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ABSTRACT: This piece of contribution highlights the profound effect of unique mesoscale morphology of tailor made nanosilica

assembly (SS-Silica), synthesized by sol–gel route, on the mechanical and dynamic rheological properties of platinum catalyzed

addition-cured silicone elastomers. While commercial colloidal nanosilica (CS Silica) is used as the control nanofiller representing

particulate morphology, the tailor-made SS-Silica having highly percolated network structure offers 10-fold increase in storage modu-

lus of the uncured reactive PDMS precursor nanocomposite with stable dynamic rheological behavior and more than 180% enhance-

ment in tensile strength of resulting liquid silicone rubber (LSR) produced on curing, as compared to colloidal silica of commercial

origin. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40125.
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INTRODUCTION

Elastomers are a unique class of engineered materials exhibiting

high reversible deformation under mechanical stress with dis-

tinctly low elastic modulus. Such property arises due to the

presence of highly flexible polymer chains (due to low inter-

chain interactions) in combination with crosslinked structure

which prevents sliding of chains against their immediate neigh-

bors causing plastic flow.1–3

In comparison to synthetic organic elastomers, “silicone”

[chemically they are poly(dimethyl siloxane); PDMS based mac-

romolecules] elastomers have gained much industrial attentions

owing to excellent weatherability, extended thermal stability

(i.e., very wide operating temperature window), ultralow tem-

perature toughness, good dielectric properties, low surface

energy (surface tension 5 20.4 mN m21), high biocompatibility

and optical transparency. Silicone elastomers are widely used in

various applications such as sealants, adhesives, high voltage

insulation (HVI) devices, electronics (RTV elastomers), automo-

tive, and healthcare.4–8 The enhanced stability of poly(dimethyl

siloxane) polymers is mainly attributed by higher SiAO bond

energy (445 kJ mol21) as compared to that of CAC bond (346

kJ mol21). Moreover, owing to very high rotational entropy

(low rotational energy barrier around SiAO bond viz. 0.2 kJ

mole21) PDMS has exceptionally low glass transition tempera-

ture (146 K) resulting high degree of flexibility in and around

the chains. By design, silicone elastomers are thermo-setting

polymers synthesized by curing of reactive poly(dimethyl silox-

ane) (PDMS) gums with polysiloxane based crosslinkers. More

often, the curing chemistry involves thermal or photo induced

hydrosilylation reactions promoted by platinum based catalysts

in particular Pt (0) complexes such as Karstedt’s catalyst, for its

stability and compatibility with silicones.9–13

However, a crosslinked PDMS network cannot alone qualify on

the mechanical robustness required for good elastomeric appli-

cation and henceforth, reinforcing fillers are compounded prior

to thermoset formation. The reinforcement happens due to

hydrodynamic effect imported by the rigid fillers as well as by

polymer-filler bonding.14–16 Although, a variety of high aspect-

ratio nanofillers have been investigated in silicone elastomer

matrices,17–19 so far, silica structures have been mostly used in

industrial scale to reinforce silicone elastomers, as they can

simultaneously offer high structural resemblance
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(compatibility), improved stress bearing ability, higher heat tol-

erance and most importantly higher optical transmissibility.20–24

The only concern with inherently hydrophilic silica fillers (due

to the presence of peripheral silanolic groups) is the strong fil-

ler–filler interaction due to hydrogen bonding between periph-

eral hydroxyls25 which can be evaded by surface treatment with

silane capping agents. It is worth mentioning here, that a frac-

tion of reactive hydroxyl groups on silica surfaces is rather ben-

eficial to promote polymer–filler adhesion, but it always appears

to be challenging to mask the hydroxyl function partially to

have exact control on both phenomena. Thus, to take advantage

of hydrogen bond mediated association26–28 of silica with

PDMS chains, the hydrophobization of silica surface is purpose-

fully performed only partially. This also attributes to lesser fil-

ler–filler agglomeration and mitigates the possibilities of

occurring “creep hardening” effect.14–16

The properties (c.a., thermal, mechanical) of the final silicone

elastomers greatly depend on the silica types (more specifically

the filler aspect ratio, bulk filler morphology and/or polymer–

filler interface chemistry) used to formulate the nanocomposite.

