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® The ISS/EP enhances the tensile
strength and tensile modulus by
~45% and ~ 36%.
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ABSTRACT

In this study, imidazole supported silica nanoparticle (ISS) was prepared from Tetraethyl orthosilicate (TEOS)
precursor via co-condensation method. To warrant the chemical linkage of imidazole group to the silica surface,
different spectroscopic characterization was performed. The microscopic investigation under TEM elucidates
GMS/ISS particle size compared to as synthesized nanosilica (nS), which also endorses their surface modifica-
tion. Further, ISS (0-3wt %) was used to prepare epoxy nanocomposites. The ISS/EP enhances the tensile
strength as well as the tensile modulus by ~45% (84 MPa) and ~ 36% (1.37 GPa) with respect to the neat epoxy
(58 MPa and 1 GPa) respectively. Herein, the ISS nanoparticle uplifts the tensile performance of the epoxy na-
nocomposites at lower (1 wt %) filler content. To verify this result, further the dispersion study of ISS in epoxy
system under TEM study was performed. A homogeneous distribution is observed at 1 wt % of ISS nanoparticles.
In addition to that, Composites embedded with 1wt % of ISS showed significant enhancement in toughness
without sacrificing their stiffness properties. This noticeable improvement offered by ISS opens up the scope to
use theses one-pot synthesized nanoparticles as toughness enhancer for highly brittle epoxy systems.

1. Introduction

advanced composites. Among different polymers, DGEBA epoxy resin is
a good choice as a matrix system for application of high performance

From the past few decades, the nanoparticle in combination with composite owing to excellent thermal and mechanical properties like
polymer matrix enlarges the area of research for their applications in thermal stability, strength, stiffness and strong adhesion with
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organically modified fillers [1-3]. It is used in various industrial area
such as aircraft, defense, wind energy, locomotive and automotive etc.
[4-6]. However, the intrinsic drawback of resin system is their stiffness
and toughness, which is mostly dependent on crosslinking density. The
too high cross-linking density of epoxy system results in brittle fracture
even at low stress. To overcome such challenges, researcher across the
globe tried many ways to enhance their tensile and fracture property
without sacrificing their stiffness. One of the most effective approaches
is to reinforced nano-fillers such as silica [7,8], ZnO [9-11], clay [12],
carbon [13-17], TiO, [18], Al,O03 [19] and ZrO, [20] in the matrix
system. From literature, it was found that using such nano-fillers in-
fused resins improves their properties and lead tempting those chal-
lenges in many different fields. Most of works scrutinized the influence
of organically modified silica to enhance their mechanical and other
properties of epoxy system. As, nano sized silica particles have been
extensively used as a reinforcement for epoxy resin due to their high
modulus, specific surface areas, thermal stability along with low den-
sity, material cost and good abrasion resistance [21]. Hence, the overall
performance of composites is basically depends on the surface chem-
istry of silica such as size, shape and wettability towards dispersion in
matrix system. At present, out of the other inorganic nanofiller, SiO,
nanoparticles tend to aggregate in highly viscous matrix system, which
is a key challenge owing their hygroscopic nature (high polarity of
particle's surface) and poor adhesion between nano sized SiO, particles
and matrix system have restricted as the reinforcement [22]. In this
regard, covalently functionalized nano-SiO, if incorporated in epoxy
system can improve the dispersion quality as well as interfacial prop-
erties at the interface because it enriches its wettability [23]. From few
reports, some epoxy and amino silane functionalized silica particles
justifies as efficient reinforcement in epoxy system as the functional
groups actively engage the curing process and thus, tailors the cross-
linked networks of the epoxy system. For instant, C. Alzira et al. [24]
reported use of epoxide group modified nano silica in epoxy system and
evaluated the interfacial effect on T, and thermal properties of epoxy
system. They highlighted improvement in T, due to better dispersion in
comparison with bare silica. Similarly, H. Behniafaret al [25] reported
effect of amine modified nanosilica on viscoelastic response of epoxy
resin system. The storage moduli value of modified nanocomposites is
about four times higher (0.94 GPa) than that of neat epoxy network
(0.18 GPa). The storage modulus (E”) and thermal stability of compo-
sites containing amino functionalized silica nanoparticles (5wt %) de-
monstrated superior behavior relative to the unmodified composites.
Han et al. [26] reported the fracture toughness of epoxy nanocompo-
sites by using amino and epoxide groups functionalized commercial
nanosilica. The K;¢c value of amine functionalized epoxy nanocompo-
sites improves 25% (1.15MPam®®) with respect to neat epoxy
(0.92 MPa m®®) while epoxy functionalized nanocomposites enhance-
ment 36% (1.25 MPam®®) at 2wt %. Further, M. Conradi et al. [27]
reported mechanical properties of nanosilica-reinforced epoxy nano-
composites. They demonstrated 11% (141 MPa), 15% (3 GPa) and 38%
(0.91 MPa m®®) enhancement in tensile strength, tensile modulus and
fracture toughness property of epoxy matrix at 0.5 vol % of nanosilica
compare to pure epoxy (127 MPa, 2.60 GPa and 0.66 MPa m®?® respec-
tively). So far, most of the work on SiOy/epoxy system has primarily
focused on conventional amine based hardener, whereas the research
on anhydride based hardener is hardly been reported. In fact, using
anhydride based epoxy system has some additional benefit such as low
viscosity, high pot life and excellent thermal stability over amine based
epoxy systems. These profits are highly adorable for tailoring high
performance composites structure for advance applications. Further-
more, the curing kinetics pathway of anhydride cured epoxy systems
can be tailored via imidazole modified nano filler to suit for different
applications. Recently, W. Liu et al. [28] reported the synchronous re-
inforcing and catalytic effects of imidazole modified graphene in an-
hydride based epoxy system. They demonstrated the tensile strength
and Young's modulus of composites (0.4 wt %) were enhanced by 97%
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and 12% respectively compare to neat epoxy. In some other work, Q.
Lyu et al. [29] reported the reinforcing and catalyzing effect of imi-
dazolium ionic liquid modified GO in the same system, They found
increment of 12% in flexural strength (141 MPa), 26% in flexural
modulus (5 GPa), and 52% in impact strength (18 kJ/m?) compared to
control epoxy system. Similarly, Zhang et al. [30] reported the influ-
ence of supported ionic liquid modified silica on mechanical properties
of amine based epoxy system. They achieved maximum enhancement of
~13% in tensile strength (52MPa), ~20% in flexural strength
(84 MPa), ~9% in flexural modulus (2.32 GPa) and ~17% in impact
strength (19.2kJm™?) with respect to unmodified epoxy system at
30wt %. This gives the essence of scrutinizing imidazole supported
silica particle (ISS) for the use as epoxy curing agent to improve me-
chanical and fracture properties.

