stress-strain curves of the FFIRcomposites show linear behavior at
low strains and the significant change in the shafib a non- linear behavior is observed
when the composites undergo complete failure. RitwanFig.6, it is clear that the value
of tensile stress increases with increasing the RGQent up to 0.12 wt% RGO. The
maximum value of tensile stress is observed forpmsite with 0.12 wt% RGO. This is
due to the efficient load transfer between the filmoand PF matrix. But when the
weight of RGO after 0.15 wt%, the value of stresfound to be decreased and shows a
ductile nature. This may due to the aggregatiothefRGO content which restricts the
load transfer between the layers and results incaedse in the tensile stress. With the
addition of RGO into PF matrix, there are no sigaifit changes produced in the failure

pattern, but an improvement in stiffness is obsgrve

30
254
0.12% RGO
< 204
\2_, 0.08%RGO
1540.05%rco
7
fe) 0% RGO /‘
o 10+ — 0.15% RGO
(0)p)]
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0 L] L]
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Fig . 6. Stress-strain curves of R BF/RGO nanocomposites
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The tensile modulus of neat PF and PF/RGO nanocsitegowith varying amounts

of RGO is as shown in the Fig.7. For neat PF #laesof tensile modulus is found to
be 1103 MPa. With the incorporation of RGO into Bfe matrix, the value of tensile

modulus increases to 1675.33 MPa. The increageeitensile modulus is found to be
34.16% more than the neat PF. There is an incre@agmnsile modulus is observed
from 0.05 wt% RGO to 0.12 wt% RGO. The increas¢hi& modulus of PF/RGO

composites is due to the homogeneous dispersitimedRGO into the PF matrix and
also the strong interfacial interaction betweemth&or 0.12 wt% RGO, there is a
homogeneous dispersion of the nanofiller in theypelr matrix and also better H-
bonding interaction between the functional groupRGO and PF matrix. There is a
good compatibility of the nandfiller into the PF tma also occurs. The decrease in
the modulus value is due to the fact that with éasing amount of RGO in the
polymer matrix, there is an aggregation tendenchefRGO sheets in the PF matrix

will occur [45].
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Fig.7. Tensile modulus of PF/RGO polymer nanocoress

Fig.8 shows the tensile strength of PF nanocomgmsiith varying wt% of RGO. From
the figure, it is clear that the tensile strengtfPB/RGO composites shows an increasing
trend up to 0.12 wt% RGO. For neat PF, the vafuensile strength is found to be 10.34
MPa and that for 0.05 wt% RGO it is 10.35 MPa. Tighest value of tensile strength is
23.5 MPa and it is observed for 0.12 wt% RGO namguusite. The increase in the
tensile strength compared to neat PF is found t6585% for 0.12 wt% RGO. In the
case of high wt% RGO, there occurs a non-homogendmpersion of RGO into the PF
matrix. With the increased amount of RGO into tlkerRatrix, there is also a possibility
of restacking of layers in the PF matrix occurs #rel effective interaction between the
RGO and PF matrix gets decreased. These factaistéea decrease in the mechanical

properties of PF/ RGO nanocomposites.
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Fig.8. Tensile strength of PF and PF/RGO polyme&ionamposites
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The percentage of elongation at break of the PF/R&@composites shows a decrease
due to the high aspect ratio and the interfaci&draction restricts the movement or
mobility of the PF molecular chain segments. Th&es of elongation at break with

varying wt% of RGO are shown in Table 2.

Table. 2. Mechanical properties of PF/RGO nanocig®

RGO Tensile Modulus Elongation at Izod
contents | strength (MPa) (MPa) break (%) Impact
(%) Strength
(notched)
(kd/m?)
0 10.35+0.22 1103+2.00 0.86+0.14 | 1.1240.08
0.05 11.35+0.77 1529.66+69.63 1.12+0.05 1.1340.03
0.08 13.01+0.19 1551.33+48.29| 1.16+0.05 | 1.14+0.09
0.12 23.5+0.90 1675.33£24.05| 2.27+0.02 | 1.23+0.07
0.15 14.29+1.14 1402.25£96.02| 1.04+0.35 | 1.19+0.04
0.25 13.97+1.42 1365.50+£15.5 | 0.9975+0.30 | 1.17+0.07
1 2.97+0.30 129554455 | 0.8223+0.17 | 1.13+0.08

4.1. Tensile fracture mechanism

The filler-matrix interaction and the fracture beioa of the nanocomposites can be
studied by taking the Scanning Electron Micrographthe fractured surfaces. Fig. 9(a)-
(i) represents the tensile fracture surfaces ot R¥g 0.12 and 1wt% RGO filled PF
nanocomposites in three different magnificationke Tracture surface of the neat PF
displayed a smooth and orderly surface. The phapdgshows the typical brittle fracture
of homogeneous thermoset polymers and also indiciégepoor resistance to crack

initiation and propagation.
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Fig. 9(d) — (f) Scanning electron micrographs oisike fractured surfaces of PF/ RGO
nanocomposites with 0.12 wt % RGO
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Fig. 9(g) — (i) Scanning electron micrographs ofstke fractured surfaces of PF/ RGO
nanocomposites with 1 wt % RGO
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In the case of PF nanocomposites with 0.12 wt% Ri@&fracture surface shows a quite
different morphology. The fracture surface constdtsnore ridges than the neat PF and
the fractured paths are broader. The fracture safarougher than the neat PF and more
wrinkles are found on it, which indicates the stronterfacial adhesion induced by the
surface functional groups of RGO and PF and thesdsio a good compatibility between
them. The presence of more wrinkles actually léadswmnoscale surface roughness which
would likely to produce an enhanced mechanicalrimt¢&ing and adhesion with the
polymer chains. Moreover, the strong interfaciahdiog also favors the efficient stress
transfer from the PF matrix to the RGO sheets dmeby producing an increased

mechanical property of the nanocomposites.