The silica particles often employed in such functional materials

are hydrated, precipitated, colloidal and fumed silica. Colloidal

silica (named as CS–silica in what follows) particles are pro-

duced through sol–gel chemistry by hydrolysis of alkali metal

silicates or silicon alkoxide to silicic acid, which rapidly self-

condense under the experimental condition to form polysilicic

acid structure. The morphology of colloidal silica particles is

characterized as more discrete particle formation with specific

surface area higher than that of precipitated silica. These par-

ticles are typically spherical in nature with diameter varying

from 15 nm to �100 nm.29,30 Unevenly distributed particle

aggregates formation in the nanocomposite can be avoided to

some extent by the surface treatment of silica. Silica surface-

modification effects on polymer adsorption characteristics as a

function of surface coverage. The appropriate surface function-

alization of the silica particles can result in precise control of

the silica morphology and the final properties of the composite

elastomer. However, the lack of interconnectedness between the

fillers limits the reinforcement and rheological benefits com-

pared to fumed silica,31 where interconnected silica structures

are produced by an exhaustive process involving flame pyrolysis

of silicone tetrachloride. When immobilized in an aprotic

medium, the fumed silica aggregates to form a continuous

three-dimensional network over the mesoscale length by inter-

acting between themselves through interparticle hydrogen

bonds. However, the presence of silanol groups on the nascent

fumed silica particulates leads to a strong filler–filler interaction

giving rise to a high irreversible filler agglomeration inside the

cured rubber matrix and, hence, the difficulty in processing and

scale up. To overcome this creep hardening effect, it needs an

additional post treatment steps to silylate a fraction of surface

AOH functionality in combination with the tedious and

meticulous synthetic process of fumed silica.31

To mitigate these process related issues, we have come up with

a mild sol–gel synthesis method to create an alternative three-

dimensional network of nanosilica filler. The advantage here is

really two folds. Benefit of effective stress distribution through

percolated filler network is achieved without much compromise

with safe operation procedure by avoiding use of any form of

particulate dispersion and additional surface modification.

Therefore, synthetic silica’s have been developed to take advant-

age of uniform morphology to provide specific benefits to the

elastomer formulators. A novel protocol to in situ functionalized

nanosized silica particles by sol–gel method using silane as a

capping agent has been reported by us previously.32 The silica

particles prepared using this methodology has been shown to

improve storage and dispersion stabilities. The present study

explores the use of morphological aspects of silica nanofillers in

controlling the mechanical properties of liquid silicone rubber

(LSR) at different dispersion levels against the commercial col-

loidal silica particles. The present study also highlights the effect

of nanofiller morphology on the silicone elastomer reinforce-

ment. The experimental observations of the present study are

detailed in the proceeding sections.

EXPERIMENTAL

Materials

Vinyl-terminated linear polydimethylsiloxane (PDMS) (Viscosity

of 65 Pa.s), hydrogen-siloxane fluid, and hexamethyl-disilazane

(HMDZ) were obtained from Momentive Performance Materi-

als, USA and used as received. Sodium silicate solution and

ethyl alcohol were purchased from Aldrich chemicals. Thermax

T-63, an acidic ion exchange resin, was purchased from Tulsion.

Reference filler, colloidal silica, was obtained from Nalco and

was post functionalized using HMDZ.

