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ABSTRACT: This article reports the synthesis of silica nanofiber/polydimethylsiloxane composites. Hollow silica nanofibers were syn-

thesized through soft-template mediated synthesis using nitric acid catalyst and extensively characterized. Amorphous nanofibers were

obtained by this method with mean diameter of 80 nm and length extending over several micrometers. Nanofibers were also prepared

by varying the surfactant concentration and its effect on aspect ratio was investigated. Incorporation of these nanofibers into PDMS

matrix was accomplished through in situ and ex situ preparative techniques. The composites prepared exhibited a significant enhance-

ment of various properties. In situ prepared composites yielded maximum improvement in properties with 120% improvement in

tensile strength, 175% improvement in room temperature storage modulus and 190�C increase in temperature of maximum degrada-

tion (Tmax) even at low filler loading. Extent of nanofiller dispersion solely determined the property improvement of the composites.

Nanofiller aspect ratio was also found to play an important role on the property improvement of the composites. Composite forma-

tion and hence property improvement were explained in depth in the light of free energy change and interaction parameter of the

components of the hybrid material. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 130: 1005–1019, 2013
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INTRODUCTION

Organic/inorganic nanofibers based polymer composites demon-

strate a blend of elegant properties such as light weight and

excellent mechanical and thermal properties. Nanofibers dispersed

in a polymer matrix behave as stress transferring machineries and

hence are effective in enhancing modulus and strength of the

prepared composites.1 Improvement in mechanical property in

these reinforced composites is a function of the aspect ratio and

orientation of the nanofibers. In fact, enhanced adhesion at the

polymer-filler interface is responsible for the improved fatigue

resistance, toughness and tensile properties. In the case of nano-

fiber reinforced composites, the reinforcing mechanism varies

with temperature. When polymer is in the glassy state, nanofiber

reinforcement is entirely reliant to the load transferring efficiency

of nanofibers. On the other hand, in the rubbery state, hydrody-

namical factor and reinforcement due to rubber-nanofiber

interaction are responsible for property improvement owing to

formation of rigid rubber-nanofiber network.2

The field of nanoscience was amalgamated with that of polymer

technology by the Toyota Central R&D Laboratories in fabricat-

ing nanoclay/nylon6 composites with superior mechanical prop-

erties.3 From then onwards, silica,4–6 nanoclay,7–10 and various

other nanoparticles have been successfully incorporated in vari-

ous polymeric systems to generate hybrid materials with a blend

of properties unattainable with either of the components alone.

Effect of morphology of nanofiller on mechanical reinforcement

has also been investigated. Literature provides a handful of

examples where superiority of nanofibers, nanotube or nano-

whisker over spherical nanoparticles as a reinforcing element

has been provided.11–13

Polydimethylsiloxane (PDMS) has unique combination of inher-

ent low temperature flexibility and high temperature stability.

In addition, its excellent biocompatibility and self healing prop-

erties have opened a new avenue in biomedical applications

such as artificial implants and prosthetics etc. A recent trend in

the field of nanotechnology involves designing of hybrid

nanomaterials out of PDMS using CNTs,14–17 CNFs,18,19 graph-

ite,20,21 or nanoclay22–24 and several other unconventional nano-

fillers such as vanadate,25 zirconium oxo species,26 etc. Due to

similarity in chemical linkages, silica has been extensively used
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in reinforcing silicone rubber.27,28 This system has been a matter

of in-depth research since incredible results in terms of property

improvement was achievable by including few weight percent of

nanosilica in to PDMS matrix.29–33 The improvement was

attributed to alteration in chain dynamics of the macromole-

cules near the interface.30,31 Despite this comprehensive study,

no work has been pursued on the effect of aspect ratio of the

silica nanofiber in silicone rubber reinforcement. Literature

offers a few investigations on synthesis of silica nanotubes and

nanofibers using a variety of reagents and reaction conditions.

As for instance, Adachi et al. provided a surfactant assisted

route for silica fiber synthesis using tetraethylorthosilicate as the

precursor and laurylamine hydrochloride as the catalyst.34 In

another case, Shen et al. practiced a thermal evaporation tech-

nique in preparation of silica nanotubes having varying lengths

and diameters.35 These materials are used as molecular sieves

and catalyst in various reactions and as protective coatings on

corrosion-prone materials. However, there is as such no report

on the reinforcing behavior of these unique materials in a poly-

mer matrix. Also the preparation technique can be microengi-

neered to suit the applications of polymer composites. Hence,

there is enough opportunity to carry out a broad understanding

of the structure and property of the composites prepared with

silica nanotubes or nanofibers.

In this study, we synthesized silica nanofibers through hydroly-

sis-condensation mechanism via a surfactant assisted template

approach. Here, cetrimide was used for the first time to gener-

ate the template for silica nanofiber synthesis. Varying amounts

of the surfactant were used to determine its effect on the shape

of the generating nanofiber. The nanofibers were characterized

by using high resolution transmission electron microscope

(HRTEM), wide angle X-ray diffraction (WAXD), BET N2

adsorption studies and Fourier transform-infrared (FT-IR) spec-

troscopy. The next phase of the study depicts the PDMS com-

posite synthesis with silica nanofibers through in situ polymer-

ization and ex situ solution blending techniques. The feasibility

of the composite formation was ascertained thermodynamically.

Mechanical, dynamic mechanical, and thermal properties were

extensively investigated and correlated with the morphology of

these hybrid materials. The effect of the nanofiber aspect ratio

on the extent of dispersion and hence on property improvement

of the composites was also examined. This kind of elaborate

study with this system taking into consideration various param-

eters such as nanoparticle aspect ratio and its extent of disper-

sion and effect of calcination of nanofibers on composite prop-

erty enhancement has not been carried out earlier, to the best

knowledge of the authors.

EXPERIMENTAL

Materials

Tetraethylorthosilicate (TEOS) and nitric acid (used as catalyst)

required for silica nanofiber generation were procured from

Acros Organics, NJ, and Merck, India respectively. Template for

nanofiber generation was synthesized using cetrimide which was

acquired from Merck, India. Octamethylcyclotetrasiloxane

[(CH3)2SiO]4 (D4), the cyclic precursor for polydimethylsilox-

ane possesses a boiling point of 175�C, viscosity of 1.396,

density of 0.955 and purity >99% (GC). This was received

from Momentive Performance Materials, Bangalore, India;

1,1,3,3-tetramethyl-1,3-divinyldisiloxane (purity 97%) with a

boiling point of 139�C and a density of 0.809, was used to add

vinyl functionality to the polymer. This material was obtained

from Sigma-Aldrich. Curing agent consisted of platinum catalyst

(Pt catalyst in U-10, where U-10 is a vinyl PDMS system with

molecular weight 74,400 and viscosity 10 Pa s having a hydride

content of 0.05 mmol/g) and the hydride crosslinker polyme-

thylhydrogenosiloxane (V430) (chemical formula Me3Si(OSi-

Me2)x(OSiMeH)yOSiMe3, where x and y are 10, having Si-H

content of 4.3 mmol/g). These reagents were provided by

Momentive Performance Materials, Bangalore, India. Potassium

hydroxide and phosphoric acid were obtained from Merck,

Mumbai, India.

