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1 | INTRODUCTION

Phenol formaldehyde PF resins are one of the most com-
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Abstract

Graphene oxide was reduced (RGO) by naturally abundant potato starch and
incorporated in phenol formaldehyde resin (PF). The PF/RGO nanocomposites
were successfully fabricated by the combination of solution processing and
compression molding. Here, nanocomposites composed of 0.05 wt% to 1 wt%
RGO were prepared. The incorporation of RGO into the PF matrix was signifi-
cantly affecting the dynamic mechanical characteristics of the nanocomposites
such as storage and loss modulus and tan . The degree of entanglement (N),
effectiveness of filler (fy), reinforcement efficiency factor (r), cross-link density
(v.), and adhesion factor (A) were evaluated from the modulus values. Besides,
the phase behavior of the nanocomposites was analyzed with help of Cole-
Cole plot. The electrical properties of the nanocomposites have been studied
concerning change in filler loading and frequency. The dielectric constant (¢’),
dielectric loss (¢”) and conductivity were increased with increase in wt% of
filler for the entire range of frequencies (20 Hz to 30 MHz) and the results
showed that the electrical conductivity of the nanocomposites can be explained
by percolation theory. The Maxwell-Garnet model was employed to calculate
the theoretical dielectric constant of PF/RGO nanocomposites.
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of phenolic resins based research are (a) the bulky and
complex molecular structure of phenolic resin which
makes a challenge for the well dispersion of

monly used thermosetting resins and their applications
cover a wide range of predominant areas including ther-
mal insulation materials, composites, coatings, molding
compounds, structural adhesives, household appliances,
wiring devices, electrical systems, and so on.2! The most
prominent features that enable PF resins to be utilized in
a myriad applications are excellent heat and cold resis-
tance, low cost, easiness of production, good dimensional
stability, and smoke resistance.>* On the other hand,
the major challenges that are associated to the utilization

nanoparticles in PF resin, (b) the release of water mole-
cules as a by-product during the curing process which
leads to the formation of voids or pores in the resin con-
sequently, a decrement in the properties of the resultant
nanocomposites will be occurred and, (c) the high
crosslink density of phenolic resins makes them brittle.!*’
The incorporation of nanofillers that have varying prop-
erties can be exploited for obtaining phenolic resins with
superior properties. PF is well known for its electrical
insulating properties and its conductivity can be
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improved by reinforcing with RGO. In the case of
nanocomposites with insulating polymers and very con-
ducting nanofillers, the main challenge is to attain the
improvement in electrical properties.

Graphene, a two-dimensional carbonaceous material,
can be considered as a suitable candidate for reinforcing
PF resin due to its excellent mechanical, thermal and
electrical properties.!®’ Even though, there are several
methods used for synthesizing graphene such as micro-
mechanical exfoliation, chemical vapor deposition CVD,
liquid phase reduction of graphene oxide and epitaxial
growth the most reliable method to prepare graphene
oxide GO from graphite powder is Hoffmann method.!”’
The reduction of graphene oxide resulted in the forma-
tion of RGO with significantly less number of oxygenated
functional groups. There is abundance of literature that
adopted the chemical approach for reducing GO repre-
sented by hydrazine, hydrobromic, hydroiodic, and
hydrochloric acids.”! In the current study, an ecofriendly
approach represented by potato starch is adopted to
obtain RGO.

Several factors affect the dielectric constant of poly-
meric materials, which include dipole, interfacial, elec-
tronic and atomic polarization. Among these factors, the
effects of electronic and atomic polarizations are occurred
at higher frequencies and are instantaneous polarization
components, but the interfacial polarization affects the
dielectric constant. When there are polar groups present
in the molecule, dipole polarization occurs and in the
case of PF, the presence of polar groups leads to high
dielectric constant.®! On considering the effect of fre-
quency on dielectric, (a) at low frequency there is a com-
plete orientation of molecule occurs, (b) at medium
frequency there is only little time for orientation, and
(c) at higher frequencies there is no time for orientation.
The study of the electrical properties of nanocomposites
is of great importance on considering their applications
in various fields.

