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HIGHLIGHTS

e Stepwise modification was done to prepare silanized Cgg (S-Fs).

o Silanization of Cgg is demonstrated from a comprehensive physical characterization.

e Epoxy nanocomposites with blends of step-wise modified Cgp were prepared.

e S-Fs confirms its potentiality to enhance stiffness and molecular relaxation of epoxy.

e Storage modulus was improved by ~491% for S-FEC without affecting their thermal stability.
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ABSTRACT

Fullerenes (Cgp) are regarded as exceptional reinforcing material in composites for their capability to
enrich multi-functional properties. In the present work, pristine Cgp has been stepwise modified through
oxidation in the presence of nitric acid and then silanized using 3-aminopropyltriethoxysilane (APTES) to
generate oxygenated and siloxane functional group elements onto their surfaces. The morphological
investigation of oxidized and silanized Cgg was done under FESEM and TEM. On the other hand, FTIR
spectroscopy and TGA analysis confirms the attachment of oxygenated and siloxane functional groups.
The increase in structural defect, creating sites for APTES grafting is evident from Raman spectroscopy.
Epoxy nanocomposites were prepared by incorporating 0.5 wt% of pristine and stepwise modified Cgp.
The effect of surface modification of Cgp on epoxy nanocomposite is studied under DMA and TGA. The
silanized Cgp/epoxy nanocomposite showed significant enhancement of storage modulus (~491%) and
enhanced intensity of tan 6 peak compared to the neat epoxy. This is mainly attributed to high energy
absorption during viscoelastic motion. From the TGA, silanized Cgp/epoxy nanocomposite showed
modest increment in initial decomposition temperature. This behavior is suggestive for potential
espousal of silanized Cgp to enhance the stiffness and molecular relaxation of epoxy nanocomposites.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction

compulsion to develop carbon nanofiller based polymer compos-
ites [1—3]. In this perspective, numerous research have been per-