Synthesis of Silica Nanofibers

Cetrimide (surfactant) (6.3 g; 0.018 mol) of was dissolved in

100 mL of deionized water for 30 min in a 250 mL beaker using

a magnetic stirrer in order to ensure a homogeneous medium.

Twenty grams (0.32 mol) of concentrated nitric acid was added

through a dropping funnel into the mixture subjected to con-

tinuous stirring for another 30 min. A constant temperature of

28 to 30�C was maintained throughout the whole process by a

cooling arrangement. The resultant mixture was stirred for

additional 20 min followed by addition of 25.3g (0.12 mol) of

TEOS through a dropping funnel. This triggered a milky sus-

pension formation followed by precipitation of the nanopar-

ticles. Stirring was continued for 1 hr and then the solution was

left undisturbed overnight to facilitate complete growth of the

nanofibers. The suspension was subjected to autoclave treatment

at 120�C for 4 hr. Work-up was initiated by decanting off the

supernatant and thorough washing of the as-prepared nanopar-

ticles with ethanol followed by water. The washed nanofibers

were then dried in an oven at 80�C for 24 hr. These constituted

the uncalcined silica nanofibers. The washed and dried nanofib-

ers were calcined in a muffle furnace at 500�C for 8 hr.

Silica nanofibers were also prepared by varying the amounts of

cetrimide. Two batches were prepared with 3.15 g (0.009 mol)

and 12.6 g (0.036 mol) of cetrimide with the same reagents and

identical reaction conditions. The nanofibers prepared with

0.009, 0.018, and 0.036 mol were designated as SU0, SU, and

SU00, respectively.

Preparation of Silica Nanofibers/PDMS Composites

In Situ Polymerization Technique. Fifteen grams of D4 and

0.08 g KOH were taken in a dry N2 gas purged three-necked

round-bottomed flask fitted with a condenser. Reaction was ini-

tiated in a silicone oil bath placed on a hot plate at a tempera-

ture of 140�C provided with a stirring arrangement. The reac-

tion mixture showed a steady rise in viscosity with time. The

as-prepared and calcined silica nanofiber was added into the

reaction mixture after 30 min of the initiation of the reaction

with a constant stirring rate of 300 rpm. This was followed by

addition of the vinyl terminator at the end of 2 hr of the initia-

tion. The polymerization reaction was terminated at the end of

4 hr which was followed by reaction workup using phosphoric

acid and curing with Pt catalyst-Si-H curing system.
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Solution Mixing. Thirteen grams of the synthesized polymer

was dissolved in appropriate solvent to form a homogeneous

solution. In a separate beaker, stoichiometric quantities of silica

nanofiber were dispersed in a suitable solvent through stirring

and sonication. This suspension was gradually added to the

polymer solution with constant stirring. The resulting mixture

was stirred and sonicated. To this mixture curing agents were

added followed by casting in a teflon petridish. The transparent

sheets obtained were oven-dried at 80�C. A summary of the

samples prepared by various methods along with their designa-

tion is provided in Table I.

Characterization

Morphological analysis of the silica nanofibers was pursued

through HRTEM of the powdered uncalcined and calcined sam-

ples. In order to achieve this, a small amount of the powdered

sample was dispersed in deionized water by ultrasonication at

45 kHz for 1 hr. A minute amount of this mixture was dropped

through a microliter syringe on a carbon coated copper grid.

Microscopy was executed with JEOL 2100, Japan, which was

operated at an accelerating voltage of 200 kV. Morphology of

the composites was resoluted through HRTEM analysis of the

samples prepared by ultramicrotomy.

Crystallinity of the nanofibers as well as the composites was

investigated through WAXD analysis. Analysis was done through

a Rigaku TT RAX 3 XRD machine with a Cu target, using

Cu-Ka radiation (k ¼ 1.54 Å), at 2 to 40� Bragg’s angle value.

The operating voltage was set at 40 kV while current for the

measurement was fixed at 20 mA.

FT-IR studies of the as-synthesized and calcined nanofibers

were performed using Perkin Elmer FT-IR–spectrophotometer

(model spectrum RX I), over a range of 400 cm�1 to

4400 cm�1 using a resolution of 4 cm�1. The tests were done

by preparing KBr pellets of the powdered samples. Analysis of

the composites was executed through attenuated total reflection

(ATR)–FT-IR spectroscopy. The tests were carried out with an

infrared spectrophotometer (Nicolet Nexus, Madison, WI)

within a range of 650 cm�1 to 4000 cm�1 taking a resolution of

4 cm�1 using a ZnSe prism.

Surface area of the calcined nanofiller was investigated from

nitrogen adsorption studies using surface area analyzer Smart

Sorb 92/93 at 25�C.

In contact angle measurements, double distilled water and

formamide were used as the two probe liquids for measure-

ment. Contact angle measurement was done using Kernco,

Model GII contact angle meter. The surface energy of the

unfilled PDMS was calculated using the Owens and Wendt

equation:

cos h ¼ �1þ 2ðcd
s c

d
l Þ

1=2

cl

þ 2ðcp
s c

p
l Þ

1=2

cl

(1)

where c is the surface energy, d and p are the dispersive and

polar components and s and l are solid and liquid respectively.

h is the contact angle of measurement. The surface energy

values for the two liquids were obtained from the literature.36

Considering the phenomenon of composite formation as wet-

ting of the nanofiller surface by the polymer, the interfacial

interaction energy is expressed as:

cs0s ¼ cs0 þ cs � 2ðcd
s0c

d
s Þ

1=2 � 2ðcp
s0c

p
s Þ

1=2
(2)

where cs’ and cs are the surface energies of silica nanofiller and

PDMS and d and p are the dispersive and polar components.