In the present study, we demonstrated how the introduction of ISS
in anhydride based epoxy system can affect the mechanical and fracture
properties of composites with respect to unmodified epoxy system. In
order to obtain better dispersion of ISS in epoxy system, we develop a
new method for surface modification of nanosilica [31]. Investigation
was also done to pinpoint the factors that are responsible for en-
hancement in mechanical and fracture properties of imidazole sup-
ported silica reinforced epoxy (ISS/EP) nanocomposites. Identification
of failure mechanism of nanocomposites is done in detail using frac-
tography analysis.

2. Experimental details
2.1. Materials

In the present work, Tetraethyl-orthosilicate (TEOS, purity 98%)was
used as a precursor and ammonia solution (25% NHsin water)as a
catalyst obtained from Merck Specialties Private Limited, Mumbai,
India. (3-Glycidyloxypropyl) trimethoxysilane (GPTMS = 98%) used as
coupling agent purchased from Alfa Aesar India Pvt. Ltd. Hyderabad,
India. Di-glycidylether bisphenol-A (DGEBA) epoxy resin (Araldite
LY556), anhydride based hardener (Aradur HY 906) and 1-methyl
imidazole as an accelerator (DY 070) supplied by Huntsman India Pvt.
Ltd., India was used as epoxy system.

2.2. Synthesis of surface modified silica nanoparticle

The nanosilica (nS) particle was synthesized using sol-gel method
[32]. Further, the GPTMS modified silica nanoparticle (GMS) was
synthesized by co-condensation via the sol-gel process. In a typical
procedure, 4 ml (0.50 M) of TEOS was added to 250 ml beaker con-
taining 30 mL of ethanol, 400 pl (10 wt % of TEOS) of GPTMS and 2 ml
(3M) of deionized water. The homogeneous solution was vigorously
stirred and 1.4 ml (1 M) of ammonia solution is added drop wise. The
reaction was allowed to proceed under moderate stirring at room
temperature for another 5h. The white milky gel is formed, which was
separated by centrifugation and repeatedly washed with ethanol and
deionized water, and finally the powders were dried at 90 °C for 24 h in
a vacuum oven.

The imidazole supported silica particle (ISS) was synthesized using
one-pot process via co-condensation method. In a typical procedure,
4 ml (0.50 M) of TEOS and 2 ml (3 M) of deionized water were added to
round bottom flask containing 30 mL of absolute ethanol and stirred
vigorously for 30 minat room temperature to prepare homogenous
solution. Subsequently 4 ml (1 M) of 28% NHj solution was added via
pipette and stirred for next 4 h. Consecutively, 400 pL. GPTMS (10 wt %
of TEOS) using micro-pipette and 2g (25 mmol) 1-methyl imidazole
was added to the above reaction mixture purging with dry nitrogen, and
continue stirring for another 8 h. The ISS nanoparticle was purified and
separated by centrifugation and they were thoroughly washed by
ethanol until clear transparent solution was detectable in the centrifuge
tube. Then they were dried at 90 °C under vacuum for 8 h.
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Fig. 1. Schematic representation for surface functionalization of silica nanoparticles via one-pot sol-gel route.

2.3. Preparation of silica/epoxy nanocomposites

In present work, silica/epoxy nanocomposites were prepared by
varying content (0-3 wt %) of the variants (nS, GMS and ISS) embedded
into hardener and thoroughly mixed using high shear impeller agitation
at 1400 rpm for 10 min followed by acoustic cavitation (via probe so-
nication) for another 30 min. The dispersion of nano-SiO, into epoxy
system was performed by ultrasonic probe sonicator (Q-Sonica,
Newtown, CT, USA) with maximum output power of 700 W (Frequency:
20 kHz, amplitude: 70%) under dual mode mixing. The blend tem-
perature was constantly monitored and maintained at room tempera-
ture by thermocouple using circulating cold water around the blend
enclosed with Teflon made jacket via water bath chiller to avoid de-
gradation. Then, stoichiometric amount of epoxy resin and initiator
D070 (weight ratio of epoxy: hardener: initiator is 100:95:2) was added
to the above mixture and continued mixing for another 5 min to obtain
a homogeneous mixture followed by degassing under vacuum for
30 min. Then, the mixture was poured into a silicone rubber mold and
kept in vacuum oven with two stage curing system which includes pre-
curing at 120 °C for 2 h and post cured at 160 °C for 8 h.