Incorporation of nanofillers for substantial improvement in
mechanical and non-mechanical properties of polymer composites
is an exciting avenue to prepare high performance advanced ma-
terials. Various fields of interest such as structural, optical, batte-
ries, nanoelectronics and photovoltaic devices generates the
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formed to develop polymer nanocomposites with different carbon
nanofillers such as carbon nanotubes (CNTs) [4—6], carbon nano-
fiber (CNFs) [1], carbon nano bead [7] and graphene [8]. However,
substantial influence on mechanical, thermo-mechanical, thermal
and electrical properties improvement can be possible provided a
good dispersion and interaction of the nanofillers with polymer
network is achieved [9—11]. It has been found that, in comparison
to other carbon nanofillers, the application of Cgp as nanofiller is
expected to uplift the polymer composite properties mainly due to
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non-entangling behavior and enhanced interfacial interaction
through free radical scavenging and chain reaction termination
[12]. In this regard, property variation of polymer composites
having Cgg as filler has been endorsed from limited research. Few
works showed the use of low concentration of pristine Cgp to in-
fluence the composite properties mainly attributed to trapping of
free radicals associated with Cgp [2,3,13—16]. However, enhance-
ment in loading of Cgp in polymer network is found to have negli-
gible effect [16—18]. This might have happened due to tendency of
nanofiller agglomeration at high concentration [17,19,20]. Hence,
attempts were further made by others to use the antioxidant
property of pristine Cgg to reduce their oxidation behavior [14,21].
Many mechanisms have been suggested thereof, such as strong
radical accepting capability, reduced initiation, inhibition of
thermo-oxidation of Cgp in various polymers that affects the
properties [14,21]. However, challenges to overcome the self-
aggregation tendency of Cgo is still dominant and a challenge. To
overcome such challenges of carbon nanofiller agglomeration in
epoxy network, major effort is made on functionalization of CNTs
[22,23], CNFs [24,25] and graphene [26]. These efforts demon-
strates improvement in interfacial interaction between the func-
tionalized carbon nanofillers with epoxy network by covalent or
non-covalent linkages. Although, the non-covalent linkages im-
proves the dispersion of the nanofillers in epoxy network but, a
depression in storage modulus and other properties are observed
[27]. On the other hand, covalent linkages signifies its potential to
improve the properties of the epoxy nanocomposites [25,26],
possibly due to the formation of two phase interfacial material at
juncture of the nanofiller and epoxy network [24,25,28,29]. This
gives us the essence of organically modified Cgp to influence the
thermo mechanical behavior of epoxy nanocomposite. 3-
aminopropyltriethoxysilane (APTES) is a tremendously preferred
silane coupling agents used for functionalizing nanofillers to tailor
their interfacial interaction [24,29—32]. Tayfun et al. [31] showed a
twofold enhancement in mechanical properties of thermoplastic
polyurethane when, incorporated with silanized Cgg at low con-
centration. At this end, and in comparison to other carbon nano-
materials such as CNTs [33], CNFs [34] and graphene [35], the full
potential of functionalized Cgg in polymer nanocomposites is yet to
be explored. Moreover, it's a challenge to overcome the self-
aggregation tendency of Cgg, which causes poor miscibility in
epoxy network [36]. The improved dispersion behavior of Cgg in
epoxy network can be achieved by generating non-covalent link-
ages onto Cgp, similar to other carbon nanomaterials [37—39]. The
dispersion behavior can be further modified if organic modification
of oxidized Cg is performed to achieve covalent linkages between
epoxy and Cgo. To the best of author's knowledge, limited works
elucidates the effect of oxidation and silanization of Cgg on thermo-
mechanical and thermal stability of the epoxy nanocomposites.
This limited reports on surface modification of Cgg [31] and their
utilization as nanofiller in epoxy restrict us to make out a broad
conclusion. This led the foundation to investigate the effect of
oxidation and silanization of Cgy on properties of epoxy nano-
composites. A detailed investigation on micro-scale properties such
as morphological, physical nature, defect density and thermal
degradation behavior of stepwise modified Cgp has been per-
formed. The aim of the work was achieved by analyzing the micro-
scale properties such as molecular architecture and defect density
due to oxidation and silanization of oxidized and silanized Cgg and
interlinking them with the meso-scale properties of Cgo/epoxy
determined from dynamic-mechanical analysis and thermogravi-
metric analysis. We believe that enhanced defect density after
oxidation generates more sites for silanization, which subsequently
affects the molecular interaction of Cgg with the epoxy network and
thus tailors the dynamic-mechanical performance of epoxy

nanocomposites.

2. Experimental
2.1. Oxidation and silanization of fullerene

In the present work, fullerenes, Cgg (P-Fs), (99%, NanoShell, USA)
of average diameter 60—80 nm were stepwise modified according
to the reaction mechanism schematically illustrated in Fig. 1.
Oxidation of the P-Fs was done in presence of concentrated nitric
acid, HNO3 0.3 g of P-Fs in 20 ml of conc. HNOs3 (69%, Merck) under
continuous mechanical stirring at 600 rpm and at constant tem-
perature of 80 °C for 1.5 h. Later the solution was washed and
filtered using double distilled water, ethanol and acetone in
sequence until pH 7 is reached. The oxidized fullerenes (O-Fs) is
obtained after drying in oven at 80 °C for 8 h. The oxidation de-
rivative of P-Fs is demonstrated by reaction 1 as shown in Fig. 1.