The value of cs’ is obtained from literature.37

Hence, the work of adhesion is calculated as:

Work of adhesionWA¼ cs0 þ cs�cs0s (3)

The swelling study of the composite specimens was carried out

in toluene at ambient conditions (27�C) for 72 hr. The volume

fraction of rubber in swollen gel (Vr) is calculated using follow-

ing equation:38

Table I. Summary of the Sample Preparation Details Along with Their Designation

Composite Method of preparation Nanofiller
Filler concentration
(wt %)

VPSU2(THF) Solution mixing using THF Uncalcined silica nanofiber SU 2

VPSU4(THF) Solution mixing using THF Uncalcined silica nanofiber SU 4

VPSU2(TOL) Solution mixing using toluene Uncalcined silica nanofiber SU 2

VPSU2I In situ polymerization Uncalcined silica nanofiber SU 2

VPSU4I In situ polymerization Uncalcined silica nanofiber SU 4

VPSU6I In situ polymerization Uncalcined silica nanofiber SU 6

VPSC2(THF) Solution mixing using THF Calcined silica nanofiber SC 2

VPSC2I In situ polymerization Calcined silica nanofiber SC 2

VPSC4I In situ polymerization Calcined silica nanofiber SC 4

VPSU04I In situ polymerization Uncalcined silica nanofiber SU0 4

VPSU0 04I In situ polymerization Uncalcined silica nanofiber SU0 0 4
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Vr ¼
ðDs � Ff AwÞq�1

r

ðDs � Ff AwÞq�1
r þ Asq�1

s

(4)

where Aw ¼ weight of sample; Ff ¼ weight fraction of insoluble

components; Ds ¼ deswollen weight of the sample; As ¼ weight

of absorbed solvent determined for swelling increment; qr ¼
density of rubber; qs ¼ density of the solvent.

The crosslink density was resoluted using the Flory-Rehner

equation39 which is as follows:

� ½Inð1� VrÞ þ Vr þ vV2
r � ¼

qr

Mc

� Vs V1=3
r � Vr

2

� �
(5)

where, Mc ¼ molecular weight between crosslinks; Vs ¼ molar

volume of the solvent; v ¼ Flory–Huggins interaction parameter

(its value is 0.465 for PDMS–toluene system).

The results shown were mean values of three experiments per-

formed for each sample with a mean error of 63% for the

measurements.

Differential scanning calorimetry was carried out using Perkin-

Elmer DSC 8000. The temperature range was set at �150�C
to 50�C and the run was carried out at a heating rate of

10�C/min.

Dynamic mechanical analysis of the composites was performed

using a DMA of TA instruments (model Q800). A constant fre-

quency of 1 Hz, a strain of 0.05% and a temperature range

from –125 to 50�C at a heating rate of 3�C/min were employed

to test the properties whereby storage modulus (E0) and loss

tangent (tan d) were measured as a function of temperature.

The tensile tests were performed with the specimens punched

out from the oven-dried samples with a ASTM Die-C using a

Zwick UTM, Model—Z010 (Zwick GmbH and Co., Ulm,

Germany) at a cross-head speed of 500 mm/min at room

temperature.

Thermal stability of the composites was measured using a Per-

kin Elmer TGA Instrument, Diamond TG-DTA and the data

were analyzed by Perkin Elmer analysis software. Samples

(around 5 mg) were heated in air atmosphere up to 800�C at a

heating rate of 20�C/min. The results produced had an error of

61�C.

RESULTS AND DISCUSSION

Characterization of the Nanofibers

Figure 1(a,b) shows respectively the HRTEM micrographs of the

as-prepared silica nanofibers SU and the calcined SC samples.

The micrographs reveal a unique morphological characteristic

of the nanofibers prepared by soft template-assisted approach.

By virtue of the method of preparation, the silica particles

assume fiber-like morphology with an average thickness of 80

nm and length reaching several micrometers. The nanofibers are

observed to possess hollow core (with a mean diameter of 50

nm), which is observed as the illuminated middle part of the

fibers, surrounded by a wall of around 10 to 30 nm thickness

(bamboo-like structure). High temperature treatment results in

thinning of the nanofibers with decrease in the dimension or

complete disappearance of the hollow core as in the case with

most nanofibers. The calcined samples feature more regular and

distinctly visible walls. Width of the central hollow portion and

the thickness of the walls, however, vary significantly resulting

in high polydispersity of the synthesized nanofibers. SAED anal-

ysis [as evident from Figure 1(c)] of the calcined nanofibers

ensures complete amorphousness. WAXD analysis of both as

prepared and calcined nanofiller shows a broad hump spanning

a broad 2h region of 15 to 30� justifying amorphicity of

the nanofiller prepared by this method. This is depicted in

Figure 1(d).

BET nitrogen absorption studies were conducted in order to

estimate the surface area of the calcined nanofibers. The surface

area was found to be 222 m2/g.

The FT-IR spectra of the synthesized nanofibers (Figure 2)

ensure all the characteristic structural features of silica. Presence

of bands around 1080 cm�1 (Si-O-Si asymmetric stretching),

807 cm�1 (Si-O-Si skeletal stretching) and 3500 cm�1 (Si-OH

stretching) guarantees nanosilica formation. The uncalcined

sample shows a small doublet in the region of 2900 cm�1. This

is probably due to the presence of the surfactant molecules on

the nanofiber surface. This peak is removed when the nanofib-

ers are subjected to heat treatment. In addition, the calcined

sample shows a prominent reduction in the intensity of the

peak at 3500 cm�1 compared with the uncalcined nanofiller due

to removal of adsorbed water molecules as well as condensation

of adjacent silanol groups.

An attempt was made to investigate the effect of cetrimide on

the shape and aspect ratio of the nanofibers. It was found that

with 0.009 mol of cetrimide, the nanofibers obtained possessed

large aspect ratio. The nanofibers SU0 [Figure 3(a)] possessed

diameter in the range of 40 to 60 nm (with the hollow core

diameter of around 10 nm or even less) and extending over

several micrometers even longer than one obtained for SU. On

the other hand, the fibers obtained in the case of SU00 [Figure

3(b)] showed very small aspect ratio since the fibers thickened

(with mean thickness of 140–160 nm) and length of about 1 to

1.5 lm. The diameter of the hollow core also increased with a

mean value of 80 nm.

Probable Mechanism of Silica Nanofiber Formation

The silica nanofibers are prepared by sol-gel reaction of tetrae-

thylorthosilicate (TEOS) using HNO3 as the catalyst. The mor-

phology of the nanofibers was designed using a soft template

assisted method. In this work, we aimed at synthesizing nano-

particles having fiber-like morphology. This was achieved

through a template designed using a surfactant (cetrimide).