The stiffness and damping properties of PF/RGO
nanocomposites can be studied by the dynamic mechani-
cal analysis DMA. PF is a thermosetting resin which
shows the property of electric insulation. The electrical
conductivity for PF can be improved by incorporating
RGO, which has high intrinsic electrical conductivity and
high aspect ratio. The PF resin can be used to prepare
PF/RGO composites by applying heat and during the
application of heat, PF resin undergoes condensation
polymerization reaction that finally leads to a highly
crosslinked PF composite with RGO embedded in the
matrix.

Several studies have been reported the viscoelastic
behavior of PF resins obtained by DMA and discussed
the effect of different weight fractions of different

nanofillers on the mechanical properties of the resulted
nanocomposites. Xu et al. (2013) prepared PF/GO
nanocomposites by in-situ polymerization and studied
the dynamic thermomechanical performance for investi-
gating the thermomechanical properties of the nano-
composites.”’ The findings showed that the storage
modulus of the nanocomposites was improved. 0.5 wt%
and 1 wt% GO filled composites showed an improvement
of (79.8 and 78.3)% increase in storage modulus com-
pared to pure PF. From the tan § curve, it was observed
that Tg measured by DMA shifted higher when GO was
added to PF compared to the neat polymer. Wei et al.
(2015) modified GO by poly (hexanedithiol) and prepared
composites using PF resin by blending, rolling and com-
pression molding."” DMA results showed that the
modification of GO enhanced the rigidity of the
nanocomposites, which confirmed the good dispersion
and interfacial interaction between the PF and modified
GO. The loss factor curves of PF/GO composites were
smooth and broad; an increment in Tg was obtained for
the nanocomposites compared to the pure polymer. Zhou
et al. (2013) prepared PF/GO nanocomposites by solution
mixing followed by molding at 180°C for 1 hr in a thermo
press.B] DMA was employed to know the effect of GO on
the thermomechanical properties of PF composites. DMA
results showed that for a small amount of GO (0.5 wt%),
there is an improvement in the elastic modulus of pheno-
lic resin due to the stiffening effect of GO. The presence
of GO hinders the movement of the PF chain and as a
result, the tan § of GO/PF composites is much lower than
that of PF resin. There is an improvement in the heat
resistance of PF by 31.4°C with the addition of GO.

The factors that affect the conductivity of polymer
nanocomposites are the concentration of filler, aggregation
of filler, processing methods, functionalization and aspect
ratio of graphene sheets, inter-sheet junction, distribution
in the matrix, wrinkles, and folds. Yuan et al. (2014)
reported an efficient one-step approach to reduce and fun-
ctionalize GO during the in-situ polymerization of phenol
and formaldehyde.'™ They observed that RGO sheets
improved the electrical conductivity of PF nanocomposites
with a percolation threshold of 0.17 vol%. Zhao et al.
(2014) prepared PF/RGO nanocomposites by in-situ poly-
merization and found that samples with 0.1-0.5 wt% RGO
showed an increase in electrical conductivity.'?! The
highest electrical conductivity was observed for 0.5 wt%
RGO (1 order of magnitude higher than that of pure poly-
mer) due to the effective network formed by the homoge-
neous dispersion of RGO sheets in the PF matrix. Jiyang
et al. (2017) fabricated nanocomposites via solution mixing
followed by cured in a vacuum oven."*! The synthesized
hybrid nanocomposites with 4 wt% of nanofiller exhibited
high electrical conductivity of 27.2 S/m.
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The present study aimed at analyzing the effect of
RGO on the dynamic and electrical properties of PF
resin. Degree of entanglement, the effectiveness of filler,
reinforcement efficiency factor and crosslink density
were also determined from storage modulus values. The
damping factor and adhesion factor were also analyzed
and the structural changes were studied with the help of
Cole-Cole plot. Here, the effect of RGO on the electrical
properties of PF nanocomposites was studied. The theo-
retical dielectric constant of PF nanocomposites was
determined by the Maxwell-Garnet equation. DC conduc-
tivity studies of PF nanocomposites with varying content
of graphene derivatives were included in this work. The
study of dynamic mechanical and electrical properties of
PF/RGO nanocomposites is of substantial practical signif-
icance due to their unique applications in engineering
components. DMA measurements give accurate informa-
tion about glass transition, entanglement density, rein-
forcement efficiency of nanofiller and adhesion factor.
The conductivity measurements give information about
the effect of RGO sheets on the conductivity of the PF
matrix. It is evident from the results that the improved
mechanical and electrical properties of PF/RGO
nanocomposites will be used for several advanced engi-
neering applications like aerospace, construction indus-
tries, and communications.