2.4. Method of characterizations

The surface properties of nS/GMS/ISS nanoparticles were in-
vestigated by FTIR spectra using Bruker Vertex 80 spectrometer,
Germany in the range of 4000 to 400 cm ~ 'wave number. The samples
were bound in the pellets form using pallet press with KBr. X-ray
photoelectron spectrum (XPS) measurement was performed on an AXIS
Supra (Kratos Analytical, UK (SHIMADZU group)) with an aluminum
monochromatic (Al-Ka) 600 W X-ray source (1486.6€V). Thermo-
gravimetric analysis (TGA) was performed on a thermal analyzer
(NETZSCH STA 449 F3 Jupiter, Germany) using 10 mg of samples in a
temperature range of 30 to 800 °C with heating rate of 10 °C/min under
N, gas purging (30 ml/min) on Al,O; sample pan. The 2°Si Nuclear
magnetic resonance (>°Si NMR, 500 MHz) signals were recorded using
Bruker Instrument (Bruker Advance III, Billerica, MA, USA) in DMSO
solvent (hydrogenated). Transmission electron microscopy (TEM) was
performed on a JEOL (JEM 2100, Japan) with an operating voltage of
200 kV to predict the particle shape and size. The samples were pre-
pared by sonicating silica particles (0.05 mg/ml) in absolute ethanol for
30s. Subsequently, putting one drop of the suspension on amorphous
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carbon-coated copper grid followed by evaporating solvent. The dis-
persion analysis for epoxy nanocomposites was done on samples pre-
pared by using programmable spin coating (model: Spin NXG-P2, make:
APEX Instruments, Russia) process. For the spin coating process, the
ISS/epoxy mixture were deposited on the overhead polymer substrate
(O-H.P. sheet) and spin coated at the rate of 5000 rpm for 30 s followed
by second spin-up rate at 9000 rpm for 60s. Then the produced com-
posites thin film was cured at 80 °C for 2 h to solidify the nanocompo-
sites mixture. The specimens of 1 cm? in size were prepared using low
speed diamond disc cutter followed by grinding and polishing. Finally
the TEM was used to predict the microstructure of particles dispersion
state in epoxy resin system. The tensile and three point notched bend
(SENB) test of nanocomposites were performed using computerized
universal tensile machine INSTRON, Model 5969, USA) at a cross-head
speed of 1 mm/min. The tensile samples were prepared in accordance
with ASTM D638 (type-V) followed by grinding and polishing. The
fracture property of nanocomposites was demonstrated by following
the ASTM D5045 standard. According to standard test procedure [33],
the K¢ and G;¢c were calculated equations (1)-(3).

6P
Kic=——XJa xY
=2 Ja

(€8]
Where Y is the shape factor determine by equation (2):
a a a a
199 — (1= (215 = 393(;) + 2.7(;))
= 3
(1+2;)0 = )1 = )2) )

Here, P is maximum applied force, W is width, B is thickness and ‘a’ is

the depth of notch of the specimen.
Gic = Kic[(1 = v)/E] ©)

Here, v is Poisson's ratio of composite material and is equal to 0.33; E is
tensile elastic modulus, K¢ is fracture toughness and Gy is fracture
energy.

3. Results and discussion

3.1. Reaction mechanism and morphological investigation of GMS and ISS
nanoparticles

The scheme depicting plausible reaction mechanism for surface
functionalization of silica nanoparticles via one-pot sol-gel route to
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Scheme 1. Proposed reaction mechanism for synthesis of nS, GMS and ISS nanoparticles.

produce GMS and ISS is shown in Fig. 1. In the typical process of GMS
nanoparticle synthesis firstly a fixed molar ratio of TEOS and water was
mixed with pre-determine quantities of ethanol. During this process,
TEOS was first hydrolyzed to ethoxyl groups (—Si-OEt) to produce the
monomer of silanol groups (—Si—OH). Then, the condensation between
two silanol groups occurs after additions of NH; to generate branched
siloxane clusters (Si-O-Si bonds) under controlled nucleation and
growth of particles followed by growth termination. In this study, under
high NH; concentration, the growth mechanism of silica nanoparticles
follows the “monomer addition” model [34].