Tuning of pH of the solution resulted in spherical to rod transi-

tion of the micelle.40 Since water was used as the medium, the

surfactant is assumed to favorably form micelle with polar

heads towards the aqueous phase, while the hydrophobic tails

aggregated at the centre of the micelle. TEOS molecules being

soluble in water probably co-ordinate with electron deficient N

atom through the lone pair electrons on the O atoms as shown

in A (Figure 4). The Hþ ions present in the aqueous medium

catalyze the hydrolysis of TEOS and hence trigger the formation

of silica as shown in B. Workup of the product results in
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removal of the surfactants, thereby resulting in the hollow core

of the nanofibers as shown in C. At low cetrimide concentra-

tion, the surfactant molecules might undergo a spherical to rod

transition at an acidic pH (in presence of HNO3). Hence the

SU0 nanofibers are very long with high aspect ratio. With

increase in surfactant concentration, there might an opposing

driving force which tends to undergo a reversal even in acidic

medium. Hence, nanofibers become shorter and thicker. This

was observed for the nanofibers, SU00, which have lower aspect

ratio. The nanofibers further undergo shortening and thickening

with increased core diameter for SU00. Hence, probably there is

a rod to sphere or near sphere transition in presence of excess

surfactant molecules. The probable scheme of the formation of

silica nanofiber is shown pictorially in Figure 4.

Characterization of the PDMS Composites

Synthesis and characterization of vinyl terminated PDMS was

reported in our previous publication.23 In short, vinyl termi-

nated PDMS was synthesized by anionic ring opening polymer-

ization of octamethylcyclotetrasiloxane with potassium

Figure 2. FT-IR spectra of the uncalcined and calcined silica nanofibers.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 1. Representative HRTEM micrographs of (a) uncalcined (SU) and (b) calcined (SC) silica nanofibers; (c) SAED image of calcined silica nanofib-

ers and (d) WAXD profiles of uncalcined and calcined nanofillers. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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hydroxide as the initiator. The molecular weight of the synthe-

sized polymer was estimated to be ~91,000 which remained

unchanged when polymerization was carried out in presence of

nanofiller. The composites were prepared by both in situ and ex

situ techniques, as described in the experimental section. This

section describes characterization of these composites.

HRTEM Analysis. Morphology of the composites prepared by

various methods was examined through HRTEM analysis. Supe-

rior dispersion was achieved when composite was prepared

through in situ polymerization technique. This is discernible

from the representative HRTEM image of the in situ prepared

composite with 2 wt % of silica nanofiber SU (VPSU2I) [Figure

5(c)]. In this representative micrograph, individual nanofibers

are found dispersed uniformly in the PDMS matrix. The best

dispersion of nanofibers is probably due to the fact that poly-

merization takes place in presence of nanofibers in this case.

This phenomenon assists better dispersion of nanofibers by

debundling.

It was also observed that degree of dispersion of the nanofibers

in the ex situ prepared composites was solely reliant upon the

solvent system used during composite preparation. For VPSU2

in toluene, agglomerates of the nanofillers in the form of

intertwined network were detected at various parts of the

microtomed sample. A representative image is the one shown in

Figure 5(a) However, for a good solvent system (THF in this

case) dispersion of the nanofiller was markedly improved. This

is noticed from the HRTEM image of VPSU2(THF) in Figure

5(b).

Figure 3. Representative HRTEM micrographs of (a) SU0 and (b) SU00.

Figure 4. Plausible mechanism of template assisted silica nanofiber formation (cross-sectional view of the nanofiber has been shown). [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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With increase in nanofiller content, composites showed few

agglomerated regions along with regions of well dispersion. This

is observed in the HRTEM micrograph of VPSU4I shown in

Figure 5(d). With even higher loading, agglomeration was more

prominent.

Composites prepared with calcined silica nanofibers SC did not

essentially exhibit significant difference in the degree of disper-

sion when compared with those prepared with uncalcined nano-

fibers, as shown in Figure 5(e,f). However, the micrographs

clearly speak of well-defined contours of the nanofibers upon

calcination. Uncalcined nanofibers with irregular surface facili-

tate improved polymer-filler interaction (discussed later)

through the interlocking phenomenon. However, once the sur-

face becomes smooth with well defined contours, there is chain

slippage and interlocking sites are less. This probably affects

polymer-filler interaction. For the uncalcined nanofibers, the

walls of the nanofibers are irregular as observed from Figure

1(a). Upon calcination, the nanofibers suffer a prominent

reduction in thickness as observed from the HRTEM image in

Figure 1(b). In addition, the calcined nanofibers show well

defined and smooth walls. As evident from the morphological

analysis of the powdered samples as well as composites, the

uncalcined and calcined silica nanofibers show a mean thickness

of 80 nm and 60 nm, respectively. In both the cases, some fibers

with larger diameter are observed which are probably due to

aggregation of smaller fibers.

Quantification of the degree of dispersion was done using the

dispersion parameter D0.1 similar to our previous publica-

tions.18,19 The dispersion degree parameter is expressed as:

D0:1 ¼ 1:1539� 10�2 þ 7:5933� 10�2ð�x=sÞ þ 6:6838

� 10�4ð�x=sÞ2 � 1:9169� 10�4ð�x=sÞ3 þ 3:9201

� 10�6ð�x=sÞ4 (6)

where x is the mean spacing between the silica nanofibers and s

is the standard deviation.

For VPSU2I a D0.1 value of 3.42% was found while VPSU2(THF)

showed a lower D0.1 value (2.77%). Hence, in situ prepared com-

posites showed better nanofiller dispersion compared with the ex

situ prepared composites at similar filler loading.

Degree of dispersion was also dependent on the aspect ratio of

the nanofiber. For VPSU004I [Figure 5(g)], the fibers being

shorter are easily dispersed almost homogeneously in the poly-

mer matrix with a D0.1 value of 3.32%. However, in the case of

the composite VPSU04I, the nanofibers are very difficult to dis-

perse in the PDMS matrix due to their extremely large aspect

ratio. The nanofibers remain entangled as observed from the

representative micrograph shown in Figure 5(h). The composite

showed a D0.1 value of 1.33%. The difference in degree of dis-

persion is well reflected in the properties of the composites.

WAXD Studies. Figure 6 exposes a comparison of the XRD

profiles of the composites prepared with silica nanofibersFigure 5. Representative HRTEM images of the composites (a) VPSU2(TOL),

(b) VPSU2(THF), (c) VPSU2I, (d) VPSU4I, (e) VPSC2(THF), (f) VPSC2I, (g)

VPSU004I, and (h) VPSU04I.

Figure 6. Comparison of the WAXD profiles of the unfilled and silica

nanofiber filled PDMS vulcanizates. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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through different preparative means. The XRD pattern for the

polymer did not undergo any significant change upon nanofiller

incorporation. Moreover, amorphous nature of the silica nano-

fiber was also confirmed due to the absence of any additional

peaks (due to the presence of nanoparticles) in the composites

prepared by different means. In situ prepared composites

showed similar XRD pattern when compared with that of the ex

situ prepared samples. Even, higher concentration of nanofiller

did not have any effect on the XRD profile of the composite.

Calcined nanofibers hardly affected the nature of the XRD plot

of the composites as evident from Figure 6. PDMS shows cold

crystallization as observed in literature.41 This phenomenon is

evident from the DSC studies described in subsequent section.