2 | EXPERIMENTAL PART

2.1 | Materials

Graphite powder (molar mass 12.01 and particle size
<50 pm), NaNO; (99%), Conc. H,SO, (98%), KMnO,
(99%), hydrogen peroxide (30% in water), and ammonia
(25%) were purchased from Merck, India. Starch potato
(~84%) is procured from LOBA Chemie Pvt. Ltd. Phenol
formaldehyde resole resin was purchased from Poly-
formalin (Ernakulam, Kerala).

2.2 | Preparation of the PF/RGO polymer
nanocomposites

Graphene oxide was obtained by the Hummers method
from graphite powder and reduced by starch potato. The
samples were prepared by solution mixing method
followed by compression molding. The weight of RGO
was taken based on solid content of PF resin, wet with
acetone and mechanically stirred for 2 hr followed by
sonication for 1 hr. The sample is later compression
molded at 100°C for 30 min. The detailed method of
preparation and characterization of RGO and PF/RGO
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nanocomposites were explained in our research article
published elsewhere.!'+1%]

2.3 | Characterization of PF/RGO
nanocomposites

The dynamic mechanical analysis of the prepared PF
nanocomposites was performed using a Dynamic Mechan-
ical Analyzer DMA Q800 (TA instruments Co.) in a single
cantilever mode in the frequency range of 1 Hz. Rectangu-
lar samples of dimensions length 35 mm, width 5 mm and
thickness less than 2 mm were used for the analysis. The
samples were heated from room temperature to 180°C at a
heating rate of 2°C min~". The dielectric properties of the
samples were measured using Wayne Kerr 600B precision
LCR meter with frequency ranging from 20 Hz to 30 MHz.
Electrical resistivity of the prepared nanocomposites was
measured using Keithley electrometer 6517B by two probe
method (70 mm X 70 mm X 2 mm) with a test fixture
(Keithley, 8009).

3 | RESULTS AND DISCUSSIONS

3.1 | Storage modulus (E')

The viscoelastic properties and transition temperatures of
the cured composites can be studied by DMA. Figure 1a
illustrates the effect of RGO at various wt% on the storage
modulus of PF/RGO composites. It is observed that the
storage modulus decreased with an increase in tempera-
ture in all cases. Below Tg (122.72°C from DMA analysis),
storage modulus value is high because the components
are in close, tightly packed and in a frozen state.®! The
polymer chains undergo deformation as a result of bend-
ing of chemical bond present in them and the mechanical
strengths corresponding to them reaches the maximum at
low temperature. At a particular temperature, the defor-
mation of the polymer chain becomes maximum and a
significant decrease in storage modulus is observed. At
this temperature range, a phase transition from a rigid
glassy state to a flexible rubbery state occurred and is
observed around 50-110°C. When the temperature
increases, the interactions between polymer chains lose
and attain molecular mobility, resulting in a decrease in
storage modulus. With the increase in temperature, the
bonding between PF and RGO becomes weak and leads
to a reduction in the stiffness of the material. It is interest-
ing to note that the addition of small and higher amounts
of RGO produced no significant effect on the storage mod-
ulus of the nanocomposites, but a particular weight per-
centage of RGO has an appreciable impact on the whole
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FIGURE 1 (a) Variation in storage modulus as a function of temperature, (b) degree of entanglement and effectiveness of filler,