The possible reaction mechanism of forming oxygenated func-
tional elemental group onto P-Fs during acidic reaction involves
two steps. In the first step, NO3 (from HNOs) was hypothetically
added to the olefin moieties of the Cgp through electrophilic reac-
tion forming C=C bond with P-Fs. In the second step, this addition
of NOJ is substituted with water to introduce the oxygenated
functional elemental group by nucleophilic reaction. The evidence
of forming such functional group under acidic condition is also
reported by others [40,41]. For the preparation of APTES-derived
silane layer [42] and to prevent the loss of the APTES functional
elements during the silanization process [43,44], O-Fs were
dispersed and mixed in toluene (0.3 g of O-Fs in 25 ml of toluene)
and bath sonicated for 1 h in a round bottom flask. While doing the
bath sonication, mixture of 5 ml toluene with 3-
aminopropyltriethoxysilane (APTES, 99% Alfa Aesar, India) (1 wt%
of O-Fs) was added drop wise to the above solution. The obtained
resultant reaction mixture, as illustrated by reaction 2 in Fig. 1, was
refluxed at constant temperature of 110 °C and simultaneously
stirred for 8 h at 600 rpm. The refluxed solution was filtered and
washed several times with double distilled water, ethanol and
acetone in sequence. The final product in the form of silanized
fullerenes (S-Fs) was obtained after oven drying at 80 °C for 8 h.
APTES functional elements are covalently attached with the
oxygenated functional elemental group of O-Fs during the silani-
zation process to form siloxane layer onto the surfaces of O-Fs as
demonstrated schematically by reaction 2 in Fig. 1.

2.2. Preparation of Cgg/epoxy nanocomposites

The Cgp/epoxy nanocomposites were prepared using stepwise
modified Cgp and epoxy network consisting of Diglycidylether of
bisphenol-A resin (Lapox-L12) and Triethylenetetramine hardener
(TETA-K6) (Atul, India). In a particular processing, P-Fs (0.5 wt %)
were blended in epoxy resin using an ultrasonic processor (Q700,
Qsonica, USA) at an amplitude of 70% for 1 h. To overcome the
temperature rise above 40 °C, processing was done in pulsation
mode under the circulation of chilled water. Later curing agent was
added with a proportion of 12:1 by weight and mechanically mixed
for 10 min at room temperature. The P-Fs epoxy nanocomposite (P-
FEC) is obtained by degassing (for removal of entrapped air) fol-
lowed by curing at 80 °C for 2 h. Similar process is followed for
preparation of O-Fs and S-Fs epoxy nanocomposite (O-FEC and S-
FEC). The neat epoxy (NE) composite was prepared following the
same processing route but without Cgp. The possible reaction
mechanism of S-Fs with epoxy network is demonstrated sche-
matically in Fig. 2.
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Fig. 2. Curing mechanism of S-F with epoxy resin.

2.3. Characterization

Microscopy at high resolution was performed under field
emission scanning electron microscope (FESEM, Zeiss, Supra 55VP
microscope) at an acceleration voltage of 5 kV. Transmission elec-
tron microscopy (TEM) of Cgp is performed on JEM-2100 HRTEM,
JEOL, Japan, operated at 200 kV. The Cgp was dispersed in ethanol
using ultrasonification for 30 min and the obtained suspension is
placed on copper grid. The infrared spectra of Cgp was recorded
from 400 to 4000 cm~! with resolution of 0.2 cm~! under Fourier
transformed infrared spectroscopy (FTIR- Bruker Vertex 80 spec-
trometer, Germany). The FT-RAMAN spectra of P-Fs, O-Fs and S-Fs,
were recorded under Bruker RFS 27: Standalone FT-Raman spec-
trometer, resolution of 2 cm~! using an Nd: YAG laser source at
1064 nm wavelength. The signature of thermo mechanical behavior
for NE, P-FEC, O-FEC and S-FEC were obtained from dynamic me-
chanical analyzer (DMA 8000 PerkinElmer system, U.S.A). The tests
were carried out under single cantilever mode for specimens with
dimension of 25 x 8 x 2 mm? at an oscillation frequency of 1 Hz.
Data were collected from room temperature to 120 °C at a scanning
rate of 2 °C/min. Thermogravimetric analysis (TGA) was recorded
from a thermal analyzer, NETZSCH STA 449F3 system, Germany.
The test was carried out at a heating rate of 10 °C/min from room
temperature to 700 °C under nitrogen purging gas with flow rate of
200 ml/min using alumina as the reference material.