In this room temperature XRD analysis, the unfilled as well as

filled PDMS vulcanizates show a characteristic broad peak

around 12.5�. This might be due to some residual crystallinity

(although very small) even at room temperature for PDMS.

ATR-FT-IR Spectroscopy. Figure 7 shows a comparison of the

ATR-FT-IR spectra of the silica nanofiber/PDMS composites at

the same filler content with the unfilled elastomer. Successful

composite formation was evidenced by prominent shift in vari-

ous peak positions of the polymer. A glance into the FT-IR

spectrum shows that PDMS shows a double humped peak in

the region 1090 to 1020 cm�1 which is attributed to asymmetric

Si-O-Si stretching. Besides these two, there are several other

peaks corresponding to the Si-CH3 functionalities around

1260 cm�1 (due to symmetric CH3 deformation) and

2900 cm�1 (ascribed to asymmetric CH stretching).42 It was

observed that the composites irrespective of the method of

preparation showed significant shift in peaks for asymmetric

Si-O-Si stretching. While for unfilled elastomer the peak

appeared at 1039 cm�1, the composites showed the same peak

in the range of 1012 to 1009 cm�1. However, it is noteworthy

that the peak at 1260 cm�1 did not necessarily undergo shift in

position. Hence, it is established that interaction of the polymer

with the nanofiller takes place through the Si-O linkages.

According to Maiti and Bhowmick,43 the shift in peak position

toward lower wavenumber implies a negative enthalpy change

and hence a thermodynamically facilitated process. A brief

insight into the thermodynamics of composite formation

divulges the fact that for successful composite preparation, free

energy of the system is formulated as:

DGs ¼ DHs � TDSs (7)

The process of composite formation will be thermodynamically

facilitated when DGs is negative.

In this equation,

DGs ¼ DGE þ DGC ¼ ðDHE þ DHCÞ � TðDSE þ DSCÞ (8)

where,

DGE ¼ DHE þ TDSE for the polymer (9)

DGC ¼ DHC þ TDSC for the nanofiller (10)

Here, the changes in enthalpy and entropy of the polymer and

the nanofiller during the process of composite formation are

designated by the symbols DHE, DHC, DSE, and DSC.

Quantitatively, the shift in peak position can be related to the

enthalpy change of the system by using the Fowkes’s equation

as follows:44

DHS ¼ 0:236� Dv (11)

Enthalpy change was calculated for all the composite systems. It

was observed that all the composites showed significantly high

negative DG values (Table II). Although there was no significant

alteration in DG values for the composites, the magnitude was

relatively slightly higher for in situ prepared composites. Ex situ

prepared composites with toluene as the solvent showed slightly

lower DG value compared with that of the composite prepared

with THF as the solvent. There was not much change in DG

value with higher loading of nanofiller. Besides this, the sample

prepared with calcined silica nanofiber showed lower DG value

compared with the uncalcined one. An endeavor to estimate

free energy change during composite preparation necessitates

determination of entropy of mixing by exploring the Flory-Hug-

gins theory as follows:45–47

DSs ¼ �k½NCInðNC=NÞþNEInðxNE=NÞ� (12)

Or,

DSs ¼ �k½NC Inð/CÞþNEInð/EÞ� (13)

/C ¼ NC=N and /E ¼ xNE=N (14)

In the above equations, /C and /E designate the volume frac-

tions of the silica nanofibers and polymer, respectively and the

Figure 7. Comparison of the ATR-FT-IR spectra of the composites pre-

pared by varying means with the spectrum of the unfilled elastomer.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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respective number of molecules are expressed as NC and NE.

Here, k is the Boltzmann’s constant.

Similar attempt was made in determining the free energy

change for HA nanofiber/PDMS composite system.48 Entropic

contribution was found to be negligible in comparison with the

enthalpic one. This is probably due to the fact that the entropy

increase due to debundling effect of the silica nanofibers is

almost nullified by the entropy loss due to penetration of poly-

mer molecules in the aggregated nanofiller. The hydrogen bond-

ing interaction between filler silanol groups and the polymer

molecules is plausibly responsible for the enhanced enthalpic

contribution to the energy change. The results are summarized

in Table II.

Differential Scanning Calorimetry Studies. Figure 8 shows the

comparison of the DSC thermograms of virgin and silica nanofiber

(2 wt %) filled in situ prepared composite. The glass transition is

observed around �125�C for the unfilled elastomer. Besides this,

two other peaks are observed at around �100�C and �36�C. The

former peak is assigned to the crystalline domain formation and

the latter is due to melting of the crystalline domains.

It is observed that the glass transition temperature does not

show any prominent change in position upon composite forma-

tion. Moreover, the melting peak is found to undergo a promi-

nent shift towards lower temperature side with slight broaden-

ing upon silica nanofiber incorporation. This is in coherence

with the observation of Fragiadakis et al.30

Table II. Calculation of Enthalpy and Free Energy Change During Composite Formation

Composite
Shift in peak position
at 1039 cm�1 (Dm)

Enthalpy change
DH (kcal/mol)

Free energy change
DG (kcal/mol)

VPSU2I 33 6 1 �7.788 6 0.236 �7.789 6 0.236

VPSU2(THF) 30 6 1 �7.080 6 0.236 �7.081 6 0.236

VPSC2(THF) 29 6 2 �6.844 6 0.472 �6.845 6 0.472

VPSC2I 30 6 1 �7.080 6 0.236 �7.081 6 0.236

VPSU2(TOL) 30 6 3 �7.080 6 0.708 �7.081 6 0.708

Figure 8. Comparison of the DSC thermograms of unfilled and filled PDMS vulcanizates.
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Interfacial Interaction Energy, Work of Adhesion, and Swel-

ling Studies. The phenomenon of composite formation can be

considered as the wetting of the nanofiller surface by the poly-

mer.49,50 Contact angle measurements were carried out with

unfilled PDMS in order to determine the surface energy of the

polymer. Calculations showed that the surface energy value (cs)

of synthesized vinyl endcapped PDMS was 22.68 mJ/m2.

The value of cs’ is obtained from literature.37 The value was 151

mJ/m2. Using this value, the interfacial interaction energy (cs’s)

for the composite formation was calculated and was found to

have a value of 74.21 mJ/m2. Subsequently, work of adhesion

showed a value of 99.47 mJ/m2. This suggested that wetting of

the silica nanofiber surface by the PDMS molecules was good.

In other words, it can be said that composite formation was

aided by good polymer-nanofiber interface formation.