(c) reinforcement efficiency factor, and (d) crosslink density of PF/RGO nanocomposites [Color figure can be viewed at

wileyonlinelibrary.com]

temperature range. In the case of nanocomposites with
0.05 wt% and 0.08 wt% shows a slight decrease in storage
modulus than neat PF due to the secondary relaxation
caused by side group or end group motion of polymers.
Similar results were observed in polyimide/reduced
graphene oxide nanocomposites.'”’ The maximum value
of storage modulus is observed for 0.12 wt% RGO and it is
15% more than that of neat PF because of the strong inter-
facial interaction between RGO sheets and PF matrix. At
this particular wt%, the RGO sheets can restrict the chain
mobility of the PF matrix and increase the energy storage
capacity of the PF matrix. The minimum value of storage
modulus is observed for PF nanocomposites with 0.15 wt
% RGO nanocomposites and is due to the aggregation of
RGO sheets in the PF matrix. At higher wt% RGO, the
effective interaction between the PF chains and RGO
sheets becomes less and as a result, the PF chains can eas-
ily undergo molecular mobility which resulted in a
decrease in storage modulus. The rubbery plateau region

observed after the glass transition region also follows the
same trend.

From the value of storage modulus (E'), the degree of
entanglement between polymer and filler in the polymer
nanocomposites can be calculated.'® The degree of
entanglement (N) can be calculated by using the equation

El

where E' is the storage modulus, R is the universal gas
constant, and T is the absolute temperature. Figure 1b
represents the degree of entanglement of PF/RGO
nanocomposites calculated in the rubbery region at
130°C. The entanglement density with the loading of
RGO sheets in the PF matrix confirms the interaction
between PF and RGO sheets. The degree of entanglement
of the nanocomposites showed an increasing trend with
the increase in the content of RGO. Jyothi et al. (2018)
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also studied the degree of entanglement of polymer
nanocomposites reinforced with graphene oxide-carbon
nanotube hybrid and observed an increase in the degree
of entanglement with the increase in the content of
nanofiller.'’ The maximum value of N is observed for
composites with 0.12 wt% RGO and is due to the good
physical interaction between RGO and PF matrix.

The effectiveness of fillers on the storage moduli of
the nanocomposites can be calculated from the equation

(E'¢/E')composite
br= "B /B, )pol
/E'r) polymer

(2)

where E'y and E', are the storage modulus values of the
glassy and rubbery regions respectively. Here, the values
of E'g and F', are considered as the storage modulus values
at 30°C and 125°C, respectively. Figure 1b illustrates the
values of f§y for PF/RGO nanocomposites with a varying
weight percentage of RGO. The value of §; represents the
relative measurements of the modulus drop of the material
with an increase in temperature when the material passes
through the glass transition temperature. Smaller the
value of f3; greater will be the effectiveness of filler'?>2"
and is due to the higher degree of dispersion of filler. The
maximum stress transfer between the filler and the matrix
is indicated by a low f value because the factors such as
the strength of intermolecular forces and the method by
which the polymer chains are packed determine the mod-
ulus in the glassy state. From Figure 1b, a slightly high
value of the effectiveness of filler is observed for neat PF
indicates lower effectiveness of filler. The high value of g,
is due to the less proficient distribution of fillers in the
polymer matrix.”?! A low f; value indicates that the effec-
tiveness of RGO is maximum in the PF matrix because of
the absence of agglomeration and restacking of RGO
sheets. Similar results were also reported in the case of
nanofillers such as graphene oxide and carbon nanotube
reinforced polymer nanocomposites prepared by Jyoti
et al. (2018, 2016) and Bagotia et al. (2019).192324!

Apart from the values of N, the information regarding
the reinforcement efficiency factor (¥) can also be
extracted from the storage modulus. The reinforcement
efficiency factor gives an idea about the filler matrix
bonding by considering the effect of fractional addition of
nanofiller into the polymer matrix. The value of r is cal-
culated using the Einstein equation.??!

Ec=En(1+rVy) (3)

where E. and E,, are the storage modulus of the com-
posites and matrix respectively, r is the reinforcement

efficiency factor and Vyis the volume fraction of the filler.
Figure 1c shows the plot of the reinforcement efficiency
factor of composites with varying weight percentages of
RGO. The value of the reinforcement efficiency factor
increases with an increase in the content of RGO. The
maximum value of the reinforcement efficiency factor is
observed for PF nanocomposites with 0.12 wt% RGO con-
tent. The value of the reinforcement efficiency factor
mainly depends upon the dispersion state of the filler,
interfacial interaction between the filler and the matrix
and also the concentration of the filler. From the values
of the reinforcement efficiency factor, it is confirmed that
the PF/RGO composites with 0.12 wt% exhibit better dis-
persion and interfacial interaction between the filler and
matrix.