3. Results and discussions
3.1. Morphological analysis

The most obvious evidence enlightening the stepwise modifi-
cation of Cgg can be demonstrated through the dispersion analysis.
Fig. 3 shows that P-Fs sediments completely after 24 h of sonication
whereas, the O-Fs and S-Fs remained colloidal (well dispersed) in
DMF. However, no change in the colloidal state of O-Fs and S-Fs in

Fig. 3. Colloidal dispersion of P-F, O-F and S-F in DMF.
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DMF is found even after 25 days. This well dispersed nature for O-Fs
and S-Fs is possibly owing to the formation of equally charged
functional groups onto P-Fs as reported for CNTs [38,45]. Long term
colloidal stability is primarily due to the steric hindrance caused by
the similar charged particles present on the surfaces of modified
fullerenes resulting in repulsion amongst them.

Morphological investigation of P-Fs, O-Fs and S-Fs under FESEM,
as can be seen in Fig. 4, reveals presence of similar spherical
morphology of O-Fs and S-Fs akin to that of the P-Fs. But, highly
interconnected networks of Cgg irrespective of oxidation and sila-
nization is observed from FESEM investigation. However, high
magnification FESEM investigation (shown in top right corner of
Fig. 4(a—c)) reveals irregular and non-uniform surfaces of O-Fs
(Fig. 4(b)) and S-Fs (Fig. 4(c)) when compared to P-Fs (Fig. 4(a)). The
variation of carbon and oxygen content for P-Fs, O-Fs and S-Fs is
subsequently studied under EDX and illustrated in Fig. 4(d). It is
found that for P-Fs, O-Fs and S-Fs, carbon content is 83.34, 81.22
and 77.31 wt% and oxygen content is 6.31, 8.41 and 10.92 wt %.
Decrease in carbon content for O-Fs and S-Fs indicates possibility of
removing strong disordered structure of amorphous carbon due to
HNOs treatment that might be existing in P-Fs. On the other hand,
increase in oxygen content for O-Fs and S-Fs is predictive for
attachment of oxygenated functional elemental groups [46]. In case
of S-Fs, increase in oxygen content and generation of new deceptive
peak of Si at 1.7 keV indicates covalent attachment of siloxane
group through the possible reaction mechanism schematically
demonstrated in Fig. 1.

Further validation of the morphological structure of silanized
Cgo is obtained from TEM investigation as shown in Fig. 5.
Morphology of S-Fs under TEM, again confirms their tightly inter
connected network (Fig. 5(a)). This is possibly because of reverse
attachment of APTES onto the defect sites of O-Fs. A layer of APTES

grafting onto Cgp surface is evident from the TEM image as shown
in Fig. 5(b). Investigation at higher magnification under TEM
demonstrates better visibility of that layer sized ~2.5 nm (shown in
insert top right corner of Fig. 5(b)). Thus, in brief stepwise modi-
fication of fullerenes preserves the power to form layered structure
onto their surfaces which, are expected to interact with epoxy
network to tailor the composite properties.