This model is true for the formation of nanosized silica particles at
experimental condition, when high concentration of NHj; is used. It was
found that the reaction time decreases significantly as NH3; concentra-
tion (> 0.90 M) is increased. In view of the above, TEOS hydrolysis
involves the formation of penta-ethoxyl group via nucleophilic sub-
stitution reaction. This is because of the faster rate of hydrolysis under
high NH; concentration. Hence, hydrolysis rate accelerates the con-
version of large amount of silanol groups to form more ethoxyl groups,
which is attributed to the increase in Si* atoms that reduces steric in-
termolecular interaction of ethoxyl groups that is expected to favor
more nucleophilic attack for the formation of silanol groups. In the case
of GMS, as schemed in Fig. 1, the growth mechanism of particles can be
correlated with the “aggregation only” model [35]. In the first step,
primary silica particles are formed after ammonia addition in the re-
action mixture. The second step involves the primary particles trans-
formation into oligomers by the co-condensation of TEOS and GPTMS.
During the reaction, first of all methoxyl groups of GPTMS are hydro-
lyzed in the presence of excess water via self-condensation reactions
and form hydrolyzed silane. Later, this hydrolyzed silane molecules are
anchored among each other through covalent bond and release water
molecules. Thus, GMS particles are expected to form diol species via a
combination of poly-condensation and the co-condensation reactions
between TEOS and ring opened epoxide groups of GPTMS. Since, the
poly-condensation reactions are expected to slow down the poly-
condensation of silica and the epoxy opening reactions under highly
basic conditions. The relative rate of hydrolysis and condensation can
be controlled by choosing proper amount of GPTMS with respect to
TEOS to tailor a final chemical structure of GMS. The disappearance of
epoxy end-groups of the GPTMS molecules during formation of GMS
was explained in details by P. Innocenzi at el [36]. They reported the
reactions in highly basic conditions (pH ~14) of GPTMS organic mo-
lecules in presence of TEOS by liquid state '3C NMR. In the study, they
marked different C-atoms in GPTMS from 1 to 6. In particular, C in
positions 5 and 6 are assigned to the epoxy end group and was
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monitored the opening reactions during reaction process. They ob-
served the ring opening is not a fast process under highly basic condi-
tions and appears to proceed with an almost constant rate with the
reaction time, this was confirmed by the decrease of epoxy signals 6
(43ppm) and 5 (52 ppm). A similar trend was observed for carbon
signals at 64, 69, 70 ppm, they start to appear after one day of reaction
and steadily increase in intensity with aging time. The couple of signals
at 64 and 70 ppm were assigned to diols formation by hydrolytic
opening of the epoxy end-groups of the GPTMS molecules. Further, the
reaction growth mechanism for synthesis of ISS nanoparticles (Fig. 1) is
very similar to the synthesis of GMS nanoparticles following the “ag-
gregation only model”.

The reaction was performed via co-condensation reaction of TEOS
and GPTMS in presence of imidazole. Herein, imidazole catalyst acts as
anions that might potentially behave as an electrophile, which accel-
erates the co-condensation reaction between TEOS precursor and
GPTMS co-precursor. Thus, inorganic polymerization between TEOS
and GPTMS and organic polymerization between GPTMS and 1-methyl
imidazole was taken place. Further, at the end of reaction process, the
major functional group on the surface of pure silica (nS) was examined
by using FTIR and 2°Si NMR spectrometer (Fig. 4(a and b)), which was
discussed later of section 3.2 in detail. On the basis of these results
obtained from spectroscopic analysis of nS, GMS and ISS nanoparticles,
the final chemical structure of ISS [37] was tailored as shown in Scheme
1.

The main purpose of studying scanning electron microscope of na-
noparticles is to observe the morphologies of silica nanoparticles before
and after modification. However, the nanoparticles changed to nano-
size cluster by aggregation, in this case, it is impossible to observe the
existing clusters in dispersion state of particles. According to SEM
images shown in Fig. 2, we can observe that the size in SiO, nano-
particles do not change before and after modification due to formation
of large aggregation of particles under the influence of hydrophilicity.
However, to obtain the clear distinguished among size of each particle,
further TEM analysis was performed. On the other hand, the
morphologies of silica particles before and after modification were
analyzed under SEM as shown in Fig. 2. As expected, the morphology of
sol-gel (modified Stober method) derived functionalized and un-
functionalized nanoparticles are spherical and homogeneous. The
morphological investigation under SEM demonstrates higher level of
silica nanoparticle aggregation even after surface modification, possibly
due to hygroscopic nature of silica.

The size of the three nanoparticles nS, GMS and ISS are quite dif-
ferent (Fig. 3) due to the different hydrolyzation and condensation rates
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Fig. 2. SEM micrographs of (a) nS (b) GMS and (c) ISS nanoparticles.

of TEOS, between GPTMS/TEOS molecules and the TEOS/GPTMS/1-MI
organic moieties respectively. The variation in particle size of nS, GMS
and ISS was further obtained from the TEM investigation as shown in
Fig. 3. TEM micrograph demonstrates particle size of nS as ~170 nm,
whereas for GMS it was ~14 nm and for ISS it was ~ 8 nm respectively.
The reduction in particle size of GMS compared to nS is attributed to
controlled hydrolysis rate of TEOS and GPTMS, whereas further re-
duction in particle size for ISS is achieved by controlling the degree of
condensation rate between GPTMS and imidazole. Since, Imidazole is
nucleophilic in nature, the imidazole group (pyridine-nitrogen) in-
creases the catalysis resulting in strong ionic interactions between
imidazole and the epoxide group of GPTMS [38]. Here, the reduction in
particles size of both GMS and ISS in comparison to nS can be better
explained by the diffusion and reaction kinetics model [39]. This model
suggests higher Gibbs free energy of a supersaturated reaction solution
because of the addition of organic moieties. The free energy for nu-
cleation is mainly depends on the radius of nuclei as well as volume and
surface free energy. So during the sol-gel process, the particle growth is
a function of time, concentration, temperature, and viscosity of reaction
mixture etc. [40]. For the uniform particle growth, it is best to have a
short nucleation time so that during subsequent particle growth, all the
nuclei are allowed to grow for an equal amount of time. In this work, as
shown in Fig. 3 (b) and (c), there is reduction in particle size. The ad-
dition of organic moieties into the reaction mixture in a shorter time
resulted in covalent or ionic interaction between each nuclei and the

ns (b)

functional groups, which we are expecting to, restrict further growth of
the nuclei. In the case of GMS synthesis, the surface of silica was grafted
covalently with the GPTMS. On the other hand, the surface modifica-
tion of silica with imidazole moieties consists of two step reaction. In
the first step, covalent interaction between TEOS precursor and the
GPTMS and in the next stage ionic interaction between the hydroxyl
groups terminated GPTMS with the imidazole (as shown in reaction
Scheme 1).