Crosslink density is an important factor that contrib-
utes to the physical properties of cured thermosets.
Crosslink density represents the average molecular
weight between crosslinks.*! From the theory of rubber
elasticity, the modulus in the rubbery region is directly
proportional to crosslink density. The variation of storage
modulus in the rubbery region concerning RGO sheets
represents the influence of RGO on the crosslink density
of the PF matrix. The crosslink density of the prepared
samples can be calculated using the equation!*”’

E,=3Av.RT (4)

where E, represents the modulus in the rubbery region at
temperature T = T, + 30°C (in Kelvin), R is the universal
gas constant (8.314 Jmol™ K™!), A is the front factor
taken as unity, and v, is the crosslink density. The values
of crosslink density of the samples are listed in
Figure 1d. The high value of the crosslink density is
observed for composites with 0.12 wt% RGO, at this wt%
of filler both interfacial interaction and crosslink density
play an important role and in the case of lower filler load-
ings only interfacial interaction plays the major role in
affecting the dynamic mechanical parameters of the sam-
ples.[?! 1t is found that with an increase in wt% of RGO,
the crosslink density of the nanocomposites increases. In
these composites, two crosslinks such as RGO centered
crosslinks and crosslinks between PF chains are formed
which improved the stiffness of the material.[*®!

3.2 | Loss modulus (E")

The loss modulus curve gives an idea about the maxi-
mum heat dissipated per cycle under deformation.**
The applied mechanical energy is not stored elastically
and it is lost in the form of heat or molecular
rearrangement.!?”! The energy dissipation or loss as heat
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per unit cycle by the PF/RGO nanocomposites can be
determined by loss modulus (E”). It represents the vis-
cous behavior of the material. Figure 2 depicts the loss
modulus curves of PF and PF/RGO nanocomposites.
Here, only one loss modulus peak is observed for neat PF
and RGO reinforced PF nanocomposites indicating the
interfacial interaction between the filler and matrix and,
there is no phase separation in the composites. With the
increase in temperature the loss modulus increases, and
it reaches a maximum value and then decreases in all
cases. The maximum value indicates the maximum dissi-
pation of mechanical energy and the decrease corre-
sponds to the free movement of the polymer chains. The
transition of PF chains from glassy to rubbery state is rep-
resented by the maximum of E” and here, the maximum
value is observed for 0.12 wt% RGO. The internal friction
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FIGURE 2 Variation of loss moduli of PF/RGO
nanocomposites with temperature [Color figure can be viewed at
wileyonlinelibrary.com]
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between the matrix and filler as a result of different types
of molecular motions, morphology and dispersion
between the matrix and filler also leads to loss modu-
lus.!**! A variation in peak height as a result of increase
in RGO content can be observed from the loss modulus
curves. The maximum peak height is observed for PF
nanocomposites with 0.12 wt% RGO content, which indi-
cates higher loss modulus, higher interfacial friction, and
also higher heat buildup in the composite.?®! From the
loss modulus curves, it is also observed that there is a
shift in the peak position for the variation in the RGO
content. Here, the peaks are shifted towards lower tem-
peratures with an increase in the RGO content as com-
pared to neat PF which indicates a decrease in Tg, hence
the mobility of the polymer chain segments increased as
a result of increased free volume with an increase in wt%
of RGO.

3.3 | Damping factor (Tan delta)

The ratio of loss modulus (E”) to storage modulus (E') is
called tan 6 and is a measure of damping or energy dissi-
pation and it depends on temperature and frequency.
The damping factor gives the balance between the vis-
cous phase and elastic phase of the polymeric materials.
The interface between filler and matrix, molecular
weight, free volume density, and crosslink density are the
factors that affect the damping factor. The Tg of PF/RGO
nanocomposites were determined by the peak value of
tan 6 curve and it is considered as an indicator of thermo-
stability. Figure 3a represents the variation of tan § with
temperature for PF and PF/RGO nanocomposites. At low
temperature, the value of damping factor for all samples
is small because the mobility of the chains is small. As
the temperature increases, the mobility of the chains
increases and the highest mobility were observed at the