The crack initiation and crack growth are expedtebde developed in the areas where the
nanofillers are present. The presence of such i@nefgenerates triaxial stresses above
and below the filler particles and restricts shdiatortions and thereby encouraging crack
initiation. In addition to that, the presence ofefi particles that have low surface
adhesion to the matrix and separated from the xnafitl also generate surface cracks

around the particles.

The SEM images of the PF nanocomposites with 1 MR@&O shows a different
morphology of the fracture surface. On analyzing 8EM micrographs it is observed
that the presence of agglomeration of RGO sheets asna result, there is a poor
interfacial interaction and poor dispersion betwddh matrix and RGO. The image
depicts various crack propagation directions on dleavage surface. The presence of
large amounts of RGO sheets creates a 2D hindraffeet on the matrix and that
ultimately result in a much coarser fracture swfathe PF/RGO interfacial debonding
have a significant contribution to the fracture rgyeabsorption of the nanocompsite
when there is a low content of RGO in the PF maffixe interfacial adhesion arising
from the noncovalent debonding mechanisms such yasogen bonding andit-n

interactions are operating and are consideredeasaiises of debonding.
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4.2. Theoretical modeling of tensile properties

The most widely used theoretical modeling for dedermination of tensile modulus of
nanocomposites with graphene that is distributedmidom or unidirectional is Halpin —
Tsai model [55, 56]. The modified form of Halpinsdi equation for graphene sheets that

are arranged randomly in the polymer matrix is

21
29
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For unidirectional (parallel) arranged graphenerttoelified Halpin- Tsai equation is

_ 1+(21g/3tg)nLVy
Eyp = [—HLVQ ]Ep (4)

whereE,, E; andE, are Young's modulus of the nanocomposite, graphame polymer
respectively. The Young’s modulus of PF is 1.03Gétdained from the experiment and
that of free-standing monolayer graphene is ~ 1J3%. The length, thickness and
volume fraction of the graphene dgety andV, respectively. The thickness and average
length of RGO are 0.67 nm and 1.05 nm from the ARMge (Fig.2). Fig.10 shows the
comparison of experimental obtained tensile moduilitis theoretical value and it is clear
that the experimental and theoretical values aneeny good agreement for low volume
percentages of filler. The experimentally calculatealues are close to randomly
dispersed RGO. But at higher volume % RGO, the mx@atal values are lower than the

theoretical value, reveals the restacking of RG@rain the composites.
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Fig.10. Theoretical modeling of the tensile modwt®F/ RGO nanocomposites
4.3. The Impact strength of PF/RGO nanocomposites

Impact tests are very useful in understanding theghiness of the material. The
toughness of a material is its ability to absorkrgg during plastic deformation. In the
case of brittle materials, toughness is low duthéosmall amount of plastic deformation
that they can endure. The factors that affect itipgact strength of materials are notched,
temperature, yield strength, and ductility, fraetumechanism, size of the specimen etc.
The shape and size of the filler also affect thapprties of the nanocomposites. Fig.11
shows the Izod impact strength of RGO filled PRyp@r nanocomposites. In the case of
RGO filled nanocomposites, the impact strength éases with increasing the RGO
content and 0.12 wt% show the maximum value of ghg&rength which is 9% more

than that of neat PF.
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Fig.11. Impact strength of PF/RGO nanocomposites

5. Conclusions

We prepared PF/RGO nanocomposites successfullysamtied their mechanical and
thermal properties. The RGO sheets used for tepgoation of nanocomposites were
obtained by the reduction of graphene oxide by H matural reducing agent potato
starch. The TEM images confirmed the wrinkled Ey&red nature of RGO. From AFM
images, the measured thickness of RGO is in narnsstale. XRD results of the
nanocomposites confirmed the successful incormoradf RGO into the PF matrix. The
thermal stability of the prepared nanocompositestudied by TGA and showed that with
increasing wt % of RGO there is an increase inntlaistability of the PF/RGO polymer
nanocomposites up to 0.12 wt% RGO and decreaseghar wt% RGO. 0.12 wt% RGO
shows high thermal stability due to good dispersaod interfacial interaction between
PF and RGO. The mechanical properties of PF/RGgmnposites increased with

increase in RGO content up to 0.12 wt%. Moreotrer tensile strength, tensile modulus
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and impact strength of PF/RGO nanocomposites iserbg 56, 34 and 9% respectively
as compared to that of neat PF. The SEM imagekeofensile fracture surface give the
difference in the morphology of nanocomposites witiod dispersion and aggregates of
RGO compared with neat PF. There is a very gooéemgent with theoretically and
experimentally calculated values of tensile moda@UBF/RGO nanocomposites at lower
wt% RGO and the sheets are oriented in the PFxmaindomly.
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