3.2. Investigation of functional group attachment on the nano silica

The major functional group on the surface of pure silica (nS) was
firstly examined by using FTIR spectrometer and the obtained result is
shown in Fig. 4 (a). The IR peak of nS shows the narrow absorption
peak at ~3400 cm ™!, which is attributed to H-bonded from silanol OH
group [41]. The peak at ~1600cm ™' can be assigned to bending vi-
bration modes of physically adsorbed water molecules. The character-
istic peaks ~1090 and 800 cm ™ ‘are related to the symmetric and
asymmetric stretching vibration of Si-O-Si bond. The peak at
~460cm™! and ~567cm™! are assigned to Si-O-Si out of plane
racking (bending) and asymmetric stretching modes. This observation
confirms no presence of unreacted TEOS that can appear after synthesis
of the nS nanoparticles via sol-gel method [42].

In the case of GMS as well as ISS, new sharp absorption peak is
observed at ~2878 cm ™! and ~ 2950 cm ™! respectively corresponding

Fig. 3. TEM micrographs of (a) nS (b) GMS and (c) ISS nanoparticles.
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Fig. 4. (a) FTIR spectra of nS, GMS and ISS nanoparticles (b) The >°Si NMR spectra showing signal characteristics of nS, GMS and ISS nanoparticles (c) TGA curves of

nS, GMS and ISS nanoparticles.

to the symmetric and asymmetric stretching vibration mode of C-H
band. For GMS, peaks at ~1280cm ™' and ~910cm™* is likely to be
present corresponding to the epoxy ring breathing and the epoxy
asymmetric bending (C-O-C) respectively. The absence of these bands
for GMS provides a strong evidence for opening of the epoxide ring of
GPTMS molecules in presence of NH; as catalysis from TEOS [43]. The
broadening of peaks corresponding to ~3416, ~950 and ~800cm !
for GMS with respect to nS indicates the hydrolysis of TEOS and GPTMS
in the presence of water molecules. For ISS, the further broadening of
peak at ~1090 cm ™! indicates the faster condensation rate of GPTMS
in presence of 1-methyl imidazole as we have schemed in Scheme 1.
Furthermore, new absorption peak at ~1212, ~1280 and
~1460cm ™! for ISS is ascribed to G-N asymmetric stretching, C-H
asymmetric stretching and C=C symmetric stretching respectively from
imidazole [44]. The presence of these bands confirms the attachment of
imidazole on the surface of nS. The chemical structure of nS, GMS and
ISS was evaluated based on the results obtained from 2°Si-NMR as
shown in Fig. 4(b). From the spectra of GMS as well as ISS, the observed
major three characteristic peaks demonstrates chemical shift corre-
sponding to the bi-functional (Q?, tri-functional (Q®) and tetra-func-
tional Si-O units (Q%). This is ascribed to the hydrolysis and con-
densation reaction of TEOS and GPTMS in presence of ammonia and
imidazole. The signals at —89ppm, —102ppm and —111ppm are
assigned to Q2 [Si(OH),] Q3 [Si(OH)] and Q4 (SiO4) chemical species as
listed in Table 1.

The signals at Q2 is found increased by 1 ppm while the signal Q? is
reduced by 3 ppm and the signals at Q* is increased by 2 ppm for GMS
with respect to the nS. However, in the case of ISS only signal at Q* is
found increased by 4.6 ppm, confirming the condensation of both silane
compounds. The small peak at Q* decreases significantly with respect to
nS for both GMS and ISS, indicating a high degree of condensation
between GPTMS and TEOS during the synthesis process [45]. Again on
the basis of these results, the final chemical structure of ISS as proposed
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Table 1
The signal characteristics peaks response of nS, GMS and ISS nanoparticles
under®’Si-NMR spectra.

Sample code Q? Q3 Q*

nS -89 —-103 —-111
GMS -90 —100 —-113
1SS -90 —-101.8 —114.6

in Scheme 1 is confirmed. The thermal degradation analysis of the nS,
GMS and ISS was performed under TGA as shown in Fig. 4(c). From
TGA plots, a three step weight loss of GMS and ISS particle is found. The
weight loss for nS was observed within the range of 136 °C to 546 °C by
~5.5%. This weight loss is attributed to the volatilities of OH groups. In
case of GMS and ISS, weight loss under first stage occurred in a tem-
perature range of 117-286 °C and 141-294 °C corresponding to ~4%
and ~4.27% respectively. This is associated to the removal of physi-
cally absorbed moisture and water on the surfaces of GMS and ISS. Mass
loss under second stage within the range of 286-580°C (19.7%) for
GMS and 294-413 °C (8.48%) for ISS respectively could be attributed to
the degradation of methyl group moiety from GPTMS and imidazole.
Finally in the third stage, weight loss was observed in the range of
580-896 °C (5.47%) for GMS, 413-803 °C (12.2%) for ISS respectively is
attributed to all losses of carbon, oxygen and nitrogen from the surface
of GMS and ISS. A noticeable increased weight loss of GMS and ISS than
that of nS, indicates the presence of functional organic moieties on the
facial portion of nS [46]. In addition, the grafting density of GPTMS and
Imidazole moiety on the surface of GMS and ISS nanoparticle was es-
timated within the temperature range of 300 to 800 °C by the following
equation (4) and is listed in Table 2 [47].