Crosslink densities of the composites were also determined

through swelling studies in order to get an idea of the strength

of the polymer-filler interface. The results of this study are com-

piled in Table III. It was observed the in situ prepared compo-

sites showed higher crosslink densities compared with the ex

situ prepared composites at the same nanofiller loading. More-

over, crosslink density increased with increase in filler loading

up to 4 wt % of silica nanofiber concentration. With further

increase in nanofiller concentration, it decreased drastically. The

consequence of the variation of crosslink densities was reflected

in the properties of the composites as discussed in the subse-

quent sections. The reason for the increase in crosslink density

was due to non-covalent interaction between the polymer and

the nanofiller and hence due to strong polymer-filler interface

formation.

Properties of the Composites

Dynamic Mechanical Analysis. This study reveals the influence

of various silica nanofibers on the dynamic mechanical proper-

ties of PDMS, by comparing storage modulus (E0) of the virgin

PDMS elastomer with that of the composites prepared through

various means as shown in Figure 9(a). Figure 9(b) is a compar-

ison of the tan d versus temperature plots of the polymer and

its composites with silica nanofibers. The in situ prepared com-

posite showed higher room temperature storage modulus com-

pared with that of the THF cast ex situ composite at 2 wt %

nanofiller loading. This was evident from a momentous increase

of 175% in storage modulus for the in situ prepared composite

VPSU2I. This improvement in storage modulus was due to bet-

ter dispersion of the nanofiller in the PDMS matrix when com-

posite was prepared through in situ polymerization technique.

From the HRTEM studies, it is evident that the in situ prepared

composites demonstrated highest degree of dispersion with

individual nanofibers properly distributed in the PDMS matrix.

In the in situ preparative method, polymerization takes place in

presence of nanofiller. This technique facilitates polymer mole-

cules to grow in presence of the nanofiller thereby debundling

them and improving the degree of dispersion.

For ex situ prepared composites, it was observed that improve-

ment was better when THF was used as the solvent for compos-

ite preparation. While VPSU2(TOL) showed 19% decrease in

storage modulus at 25�C, the latter increased around 10% for

VPSU2(THF) (Table IV). The composites prepared with toluene

showed prominent agglomerates and bundled nanofibers in the

HRTEM images. The result of this poor dispersion was reflected

in the decline in properties of those composites prepared with

toluene as solvent. On the other hand, the composites prepared

with THF showed comparatively better dispersion of the nano-

filler and consequently a higher modulus (although much lower

compared with the in situ prepared composite). Since the

amount of the nanofiber remained unchanged, the difference in

property-improvement was dependent on the extent of disper-

sion of the nanofiller in the polymer matrix. It is clear that dis-

tribution of the nanofibers was better for the ex situ prepared

samples with THF as the solvent. This is apparent from the

results in Table IV.

Storage modulus did not show any significant change upon

increase in nanofiber concentration. For the in situ prepared

composite with 4 wt % of silica nanofiller SU, modulus

increased by 40% which was much lower compared with the 2

wt % nanofiller loading. With further increase in nanofiller

loading, the modulus of the composite further decreased. This

was probably due to significant nanofiber agglomeration at

higher concentration.

The composites prepared with the calcined nanofibers showed

lower improvement in storage modulus at room temperature

compared with those prepared with uncalcined nanofiller. While

VPSU2I showed 175% increase in E0, the increase was around

150% for VPSC2I. This was probably due to reduced number of

effective interlocking points between the polymer and the cal-

cined nanofiller with distinct contours. In the case of uncalcined

nanofibers, the uneven nanofiller surface possibly facilitates bet-

ter polymer molecule anchorage and hence polymer-nanofiller

interaction. This is depicted in Figure 9(c).

Aspect ratio of the nanofiller has a prominent impact on the

dynamic mechanical properties of the composites. Storage mod-

ulus of the composites prepared with SU0 and SU00 was deter-

mined. While VPSU004I showed 118% improvement in storage

modulus at 25�C, improvement was 31% for VPSU04I. The dif-

ference in improvement was due to difference in degree of dis-

persion as discussed in the composite morphology section. It

was observed that with increase in aspect ratio of the nanofiber,

dispersion was better and property improvement was appreci-

able. However, with tremendous increase in aspect ratio of the

Table III. Comparison of Crosslink Density of the Composites

Nanocomposite
Crosslink density
�10�5 (mol/cm3)

VPS0 1.90

VPSU2(TOL) 5.44

VPSU2(THF) 8.60

VPSU2I 8.90

VPSU4I 9.63

VPSU6I 4.82

VPSU04I 3.00

VPSU0 04I 7.60
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nanofiber, entanglement is a very common phenomenon as was

observed with SU0 [Figure 5(h)]. Hence, in this case, proper dis-

persion was difficult which led to deterioration in properties.

A critical examination of the storage modulus plots divulges

some interesting features. Despite the fact that the in situ pre-

pared composites showed enhanced high temperature modulus

compared with the ex situ prepared composites, low tempera-

ture modulus (in the temperature range �115 to �20�C) was

much lower compared with the unfilled elastomer. For the ex

situ prepared composites, the improvement in the low tempera-

ture modulus was only marginal. This anomaly of the low

temperature behavior of PDMS is due to the presence of micro-

crystalline domains along with extended amorphous zones.

Dimensionally though small, these crystalline domains add to

the modulus of the polymer matrix. This is ascribed to the

physical crosslinking nature of these microcrystallites or spheru-

lites. The phenomenon of cold crystallization is confirmed from

the DSC analysis of the unfilled and filled PDMS systems. It

was observed that in presence of nanoparticulates these domains

experience reduction in number and size compared with those

in the virgin elastomer. The reduction in crystalline morphology

of PDMS in presence of nanofiber could be correlated with the

significant decrease in the low temperature storage modulus of

the in situ prepared composites as well as the ex situ prepared

composites. Decrease is more prominent in the case of in situ

prepared composites due to the virtue of the preparative means.

Tan d versus temperature plots [shown in Figure 9(b)] discloses

a handful of interesting events. The presence of microcrystalline

Table IV. Comparison of Storage Modulus and tan d Values for the

Composites

Sample
E0 at �120�C
(MPa)

E0 at 25�C
(MPa)

tan d
at Tg

VPS0 1210 0.164 0.195

VPSU2(TOL) 2320 0.133 0.147

VPSU2(THF) 1560 0.180 0.105

VPSU2I 1440 0.444 0.130

VPSU4I 1250 0.230 0.125

VPSC2I 1650 0.415 0.144

VPSU04I 1630 0.215 0.156

VPSU0 04I 1540 0.357 0.128

Figure 9. Comparison of (a) storage modulus and (b) tan d versus temperature plots for silica nanofiber/PDMS composites prepared by various meth-

ods and (c) pictorial representation of polymer molecules anchorage on uncalcined and calcined nanofiller surface. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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domains in PDMS was confirmed from the appearance of peaks

around �57�C and �30�C which are respectively due to forma-

tion and melting of the microcrystalline domains.41,51 A detailed

analysis of the plots revealed that while the unfilled rubber

showed three prominent peaks one at glass transition tempera-

ture Tg (�117�C) along with the other two mentioned earlier,52

the peaks concerned with crystalline domains exhibited signifi-

cant distortion and reduction in intensity. This was due to

restriction in the microcrystalline domain formation in presence

of the nanoparticles which is in coherence with the DSC studies.