3.2. FTIR spectroscopic analysis

The similarity and differences in molecular architecture due to
stepwise modification of Cgy were corroborated from FTIR, and the
normalized spectroscopic results are shown in Fig. 5. Intense
common peaks of pristine and modified Cgp at frequencies 580,
1183 and 1437 cm™~! are observed (enlarged view in Fig. 6). How-
ever, there was variation in intensities of these vibration bands for
O-Fs and S-Fs, suggesting decreased interaction amongst Cgg [47].
Pristine and modified Cgyp showed presence of (-OH) group at fre-
quency 3440 cm™! arising from adsorbed atmospheric moisture
[30]. Intensity of the (-OH) group peak is found decreased after
oxidation and silanization. Reduced symmetric and asymmetric
stretching (2926 cm~! and 2855 cm~!) of CH, group is also
observed due to modification [48,49]. The evidence of (-COOH)
group formation is demonstrated through the new peak generated
for O-Fs (1726 cm ™! and 1223 cm™!) corresponding to the C=0 and
C—O stretching [16,22]. Further confirmation is drawn through the
presence of new bands at 1620 cm~! and 1380 cm™, arising from
intermediate oxidation products [50] and O—H bending vibration
[51]. The difference in spectra's for S-Fs mainly arises from the
disappearance and appearance of various peaks in comparison to P-
Fs and O-Fs. One such example was harvested from the appearance
of peak at 1595 cm ™! (primary NH, of APTES) and disappearance of
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Fig. 4. Representative FESEM images of (a) P-F, (b) O-F and (c) S-F as well as (d) EDX analysis of pristine and stepwise modified Cgp.
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peak at 1622 cm~! (C=C stretching) [52]. Appearance of additional
bands conjugated at frequencies 1120 cm~! and 1032 cm™!
(Si—0—Si stretching) [34,52], 660 cm~' (Si—C), 894 cm™! (hydro-
lyzed silane, Si—OH) is found. This confirms the attachment of the
siloxane group along with hydrophilic NH; onto Cgp.

3.3. TGA analysis

The Surface modification of Cgg was also evident under TGA and
DTG analysis as shown in Fig. 7. The pristine and the stepwise
modified Cgg shows ~2% weight loss from the TGA curves within the
temperature range of 35—150 °C primarily arising from the evap-
oration of absorbed moisture from their surfaces. The signature of
such degradation is predictive from the peak generated in the DTG
curves within that temperature range. In case of P-Fs, no further
distinguishable DTG peaks were observed corresponding to the
TGA weight loss behavior. But, for O-Fs and S-Fs, DTG peak corre-
sponding to ~5% weight loss within temperature range of
150—300 °C is observed, primarily elucidating the degradation of
surface functional elemental groups [53]. However, no additional
DTG peaks for O-Fs is observed corresponding to TGA weight loss
with increase in temperature. But, in comparison to O-Fs the DTG
profile of S-Fs demonstrates a new deceptive peak generated and is
corresponding to ~7% weight loss (from TGA curve) within the
temperature range of 300—450 °C. This peak is predictive for APTES
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Fig. 7. Normalize TGA and DTG profile of P-F, O-F and S-F.

functional group degradation from the surfaces of S-Fs. Moreover,
the weight residue at 700 °C of O-Fs (~61 wt%) is found lesser than
that of P-Fs (~71 wt%). Acid treatment of P-Fs might have reduced
the amount of impurities and amorphous carbon and thus resulted
in lowering of the residual weight fraction. However, for S-Fs a
slight increment in weight residue fraction (~67 wt%) compared to
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that of O-Fs is found might be because of the presence of Si group
from the APTES functional elements.

3.4. Raman spectroscopic analysis

The effect of oxidation and silanization on defect density of Cgg
during stepwise modification is investigated under Raman spec-
troscopy. The investigation highlights the differences in the degree
of structural ordering and bonding states of Cgy due to stepwise
modification as depicted in Fig. 8. Two major characteristic peaks of
P-Fs near 1479 cm~! and 1532 cm™ ! was observed, corresponding
to the Ag bands from pentagonal pinching [3,54]. This is mainly
arising from the vibration of 5-member rings and ring deformation
of 6-membered rings [55]. Such bands predicts purity of the sam-
ples, even though disordered structure of amorphous carbon is
evident from strong band at 1300 cm~. Additional bands in the
spectra of P-Fs at 1364 cm~! (D-band) and 1590 cm~! (G-band) is
observed. D-band is mainly ascribed to the presence of disordered
carbon in fullerene [38]. On the other hand, G-band represents
crystalline graphitic structures [55]. Significant reduction in these
band intensities has been observed after oxidation, possibly owing
to removal of amorphous carbon during oxidation, represented
through broadening of peak at 1319 cm~ . Additionally, upshifting
of Raman wave number associated with G-band was observed
(Fig. 8), might be owing to the complexation power of Cgg which
may be arising due to electron accepting capability of P-Fs [54].
Substantial effect after silanization is depicted through significant
reduction of intensity and downshift of D-band and G-band for S-
Fs. This downshift results in Raman vibration band at 1290 cm ™!
and 1590 cm™~! for D-band and G-band respectively. Attachment of
APTES functional elemental group onto O-Fs might have reduced
the complexation power of Cgg thereby, resulting in down shift of
the resonance. The intensity ratio between D-band and G-band (Ig/
Ip) is used to determine defect density [3,51,56]. The Ig/Ip ratio
enhances to 10% (0.97 (O-Fs) from 0.88 (P-Fs)) after oxidation, while
the enhancement is 20.5% (1.06 (S-Fs)) for S-Fs when compared to
P-Fs. An increase in Ig/Ip ratio indicates an increment in the number
of defect sites.