Wi00-800 1000
I X (=)
M

Grafting density (mmol/g) = [ ———————
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Table 2

Grafting density of organic moieties on the surface of ISS was estimated by TGA.
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Sample code Mass loss at 300 °C (%), W3go Mass loss at 800 °C (%),Wsgoo

Wsgo — Wggo (%) Silane Grafting (Wt %) Silane Grafting (mmol/g of nS)

3 0 0
17 14 0.69
20 0.37

nS 90 87
GMS 89 72
1SS 90 70
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Fig. 5. (a) X-ray-photoelectron spectroscopy (XPS) broad scans for nS, GMS and

ISS (b) Deconvoluted curve-fitting of GMS for XPS core-level of C1 (c)
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Where,W3g9.500 is weight loss of silica in a temperature range of
300-800° and M (g/mol) is the molecular weight of the grafted silane
molecules.

The surface functional group attachment for nS, GMS and ISS na-
noparticle is finally investigated under XPS (survey and high resolution
spectrum) as shown in Fig. 5(a-e). From Fig. 5 (a), the binding energies
at peaks around 100, 150 and ~530 eV is related to the Siyp, Sip, and
0,5 respectively corresponding to the characteristic of nS [48]. After
modification of nS with GPTMS, peaks with binding energy ~283 eV is
observed, which is assigned to Cy;, justifying the presence of GPTMS
moieties on the surface of silica [49]. Similarly, modification of nS with
imidazole through the linkages of the GPTMS, peaks with binding en-
ergy ~283 and 399 eV is observed, which is assigned to C;5 and Ny
respectively, which is in good agreement with the presence of imidazole
moieties on the surface of silica [50]. After deconvolution curve-fitting
of Cy5 for GMS four main peaks at binding energies 282.6, 283.6, 285
and 286.4 eV is observed. These peaks are corresponds to C-O, C-C, C-
OH and C-O-C bonds respectively (Fig. 5 (b)). The Si,, deconvolution of
GMS demonstrates two major peeks at binding energies 101.5 and
103.3 eV (Fig. 5 (¢)), which corresponds to two atomic bonds of Si-O-C
and O-Si-O groups, respectively. This observation justifies the presence
of carbon and silicon atoms attached on the structure of the nS in the
form of GPTMS moiety. In similar way, the deconvolution curve-fitting
of Cy; for ISS three main peaks at binding energies 281.8, 283.5 and
284.8 eV is observed. These peaks are corresponds to C-O, C-Si and C-C
bonds (sp3 hybridized carbon atoms) respectively (Fig. 5 (d)). The Ny
deconvolution of ISS demonstrates two major peeks at binding energies
396.5 and 398.7 eV (Fig. 5 (e)), which corresponds to two atomic bonds
of C=N pyridine and C-N pyrol groups of nitrogen atoms, respectively
from imidazole. This observation justifies the presence of two nitrogen
atoms attached on the structure of the nS in the form of imidazole
moiety.

3.3. Tensile properties of nanocomposites

The tensile performance of nanocomposites prepared with the
varying content (0-3 wt %) of bare and modified silica nanoparticles is
shown in Fig. 6 (a). The tensile strength and tensile modulus of neat
epoxy system is found as ~58 MPa and ~ 1 GPa respectively. For the nS

A
=1 200 pnt
\\

Fig. 6. (a) Tensile properties of epoxy nanocomposites at varying contents of nS, GMS and ISS nanoparticles. Microscopic tensile fracture surfaces of epoxy na-
nocomposites (b) neat epoxy (EP) (c) nS/EP-1 (d) GMS/EP-1 and (e) ISS/EP-1 and (f) ISS/EP-2.
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Fig. 7. High magnification FESEM images of fracture surfaces taken from tensile specimens of the composites filled with (a, b) 1 wt% ISS (c, d) 2 wt% ISS.