FIGURE 3
delta with temperature and

(a) Variation of tan

(b) adhesion factor versus
concentration of RGO content
[Color figure can be viewed at
wileyonlinelibrary.com]
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peak value of tan 6. From the figure, Tg of neat PF and
its composites with 0.05 wt%, 0.08 wt%, 0.12 wt%, and
0.15wt% of RGO is found to be 122.72°C, 118.89 €,
114.60°C, 114.38°C, and 98.56°C, respectively. There is a
decrease in Tg is observed with an increase in wt% of
RGO compared with neat PF. The decrease in Tg is due
to the enlarged free volume between PF chains due to the
reinforcement of RGO into the PF matrix. The highest
mechanical damping is observed for 0.15 wt% of RGO.
The high value of tan § indicates that the material has a
high degree of non-elastic component whereas low value
indicates the material has high elasticity.**?”! The good
adhesion that exists between PF resin and RGO sheets
limits the mobility of the polymer chains and decreases
the values of tan 5.%%! The low value of tan § is observed
for composites with 0.12 wt% RGO, which shows lower
damping, enhanced stiffness and good interaction
between RGO and PF. The lowering of tan § values is an
indication of improvement in the interfacial reinforce-
ment of the nanofiller.!*”’

The value of the adhesion factor of the composites
depends on the temperature and volume fraction of the
filler. The values adhesion factor can be calculated from
the damping behavior of the polymer matrix and compos-
ites. The adhesion factor acts as a major contributor to
the performance of the composites and controls the load
transfer ability of the interface between the matrix and
reinforcement. Higher the value of interaction, lower will
be the adhesion factor. The adhesion factor (A) can be
represented as:'?*!

1 tand. _1

T1- ¢y tansy

(5)

where ¢ represents the volume fraction of the filler and
tan . and tan &, represents the tan 6 values of compos-
ites and polymer matrix respectively. Adhesion factor
values of nanocomposites with varying content of RGO
are shown in Figure 3b. A decrease in the adhesion factor
corresponds to an increase in the degree of interaction
between the filler and matrix. At the interface region, the
interaction between polymer matrix and nanoparticle
reduces the molecular mobility. The decreased molecular
mobility is reflected in tan & values and a consequent
effect is observed in the values of A.2%! The higher degree
of adhesion between polymer and nanofiller is represen-
ted by a low value of the adhesion factor. The A value of
the nanocomposites at higher wt% is lower than those at
low wt% (0.05%). In other words, the interaction between
the nanofiller and the polymer matrix is high at higher
wt% of RGO. It is clearly visible from the figure that the
value of the adhesion factor becomes more negative as
compared to lower wt% RGO. This decrease is due to the

strong interaction between RGO sheets and PF matrix,
which restricts the mobility of the polymer chains. A
decrease in adhesion factor is reported in carbon nano-
tube reinforced polymer nanocomposites.!3*3!!

3.4 | Cole-Cole plot

The Cole-Cole plot helps to examine the structural
changes that occurred in crosslinked polymers after the
addition of RGO into the polymer matrix and it is valu-
able to measure the viscoelastic properties of poly-
mers.*?! Cole-Cole plot is obtained by plotting loss
modulus against storage modulus and the nature of the
plot is reported to be indicative of the nature of the sys-
tem. In the case of homogeneous polymeric systems, the
nature of the plot is a semicircle. But in the case of two
phase systems, the nature of the plot is imperfect semicir-
cular shape (elliptical path). Figure 4 shows the Cole-
Cole plot for PF/RGO nanocomposites, all
nanocomposites except 0.15 wt% RGO shows imperfect
semicircular shape indicates the heterogeneity of the sys-
tem due to strong interfacial interaction. In the case of
0.15 wt% RGO the deviation from the semicircular plot is
due to the poor dispersion of nanofiller which leads to
poor interfacial interaction between the PF matrix and
nanofiller.