3.5. Dynamic-mechanical properties of Cgg/epoxy nanocomposites

The variation in relaxation behavior of the Cgp/epoxy nano-
composites under load and temperature was ascertained under
DMA as can be seen in Fig. 9. The storage modulus, G’ (MPa) and
damping factor, tan , variation with temperature for NE as well as
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Fig. 8. Normalize Raman spectra of P-F, O-F and S-F.

P-FEC, O-FEC and S-FEC is depicted in Fig. 9(a) and (b) respectively.
The storage modulus curves endorses valuable insight predicting
the stiffness and molecular relaxation in NE and Cgp/epoxy nano-
composites. Fig. 9(a) evidences the significant variation of the G’ of
epoxy nanocomposites with pristine and stepwise modified Cgg
with respect to NE. At room temperature the G’ for NE is ~148 MPa,
which has been enhanced to values ~605, ~592 and ~875 MPa for P-
FEC, O-FEC and S-FEC. Hence, demonstrating a significant
enhancement of G’ by ~308%, ~300% and ~491% for P-FEC, O-FEC
and S-FEC with respect to NE. However, marginal variation in
modulus in case of O-FEC is observed in comparison to P-FEC. Thus,
attachment of oxygenated functional elemental group onto Cgg
surfaces provides no such appreciable effect to enhance G’ within
the glassy region of epoxy nanocomposite [27,57]. This fact may be
attributed to the formation of plasticizing mobile phase around Cgg
surfaces due to the presence of oxygenated functional groups,
leading to de-bonded aggregates which are weekly bonded to
epoxy. In other words, with increase in temperature homo-
polymerization or esterification reaction adjacent to the phases
near Cgo facilitates modulus degradation as evident from narrowing
the temperature window for O-FEC, as can be seen in Fig. 9(a). On
the other hand, broadening of the temperature window corre-
sponding to G’ degradation is achieved for S-FEC. This behavior
predicts the formation of high modulus interfaces between S-Fs
and epoxy. Thus, the significant improvement of G’ for S-FEC is
mainly owing to the silanization effect.

Further understanding of the mobility of the epoxide group due
to stepwise modification of Cgp is done through the investigation of
damping factor behavior (position and intensity), tan 6, repre-
senting the glass transition temperature (T) as shown in Fig. 9(b).
The T, of the epoxy composites at a specific temperature can be
related to Brownian motion of the main chains [58]. The addition of
P-Fs, O-Fs and S-Fs in epoxy resin leads to progressive decrease in Ty
but, increases the intensity of tan ¢ peak. The damping factor in-
tensity enhancement is mainly associated with material ability to
dissipate higher energy through segmental motion [33,58]. The S-
FEC showed enhanced intensity of tan ¢ peak, attributed to high
energy absorption during viscoelastic motion. In general, the
decrease in Ty of epoxy nanocomposites is associated with
improper curing stoichiometry between epoxy and hardener due to
addition of nanofillers, the same is also reported in other refs.
[59—61]. The incorporation of different functional groups onto the
carbon nanofiller results in steric and reactivity differences, which
may restricts the cross-linking process of the epoxy network during
curing, leading to change in T, [62]. The depression in T, for S-FEC
might be because of alteration in curing stoichiometry and there-
fore subsequently decreases the cross-link density. Moreover, the
formation of siloxane group onto Cgg results in excess amine group
formation, which possibly be the reason to alter the T [61]. To
endorse this phenomenon interfacial interaction between the Cgg
and the epoxy matrix was investigated by using the correlation
between damping factor of the Cgp/epoxy nanocomposites and neat
epoxy utilizing the equation shown below [63].