added epoxy nanocomposites (nS/EP) system, the tensile strength as
well as the tensile modulus increases with the increase in nanoparticle
content. The maximum tensile strength of ~81 MPa and tensile mod-
ulus of ~1.34GPa is found after 2wt % of nS addition in the epoxy
system. This leads to ~39% and ~34% enhancement in tensile
strength and tensile modulus than that of the EP. The epoxy nano-
composites having GMS (GMS/EP) shows enhancement of ~45.6%
(~85MPa) in tensile strength and ~46.5% (~1.48 GPa) in modulus
with respect to the EP when 2wt % of reinforcement is done. In con-
trast, the maximum increment in tensile strength and tensile modulus
for ISS added epoxy nanocomposites (ISS/EP) is found after 1 wt % of
reinforcement. The enhancement in tensile strength and tensile mod-
ulus for ISS/EP-1 is found as ~45% (~84MPa) and ~36%
(~1.37 GPa) with respect to the EP system respectively. This is mainly
ascribed to the cross-linking capability of the imidazole group present
on the surfaces of the ISS to enhance the interfacial properties [51].
Further increase of ISS contents (> 1wt %) reduces both tensile
strength and tensile modulus dramatically, which may be attributed to
the agglomeration of ISS in epoxy system. However, due to hydro-
phobic nature of GMS, the generation of an efficient creating interphase
due to the covalent bonding between hydroxyl group of GMS and ep-
oxide network lead to homogeneous dispersion in the matrix system. By
increasing particle content (> 2 wt % of GMS), the tensile strength and
modulus start decreases. This may be attributed to the excess covalent
attachment of organic moieties on GMS particles may inhibit the curing
reaction rate and dominant the crosslinking density [52]. On the other
hand, relatively high degree of covalent attachment or high wt % of
particle loading may cause a clogging effect leads to generation of weak
structure of cross-linking network. Similar trend is also reported by
others wherein they demonstrated that GO coating on silica particle can
largely enhance the mechanical properties of epoxy composites. Lo-
cated at the interface, the GO shells on silica surface could serve as
influential coupling agent for the modification of silica particles,
leading to a significant enhancement of interfacial interactions [53] in
the matrix system.

The tensile fracture surface of EP, nS/EP, GMS/EP and ISS/EP was
investigated under FESEM and is demonstrated in Fig. 6(b-f). The
fractography surface of neat epoxy (EP) shows a smooth surface with
hackles markings suggesting brittle fracture as shown in Fig. 6 (b). The
fractography of nanocomposites containing 1 wt % of nS demonstrates
rougher fracture surface throughout as can be seen in Fig. 6 (c). This
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might be due to poorly adhered large sized particles that leads to the
increases in the surface roughness with insignificant plastic deforma-
tion [54]. High magnification FESEM investigation (top left corner in
Fig. 6 (c)) for nS/EP shows presence of micron sized voids (white en-
circled) with large scale matrix tearing (marked by white arrow), in-
dicating crack path deflection that somehow contributes towards ten-
sile performance enhancement. Fig. 6 (d) shows the tensile fracture
surfaces of composites containing 1wt % of GMS nanoparticles. A
comparatively smoother fracture surface indicates better adhesion of
the GMS nanoparticles with the epoxy matrix. Higher magnification
fractography of GMS/EP reveals multiple sites for striation formation
and propagation suggesting better dispersion of the GMS nanoparticles
within the epoxy matrix as can be seen in top right corner in Fig. 6 (d).
In addition, places are found wherein mico voids (marked with white
arrow) are grown where crack is pinned because of the tailored inter-
facial stiffness at the juncture of the GMS nanoparticles and the matrix.
For ISS/EP having 1wt % of ISS, a comparatively rougher fracture
surface is demonstrated after examining under FESEM at low magnifi-
cation as can be seen in Fig. 6 (e). This enhanced matrix tearing effect
with the reduction in the formation of striations elucidates brittleness in
the system. After examining under FESEM at high magnification as
demonstrated in the top right corner in Fig. 6 (e), we found un-ad-
hered/partially adhered clusters and matrix tearing marks. However,
since these cluster size is smaller than that of the nS/EP the tensile
performance of ISS/EP is improved. This behavior is found more pro-
minent for ISS/EP having 2wt % of ISS, where in further smoother
fracture surface along with big sized agglomeration is found as can be
seen in Fig. 6 (f).

3.4. Interface and microstructure in the nanocomposites

In order to further understand the influence of ISS on the ISS/matrix
interfacial quality, high magnification FESEM fracture surface in-
vestigation of the composites filled with 1 and 2 wt % ISS after tensile
tests has been performed and is shown in Fig. 7(a—d).

The fracture surface of the composites having 1 wt% of ISS shows
finer river-like structures Fig. 7 (a). The enlarged view as shown in
Fig. 7(b) shows well-embedded non-aggregated ISS nanoparticles in the
epoxy matrix that led to the crack propagation around the particles.
This indicates a better interfacial stiffness of the ISS/matrix system after
imidazole functionalization. Consequently, increases the load



T. Prasad, et al.

50(ﬁ1m
Fig. 8. Dispersion study of ISS particle in epoxy system (a) neat epoxy (b) 1 wt
% ISS (c) 2wt % ISS and (d) 3wt % ISS.

transferring ability of the matrix polymer [55,56]. For the ISS/EP-2
nanocomposites, the low magnification FESEM image demonstrates
aggregates of ISS as shown in Fig. 7 (c). Such aggregates of ISS may
hinder the modification of the interfacial stiffness and can create stress
concentration zones during the fracture process, impairing stress
transfer ability of the matrix.

The dispersion analysis of the ISS/epoxy composites under TEM
revealed aggregation of the ISS nanoparticles at higher weight fraction.
Fig. 8(a-d) shows TEM micrographs for ISS/EP system with the increase
in the nanoparticle content. A homogeneous distribution is observed till
1 wt % of ISS nanoparticles is reinforced in the epoxy system. However,
at higher nanoparticle content (> 2wt %) sites with large extent of
aggregated ISS nanoparticle can be seen. It was expected that the pre-
sence of organic moieties on the ISS surfaces has capability to influence
homogeneous distribution within the epoxy system, but possibly the
GPTMS linker on the ISS nanoparticles provides dual functionality [57].
First and prime function is to stabilize the silica colloids in the epoxy
matrix system and other is to provide chemical interactions with the
curing agent (HY906). The surface energy of ISS at lower wt % might be
low due to the stabilization along with chemical interaction of ISS with
the matrix ingredients that led to the reduction in agglomeration ten-
dency in the epoxy matrix system. Whereas, reinforcement of more than
2wt % of ISS in epoxy system may provide chemical interactions of ISS
particles amongst themselves on large scale due to formation of H-
bonding from hydroxyl groups present on the surfaces of ISS nano-
particles, which may increases the clustering tendency.