3.5 | AC conductivity

The electrical properties of the PF/RGO nanocomposites
were determined by the interfacial adhesion between PF
and RGO and the conductivity of the filler.[3*3*
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FIGURE 4 Cole-Cole plot of PF/RGO nanocomposites [Color
figure can be viewed at wileyonlinelibrary.com]
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Figure 5a illustrates the variation of ¢ as a function
of frequency at room temperature for PF/RGO
nanocomposites. It is observed that all the samples show
a gradual decrease in dielectric constant with an increase
in frequency, which is in accordance with the rules of
polarization relaxation.!®*! The dielectric constant of
PF/RGO nanocomposites increases with an increase in
wt% RGO and it is due to the incorporation of RGO into
the PF matrix induces the polarization processes. The
presence of sp” hybridized carbon atoms in the RGO
sheets exhibits superior electrical properties by the delo-
calization of m-electrons.®®’ When an electric field is
applied these n-electrons are free to move and resulted in
the formation of microcapacitor and increase the dielec-
tric constant of PF nanocomposites by the addition of
RGO sheets into the PF matrix. The formation of the
microcapacitor leads to the accumulation of charges on
the RGO sheets when an electric field was applied.l”
Moreover, the polarizability of PF/RGO nanocomposites
increased with increasing the RGO content because of
the isolation distance between the fillers gets reduced
simultaneously. As a result, more charges are accumu-
lated on the RGO sheets and thus increased the dielectric
constant of PF/RGO nanocomposites.”!

The lowest value of dielectric constant was observed
for neat PF and PF/RGO nanocomposites with 0.05 wt%
RGO. In the case of other concentrations of RGO, ¢

increases with an increase in filler loading and decreases
with an increase in frequency. The highest dielectric con-
stant was observed for nanocomposites with 1 wt% RGO.
The decrease in ¢ with an increase in frequency was
associated with the decrease of total polarization arising
from the dipoles (Figure 5b). The electric dipoles present
in dielectric materials tend to align the direction of the
applied electric field. In the case of lower frequencies, the
dipole moments can orient themselves easily in the direc-
tion of the applied electric field, which leads to a high
dielectric constant. But at higher frequencies, the dipole
moments become unable to follow the variations in the
applied field and leads to a lower dielectric constant.[*”’
The better dispersion and high aspect ratio of the RGO
sheets form microcapacitors and increases the dielectric
constant of PF /RGO nanocomposites.®!

Figure 5c represents the dielectric loss (¢’) of
PF/RGO nanocomposites with varying RGO content.
From the figure, it is observed that the dielectric loss of
PF/RGO nanocomposites increases with an increase in
wt% RGO. This is due to highly conductive RGO sheets
which can easily form a conductive pathway in the PF
matrix with the increase in wt% RGO. With increasing
the filler content, PF/RGO nanocomposites become
more conductive and leakage current will occur. As a
result, a part of electrical energy is transformed into
thermal energy.
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The electrical conductivity of the polymer matrices
can be improved with the addition of conductive
nanofillers. Figure 5d represents the variation of AC con-
ductivity of PF/RGO nanocomposites with frequency. At
low frequency, the increase in AC electrical conductivity
is due to the interfacial polarization.*®! At high fre-
quency region, the increase in AC conductivity is due to
the electronic polarization. From the figure, we observe
an increase in AC conductivity with increase in wt% of
RGO contents.

The Maxwell-Garnet model was used to calculate the
theoretical dielectric constant of PF/RGO nanocomposites
according to the following equation.!*"!

20—)em+ (14 2¢)er
2+ )em+ (1+)es

(6)

Ec=Em

where e, &, and & represents the dielectric constants of
composite, matrix, and filler, respectively. ¢ represents
the volume fraction of filler. Here, the value of ¢,, = 13.36
(measured value), &r = 18.97 and the calculations were
done at a frequency of 10 MHz. Figure 6 represents the
comparison between theoretical and experimental
results. The experimental and theoretical values are in
close agreement at a lower volume fraction of RGO, but
at a higher volume fraction of RGO the experimental
values show better results than theoretical values.!*14?!
The deviations are due to various factors that affect the
dielectric constant of the PF/RGO composites other than
dielectric constant and volume of the filler. The size and
shape of the filler, homogeneity in the distribution of the
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FIGURE 6 Comparison of experimental and calculated
dielectric constant of PF/RGO nanocomposites [Color figure can be
viewed at wileyonlinelibrary.com|
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filler and the interface between filler and matrix are dif-
ferent factors that affect the effective dielectric constant
of PF/RGO nanocomposites.**! The deviations exists
between the calculated and theoretical values because it
is difficult to consider all the above discussed factors that
affect the effective dielectric constant.