tan 0 = tan 6, /(1 + Bo) (1

Where tand and tand,, are the loss tangent of the Cgp/epoxy
nanocomposite and neat epoxy, respectively, ¢ represents the
volume fraction of the nanofillers and B is an interaction parameter
which is a quantitative measurements of interfacial interaction
between the nanofillers and the epoxy network. A larger value of B
means a better interaction between the two phases. From Fig. 9(b)
it is observed that the peak value of tané of the P-FEC (1.34) is
higher than that of the NE (0.89), and the interaction parameter
(B = —0.61) is low and negative, which indicates a relatively weak
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physical interaction between the P-Fs and epoxy network. The peak
values of tand for O-FEC (1.39) and S-FEC (1.54) is also higher than
that of P-FEC and NE. The interaction parameter for O-FEC and S-
FEC is calculated as —0.65 and —0.77 respectively, indicating weak
physical interaction for O-FEC and S-FEC. In general, a complex
interaction dominates the properties of nanofiller incorporated in
epoxy composites. Moreover, the interaction behavior vary greatly
for different matrix-filler systems. In case of step-wise modified
Cso, presence of oxygenated and siloxane functional group makes
the interaction phenomenon further complicated. The plasticizing
mobile phase around Cgg surfaces due to the presence of functional
groups elements might be leading to de-bonded aggregates at
elevated temperature making them weekly bonded to the epoxy.
Furthermore, the height and breadth of the tandé peaks provides
additional information about the molecular relaxation of the
samples. The interfacial load transfer between Cgp and epoxy
network can be understood form the tané peak intensity, where
low intensity is a measure of efficient stress transfer and large in-
tensity indicates relatively viscous response to stress at epoxy-
nanofiller interface during glass transition [28,62,64]. The signifi-
cant decrease in breath of the peak for the Cgp/epoxy nano-
composite suggest a narrower distribution of relaxation times,
presumably due to enhanced Brownian motion of the main chains
and less interaction between Cgg and epoxy network as indicated
by B and hence influences the mobility of epoxy network at T; [65].
At the temperature, near T no significant variation in G’ is observed
for pristine and stepwise modified Cgg/epoxy nanocomposites,
which indicates loose interaction and relatively high viscous flow.
Moreover, the presence of flexible Si—0—Si bonds at the interfaces
between Cgp and epoxy network as shown in Fig. 2, possibly re-
duces the interaction [28].