The attainment of the native orientation of the polymer chains

was restricted by the nanoparticles when composite was pre-

pared by any of the techniques. No shift in Tg was observed

confirming the fact that the nanofiller rarely affected the amor-

phous regions of the polymer. However, lowering of the peak

height at Tg was well discernible confirming the fact that poly-

mer-filler interaction was quite obvious.

Mechanical Properties. Reinforcement phenomenon of various

composites is comprehensible from the analysis of mechanical

properties of the prepared composites. The results of this study

are provided in Table IV. In situ prepared composites, in gen-

eral, showed higher improvement in tensile strength and tensile

modulus compared with the ex situ prepared composites. For

the in situ prepared composite with 2 wt % silica nanofiber

(VPSU2I), improvements in tensile strength and tensile

modulus were 70 and 105%, respectively. This was due to better

dispersion of the individual nanofibers in the polymer matrix as

evident from the HRTEM micrograph in Figure 5(c).

For the ex situ prepared composites, samples prepared with

THF as solvent showed better properties. For instance, tensile

strength and tensile modulus, improvement was 23 and 40%,

respectively for VPSU2(THF). Tensile strength reduced by

14% for toluene cast sample VPSU2(TOL). The difference in

the property improvement or deterioration is entirely reliant

to the difference in the extent of dispersion of the nanofiller

in the PDMS matrix as evident from the HRTEM micrograph

shown in Figure 5. For the composites prepared through

solution blending technique, the extent of dispersion of the

silica nanofibers is governed by the solubility parameter and

interaction parameter of the polymer and the nanofiller

respectively.53 In order to get a thorough knowledge of the

solubility parameter of polymer, Hoffman and van Krevelen

method of additive group contribution was reviewed as

follows:

d ¼
P

Fi

V
¼ q

P
Fi

M
(15)

where Fi is the contribution by the various chemical groups in

the repeating unit of the polymer and the nanofiller. On the

other hand, solubility parameter of silica was obtained from

literature.54

Next, Hildebrand solubility parameter was used to calculate the

interaction parameter for polymer-solvent and nanofiller-solvent

systems.

For polymer-solvent pair,

Interaction parameter vPS ¼
ðVM Þ
RT
ðdp � dsÞ2 (16)

For nanofiller-solvent pair,

Interaction parameter vNS ¼
ðVM Þ
RT
ðdN � dsÞ2 (17)

where dP, dN, and dS denotes solubility parameter for the poly-

mer, nanofiber, and solvent respectively and VM, R, and T repre-

sent molar volume of the solid (polymer/nanofiber) segment,

gas constant, and temperature, respectively.

Using van Krevelen’s values of cohesive energy density contribu-

tion by various groups, the RFi value for PDMS was calculated.

From this dP was found to be 14.35 [(MPa)]1/2. In addition, lit-

erature provides a dF of 29.58 [(MPa)]1/2 for the nanofiber.54

These values were used to determine the interaction vPS and

vNS and hence the difference in interaction parameter was esti-

mated. For THF cast sample, difference in interaction parameter

was 1.12 which was lower compared with the toluene cast sys-

tem (1.35). In line with the observation of Choudhury and

Bhowmick,53 the lesser the difference in interaction parameters

vPS and vNS, more is the improvement in properties. Hence,

improvement was higher in the case of THF cast system.

With increase in nanofiller concentration, there was an increas-

ing trend in the properties of the composites up to a certain

critical concentration. Above this concentration, no further

property enhancement was noticeable, which may be due to fil-

ler agglomeration at higher concentration. Tensile strength and

tensile modulus for in situ prepared composites with 2, 4, and 6

wt % of silica nanofiber showed tensile modulus improvement

of 145%, 250%, and 317% and tensile strength improvement of

41%, 122%, and 34% respectively. With higher nanofiber con-

centration, the composites did not exhibit any further improve-

ment in mechanical properties. These increments were much

higher compared with the THF cast ex situ sample. This was

evident from the tensile strength improvement which was just

29% for ex situ prepared VPSU4(THF). With further increase in

nanofiller concentration, property-improvement was only mar-

ginal compared with the unfilled PDMS elastomer. This mini-

mal improvement was due to predominant nanofiller

agglomeration.55

When nature of the nanofiller was taken into consideration,

composites prepared with calcined silica nanofibers displayed

lower improvement compared with uncalcined nanofiller con-

taining composites. As observed from the results in Table V,

while enhancement in tensile strength was 70% for the compos-

ite prepared with 2 wt % of uncalcined silica nanofiber

(VPSU2I), it was about 60% for the composite with calcined

nanofiber at same nanofiller loading (VPSC2I). The reason is

same as mentioned in the dynamic mechanical analysis section.

Variation of aspect ratio has a prominent impact on the me-

chanical properties of the composites. For VPSU04I, the tensile

strength and tensile modulus showed minimal improvement

due to very high aspect ratio of the nanofibers. On the other

hand, VPSU004I, showed better properties compared with
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VPSU04I since the nanofibers showed an average lower aspect

ratio of 4.02 and dispersion was facilitated. Tensile strength and

tensile modulus improvements were, however, lower compared

with VPSU4I. Hence, an optimal aspect ratio in required for

proper dispersion of the nanofibers in the polymer matrix.

Thermal Properties of the Composites. A comparison of the

thermogravimetric traces of the composites is provided in

Figure 10 in order to understand the effect of silica nanofiber in

improving oxidative thermal stability of the composites. The

results of the thermal analysis are shown in Table V. Thermal

stability was observed to be a function of extent of nanofiller

dispersion. This was reflected in the temperature of maximum

degradation (Tmax) and the temperature of onset of degradation

(Ti) for the composites as well as the ash content for the com-

posites prepared through different techniques.

In situ prepared composites showed highest thermal stability

among all the composites. For 2 wt % silica nanofiller loaded in

situ composite, Tmax and Ti were observed to be 533 and 446�C,

respectively. This is probably due to better state of dispersion of

the silica nanofibers in the polymer matrix compared with other

composites.

Ex situ composites were prepared using two different solvent

systems. It was observed that composites prepared with THF as

solvent showed better oxidative thermal stability compared with

the toluene cast samples. While VPSU2(THF) showed Tmax of

484�C, it was 438�C for VPSU2(TOL). The obvious reason for

this difference is the difference in nanofiller dispersion which, in

turn, affects the interface formation or sample inhomogenity.