3.5. Fracture properties of nanocomposites

The fracture resistance of epoxy nanocomposites containing mod-
ified and unmodified silica (0.5, 1, 2 and 3 wt %) was investigated from
SENB test and the result obtained is shown in Fig. 9.

The value of K;c and G for neat epoxy (EP) is ~0.62 MPam®® and
~400J m ™2 respectively. The Kjc and Gy for nS/EP are found max-
imum at 2wt % of addition. Significant increment in Kjc and G¢ is
found for GMS/EP in comparison to EP. There was ~ 32% (1 MPam®®)
and ~67% (666 J m ™~ 2) improvement of K;c and Gy is noted when 2 wt
% of GMS is added. In contrast, for ISS/EP system maximum im-
provement of Kj¢c and Gy is observed at low filler addition i.e. 1 wt % in
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Fig. 9. Fracture properties of epoxy nanocomposites at varying contents of nS,
GMS and ISS nanoparticles.

comparison to the other variants. The improvement found is ~25%
(0.95 MPam®®) and ~46% (585 J m~?) higher than that of the EP and
is in well comparable to GMS/EP system. Further addition of ISS na-
noparticles up to 3wt %, diminishes the K;c and G value. Similar
results were reported elsewhere for functionalized silica/epoxy nano-
composites [58].

3.6. Morphological analysis of mode-I fracture surfaces

Failure modes of the epoxy nanocomposites under three point not-
ched bend test primarily depends on various factors, such as stress
concentration zone, crack propagation path, stress transfer from matrix
to filler and the particle debonding [59].

Schematic representation for the stress conditions and possible
failure modes during crack propagation for nS/EP and GMS/EP as well
as ISS/EP system is shown in Fig. 10. It is considered that the com-
pressive region of the nanocomposites bear local crushing at the same
time the tensile region tended to initiate crack propagation under the
application of transverse load. However, the local stress concentration
site mainly originates at the neck region due to matrix failure that leads
to failure. In present study, the fracture resistance of nanocomposites
was significantly influenced by GMS or ISS nanoparticle. Since the GMS
and ISS epoxy nanocomposites possesses high tensile modulus enhances
the load carrying capability till the stress level that exceeds the Kj¢ of
EP (0.76 MPam®®). Hence, the propagation of cracks for GMS/EP as
well as ISS/EP is expected to be delayed due to better dispersion of
nanoparticles.

In order to understand the fracture behavior of the nanocomposites
systems, fractography analysis for neat epoxy, nanocomposites filled
with unmodified and modified silica at 1 wt % particle contents was
conducted under FESEM (Fig. 11(a—c)). The fracture surface of the neat
epoxy (Fig. 11 (a)) is found smooth (indicated by white arrow in Fig.)
along with river patterns depicting brittle failure. However, for nS/EP-
1, localized shear yielding zones in the form of shear bands and river
lines are found (Fig. 11 (b)). These zones may restrict the crack pro-
pagation resulting in absorption of more energy prior to failure of the
material. On the other hand, the fracture surfaces of ISS/EP-1 speci-
mens is found to have a comparative rougher fracture surface along
with the craze lines (micro cracks) indicating matrix plastic deforma-
tion (Fig. 11 (c)). This increased number of craze lines for ISS/EP-1 and
therefore the fracture surface roughness justifies the enhanced fracture
toughness of ISS/EP as compared to the nS/EP [60,61]. This feature
indicates slow crack propagation due to the absorption of more energy
for the restriction towards new fracture surface creation.
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Fig. 10. Schematic representation for the crack propagation in three point notched bend samples (a) nS/EP and (b) ISS/EP nanocomposites.

4. Conclusion

GMS as well as ISS nanoparticles were facilely prepared from TEOS
precursor by co-condensation method via one-pot sol-gel processing.
Surface functionalization of silica was confirmed from spectroscopic
analysis and their thermal degradation behavior. The FTIR as well as
XPS analysis demonstrates the presence of imidazole moiety on the
surface of nS. Both GMS as well ISS nanoparticles uplifts the tensile
performance of the epoxy nanocomposites system. The GMS/EP en-
hances the tensile strength as well as the tensile modulus by ~45% and
~46% with respect to the neat epoxy (EP). For the ISS/EP system si-
milar enhancement is achieved as lower filler content. Although frac-
ture toughness as well as fracture energy was significantly higher for
GMS/EP in comparison to EP, but ISS/EP shows a well comparable
results interestingly at low filler content. The fracture analysis reveals
well dispersed GMS nanoparticles in epoxy system generates micro

200 pm

voids that pined the crack along its pathway thereby absorbs more
energy prior to failure. For ISS/EP system the tendency of the ISS na-
noparticles to attract amongst themselves hinders the better adherence
with the epoxy system to modulate the stiffness at the juncture of the
matrix and the particle at higher filler content. These noticeable im-
provement offered by both GMS as well as ISS opens up the scope to use
theses on-pot synthesized nanoparticles as toughness enhancer for
highly brittle epoxy systems.
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