3.6. Thermogravimetric analysis of Cgg/epoxy nanocomposites

The effect of oxidation and silanization on the thermal stability
of P-FEC, O-FEC and S-FEC were investigated under TGA, and shown
in Fig. 10. The Tipt (5% weight loss), Tmpr (50% weight loss) and CY%
of the NE and epoxy nanocomposite are obtained from the repre-
sentative TGA thermogram of P-FEC, O-FEC and S-FEC (Fig. 10(a)).
The variation in IDT, MDT and CY% for NE, P-FEC, O-FEC and S-FEC is
shown in Fig. 10(b). The TGA thermogram clearly evidences single
decomposition stage for NE as well as Cgp/epoxy nanocomposites.
In case of P-FEC, Tipr value (333 + 5.9 °C) is higher than NE
(321 + 6.32 °C). But the Tipr for O-FEC is 28 °C lower than NE.
Incorporation of S-Fs in epoxy resulted in modest increase of Tipt
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value. Similar behavior is evident in case of Tyipr. It can be observed
that, Typr is unaltered for P-FEC (389 + 6.3 °C) with respect to NE. A
modest reduction in Typr by 5 °C is evident for O-FEC but, after
incorporation of S-Fs in epoxy Typr becomes equal to that of the
NE. In case of P-FEC, inherent capability of P-Fs to form non-
covalent donor-acceptor compound with epoxy, inhibits radical
and branched chain reaction [14,66] thereby, restricts molecular
mobility of polymer chain. Thus, delays the predominant random
chain scission of the epoxy matrix during the initial step of thermal
degradation [67]. At high temperature above 300 °C, P-Fs is having
high efficacy to degrade through intensive oxidation and thus, ex-
erts their stabilization power. This results in rupture of weak bond
between polymer and Cgo. The negative effect on thermal stability
of O-FEC is owing to the oxygenated functional elemental group
attachment onto Cgg making them probably incapable to react with
radicals of different chemical nature in epoxy. Moreover, oxidized
Cgp in epoxy possibly catalyzes rupture of weak bond leading to
decreased structural stability. But, in case of S-FEC existence of
siloxane along with NH; hydrophilic group onto Cgy enhances the
strong chemical interaction between the epoxy matrix and S-Fs
through the interfaces. This is leading to increased Tipr as well as
Tmpr for S-FEC compared to O-FEC by restricting the molecular
mobility of the polymer chain during initial degradation and
restricting rupture of weak bond at high temperature. The CY% il-
lustrates the change in the weight % of NE and Cgp/epoxy nano-
composites at 700 °C. The CY% for P-Fs was higher mainly due to
partial decomposition at 700 °C in comparison to other modified
epoxy nanocomposites. The reduction in CY% for O-FEC suggest,
enhanced thermal degradation of O-Fs. The marginal increase in CY
% for S-FEC predicts strong interfacial chemical interaction through
the interfaces formed due to siloxane and NH; hydrophilic group.
Taking in account the thermal degradation behavior, it can be
established that pristine as well as silanized Cgg play better stabi-
lizing role to enhance thermal stability of epoxy nanocomposites.

4. Conclusion

We have exposed the dynamic mechanical properties and
thermal stability of stepwise modified Cgp/epoxy nanocomposite.
The modification is done through oxidation and silanization in
presence of APTES to attach siloxane group onto Cgo. Dispersion
behavior under DMF demonstrates the formation of colloidal sus-
pension for O-Fs and S-Fs indicating better dispersion. FESEM
investigation revealed similar spherical morphology of O-Fs and S-
Fs akin to that of the P-Fs. But, O-Fs and S-Fs remained highly
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Fig. 10. Representative (a) TGA curves of NE, P-FEC, O-FEC and S-FEC and (b) Tipr (5% weight loss), Typr (50% weight loss) and CY% of NE and Cgp/epoxy nanocomposites.

interconnected even after surface modification. The presence of Si
with decreased carbon and increased oxygen content is evident
from EDX analysis of S-Fs. A careful investigation of S-Fs under TEM
reveals the formation of siloxane layer (~2.5 nm). The spectroscopic
studies conducted under FTIR and TGA-DTG analysis confirms
successful oxidation and silanization of Cgp. Raman spectroscopy
endorses reduced interaction amongst Cgg for S-Fs but, confirms
presence of some structural defects even after silanization. In
accord with the DMA results, room temperature storage modulus
was enhanced by ~491% for S-FEC. This is attributed to the
enhanced stiffness and molecular relaxation by improved interfa-
cial adhesion, which, compensates the plasticizing effect around
the interphase of Cgo. However, covalent attachment of the
oxygenated functional elemental group onto Cgp apparently
showed no such appreciable potentiality to enhance storage
modulus within the glassy region. The addition of S-Fs in epoxy
resin resulted decreased Tg, but, tan 3 peak intensity was increased.
On the other hand, the thermal stability of the epoxy nano-
composite system was not affected due to addition of S-Fs. These
observations clearly demonstrates the potential effectiveness of
silanized Cgp as a reinforcement for epoxy nanocomposites to
improve the viscoelastic and thermal performance.
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