Good nanofiber dispersion promotes stronger polymer-filler

interface formation and hence restrict facile removal of the vola-

tiles during polymer degradation.

Higher filler loading did not significantly affect the thermal

stability of the composites probably due to nanofiber agglomer-

ation. Up to 4 wt % of nanofiber, the in situ prepared compo-

sites showed increase in Tmax and Ti. However, with higher filler

loading, there was no significant change. While for VPSU4I,

Tmax was documented to be 541�C, it was 519�C for VPSU6I.

Moreover, composites prepared with calcined nanofiber showed

lower Tmax and Ti values when compared with those of the

composites prepared same amount of uncalcined nanofiller. For

instance, Tmax for VPSU2I was 533�C, while for VPSC2I it was

found to be 505�C. The probable reason might be lower poly-

mer-filler interface formation due to well defined contour and

smooth surface of the calcined nanofiller. The results of ther-

mogravimetric analysis are recorded in Table V.

The basic mechanistic approach in thermal stability improvement

is the barrier mechanism of the fibrous nanofiller present in the

polymer matrix. Proper nanofiller dispersion in the PDMS matrix

facilitates stronger polymer-filler interface formation. When the

nanofibers are well distributed in the polymer matrix as shown

in the inset of Figure 10, heat transmission takes place along tor-

tuous paths. The stronger interface provides thermal resistance

thereby enhancing thermal stability of the composites.56 This pre-

vents facile passage of the volatiles and decomposition products

from the rubber surface and hence enhances the thermal stability.

However, when nanofibers are present unevenly throughout the

matrix as agglomerates, heat transmission takes place primarily

through the regions where nanofillers are absent. In another way,

the agglomerates formed serve as heat conducting machineries.57

These aggregates accelerate the loss of cyclics and other degrada-

tion products. Hence, proper nanofiller dispersion is an essential

criterion for upliftment of oxidative thermal stability of the com-

posites. Furthermore, ash content was found to be non-stoichio-

metic and independent on the amount of the nanofiller present.

It was established that the composite with higher thermal stability

yielded higher ash residue and vice versa. This observation has

coherence with those in our previous work and the reason has

been explained therein.27

Thermal stability of the VPSU04I and VPSU004I was investigated

and compared with that of VPSU4I. It was observed that ther-

mal stability of VPSU004I was more compared with that of

VPSU04I. This was probably due to nanofiber agglomeration in

case of VPSU04I due to its too high aspect ratio as mentioned

earlier. Moreover, thermal stability of both these composites was

lower than that of VPSU4I. Hence, an optimal aspect ratio of

the nanofiber is essential for the exhibition of the barrier mech-

anism efficiently.

Table V. Comparison of Mechanical and Thermal Properties of the Composites

Composite
E modulus
(kPa)

Tensile
strength (kPa)

Temperature of maximum
degradation Tmax (̊C)

Temperature of onset
of degradation (̊C)

Ash content
(%)

VPS0 140 6 20 167 6 12 350 332 18.25

VPSU2 (TOL) 183 6 12 143 6 41 438 378 18.76

VPSU2 (THF) 196 6 23 206 6 22 484 402 22.02

VPSU4 (THF) 346 6 31 216 6 13 496 430 29.10

VPSC2 (THF) 200 6 12 188 6 17 461 407 24.78

VPSU2I 343 6 9 236 66 533 446 33.82

VPSU4I 489 6 32 371 6 17 541 466 33.22

VPSU6I 584 6 40 222 6 28 519 453 31.06

VPSC2I 291 6 19 224 6 15 505 455 30.66

VPSU04I 229 6 9 184 6 22 498 415 43.08

VPSU0 04I 457 6 16 203 6 23 521 462 34.33
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CONCLUSIONS

This work is a compilation of the synthesis of silica nanofibers

using surfactant mediated template process. The nanofibers syn-

thesized were characterized in terms of morphology through

HRTEM, and chemical structure using FT-IR spectroscopy.

Crystallinity of the nanofibers was determined using WAXD

analysis while surface area of the nanofiller was estimated

through BET N2 adsorption studies. The nanofibers were found

to possess fiber like structure with mean diameter of 80 nm for

uncalcined nanofibers and 60 nm for calcined nanofibers

and length ranging between few micrometers. The presence of

Si-O-Si and Si-OH linkages was confirmed from FT-IR

spectroscopy analysis. However, the material in the uncalcined

as well as calcined form exhibited no diffraction peak in the

XRD analysis suggesting complete amorphicity. BET analysis

provided a surface area value of 222 m2/gm. Silica nanofiber

was also synthesized by varying the amount of the surfactant. It

was found that with increase in amount of the surfactant, the

aspect ratio of the nanofiber reduced.

Our main aim in this study was the successful synthesis of the

composite using this novel nanoparticle. Composites were pre-

pared through in situ polymerization and conventional solution

mixing techniques. All the preparation techniques proved effec-

tive for the composite synthesis. The facile nature of composite

formation was determined from the negative free energy value

for the system. The in situ prepared composite showed highest

magnitude of negative free energy. The difference in the free

energy value was probably dependent on the extent of nanofiber

dispersion in the PDMS matrix. This was determined through

HRTEM studies. The outcome of difference in nanofiber disper-

sion was reflected in the various property improvements. Com-

posite preparation, however, restricted the phenomenon of low

temperature crystallization of PDMS. This was determined

through DSC studies. The in situ prepared composites showed

maximum improvement in mechanical, dynamic mechanical

and thermal properties. Storage modulus improvement of the

VPSU2I was 175% at 25�C while for VPSU2(THF) improve-

ment was only 45%. Tensile modulus improved by 105% and

40% respectively for VPSU2I and VPSU2(THF). For the solu-

tion cast composites, the one with better distribution (THF as

processing solvent) gave more improvement in properties. The

in situ prepared composites showed highest thermal stability

among all the composites. For VPSU2I, Tmax was recorded to be

533�C while it was only 350�C for the unfilled one. Apart from

the nanofiber dispersion factors like nanofiber calcination, re-

stricted microcrystalline domain formation in the presence of

nanofiber etc. owe their contribution in influencing the prop-

erty improvement. Composite prepared with SU0 (VPSU04I)

showed inferior properties due to poor dispersion of the nano-

filler in the PDMS matrix. Difficulty in the achievement of

proper dispersion was due to extremely large nanofiber aspect

ratio. On the other hand, VPSU004I instead of showing good

dispersion showed slightly lower properties compared with

VPSU4I due to lower aspect ratio of the nanofiller. Hence, along

with proper dispersion of the nanofiller in the polymer matrix,

nanofiber aspect ratio is an important factor in property

enhancement of the composites.
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