3.6 | DC conductivity

Figure 7 shows the DC conductivity PF/RGO
nanocomposites with different wt% of RGO. The electri-
cal conductivity of PF/RGO nanocomposites increases
with an increase in wt% of RGO, and the increase is
found to be in the order of 107> S/m. The electrical con-
ductivity of neat PF is 1.46 x 10~ S/m. The electrical
conductivity of PF/RGO nanocomposites slightly
increases with an increase in wt% of RGO. When the con-
tent of RGO is very low in the PF matrix, no conductive
network is formed due to the irregular distribution of
RGO in the PF matrix. When the content of RGO
increases, network formation of RGO in the PF matrix
increases. The creation of an uninterrupted conductive
channel increases the conductivity. Here, beyond 0.15 wt
% RGO the electrical conductivity of the composites
showed a sudden increase in conductivity. This drastic
enhancement in electrical conductivity indicates the per-
colation threshold and it is observed between 0.15 and
0.25 wt% RGO. At percolation, a continuous conducting
network is formed inside an insulating polymer matrix
and only beyond the percolation there is an increase in
the number of such conductive networks. There are a
number of factors that affect the percolation threshold
such as shape, size, aspect ratio, aggregates and the
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spatial distribution of filler particles in the polymer
matrix, the processing methods, the adhesion and inter-
action between the filler and the polymer matrix.[****! 1t
is well known that if the particle size is smaller the perco-
lation threshold will be lower. In the case of smaller par-
ticle size, the interparticle distance between RGO sheets
in the matrix is small and facilitates the formation of
three-dimensional networks at lower volume frac-
tions.!*®! Moreover, the arrangement of nanoparticles on
the polymer particles and the change in the morphology
of the polymer matrix produced by the nanoparticles also
affect the percolation threshold values.*”! The presence
of large aggregates of RGO sheets have a smaller specific
surface as compared to the total specific surface area of
individual nanosheets and thus they exhibit low contact
resistance. On the basis of observations, it is assumed that
the PF particles are surrounded by RGO nanosheets or its
aggregates leads to the formation of three-dimensional
conductive networks in the polymer matrix produced
conductivity in the nanocomposites.

4 | CONCLUSIONS

The effect of RGO on the viscoelastic properties of PF
resin was studied and found that RGO act as an effective
reinforcing agent in the PF matrix. About 15% increase in
storage modulus is observed for nanocomposites with
0.12% RGO than neat PF because of the strong interfacial
interaction between nanofillers and PF matrix. Degree of
entanglement, reinforcement efficiency factor, and
crosslink density increases with an increase in wt% of
nanofiller. The low value of f§; indicate maximum effec-
tiveness of filler and is observed for 0.08 wt% nanofiller.
Only one loss modulus peak is observed for PF
nanocomposites indicating the interfacial interaction
between the filler and matrix and no phase separation in
the composites. T, values of nanocomposites are lower
than that of neat PF and it is due to the enlarged free vol-
ume between PF chains and nanofillers. The decrease in
adhesion factor is observed for nanocomposites with 0.08
and 0.12 wt% nanofiller due to the good adhesion
between the filler and matrix and restricts the mobility of
the polymer chain. Cole-Cole plot of the PF
nanocomposites showed imperfect semicircles indicating
heterogeneity of the system due to the good interfacial
interaction between the matrix and nanofiller.

The effect of RGO on the electrical conductivity of PF
nanocomposites was evaluated. AC conductivity
increases with an increase in wt% of nanofiller due to the
formation of continuous conducting networks in the PF
matrix. The comparison of experimental and theoretical
values of effective dielectric constant was done by

Maxwell Garnet equation and results showed that the
experimental values are higher than theoretical values.
DC conductivity studies of PF/RGO nanocomposites
shows a slight increase in conductivity in the order of
107° S/m.
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