Synthesis of Silica Nanoparticles by Sol–Gel Method

Thermax T-63 ion exchange resin (IER) (13.4 g) was mixed

with water (30 mL, Milli Q) in a 250-mL beaker. Sodium sili-

cate solution (13.3 mL) was taken in a 500 mL three-necked

round bottomed flask and water (10 mL) was added to it. The

IER dispersion was transferred to sodium silicate solution at

room temperature with stirring. The stirring was continued for

1 h. The solution was filtered soon after the pH drops down to

�9. To the filtrate, with stirring, was added ammonia solution

(2 mL) and the solution was warmed to 60�C. Then HMDZ

(6 mL in 20 mL ethanol) was added drop-wise for 5 min and

the stirring was continued for additional 90 min. Heating was

stopped followed by the addition of ethanol (50 mL) with con-

tinuous stirring for 1 h. An additional amount of ethanol

(20 mL) was added and the stirring was continued for another

30 min. The final silica dispersion was optically translucent and

stable under ambient conditions with no gelation.

Synthesis of Silica-reinforced Poly(dimethyl siloxane)

Nanocomposites and Elastomer Containing Silica

Nanoparticles (LSR)

Silica–poly(dimethylsiloxane) composite was prepared by mix-

ing the silica dispersions, and vinyl terminated PDMS, using

planetary mixer. Water, ethanol and other volatiles in the mix-

ture were stripped off at 80�C, under vacuum. The nanocompo-

site was mixed with a hydrogensiloxane fluid (a cross-linker),

Karstedt’s Catalyst and ethyl cyclohexenol (ECH), an inhibitor,

using a hand blender. The blended mixture was placed in a

mold and cured at 165�C for 10 min using compression-

molding equipment to obtain a 2-mm thick silicone rubber
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sheets. Using this protocol, 17, 20, and 24 wt % silica–poly

(dimethylsiloxane) nanocomposite were produced and cured

thereafter using compression molding equipment.

Material Characterization

The hydrophobic nanosilica was characterized using Fourier

Transform Infra-red (FTIR) Spectrophotometer (Perkin Elmer),

solid state 29Si NMR (79.5MHz, Bruker) and thermo gravimet-

ric analysis (TGA).32 For TGA, the sample was heated from

25�C to 700�C at a heating rate of 10�C per minute on a TGA

2950 (TA instruments). The size and morphology of the func-

tionalized silica particles were analyzed using Technai G2 trans-

mission electron microscopy (TEM) instrument. The silica

dispersed uncured LSR formulation was characterized by rheol-

ogy using an RDA III strain controlled Rheometer.

The mechanical strengths (tensile strength, elongation and mod-

ulus etc.) of the cured silicone rubber sheets were characterized

using an Instron 3356 tensile tester at room temperature

(25�C). Sample dimensions and testing procedure were in

accordance with DIN 53504. The gauge length of the specimens

was 4 mm 3 2 mm. The crosshead speed was 200 mm min21.

All measurements were repeated five times and the values aver-

aged. The Young’s modulus was determined from the initial

slope of stress–strain curve.

The hardness of elastomer sheets was measured by Shore A

REX GAUGE durometer, which is a portable device that uses a

truncated cone indenter point and a calibrated steel spring to

measure the resistance of the elastomer to indentation.

The DLS experiments were carried out with a 0.1 wt % SS-

Nanosilica “sol” using Viscotek 802 DLS was measured in

quartz cuvette of optical path length 3 mm. The recorded data

were analyzed by OmniSize software

RESULTS AND DISCUSSION

The particle morphologies of the commercial colloidal silica

(designated as CS, post functionalized with tri-methylsilyloxy)

and synthesized sol–gel nanosilica (prepared by sol–gel process

as explained in the materials section, designated as SS sample in

what follows) were characterized by transmission electron

microscopy (TEM). The TEM images of the respective silica

particles are shown in Figure 1(a,b). The images seen for air-

dried samples revealed an interconnected network like morphol-

ogy for sol–gel silica (formed at solid air interface) compared to

distinctly isolated nearly spherical particles of commercial col-

loidal silica. The individual particle sizes observed for the sol-

gel silica (as measured from the network structure) are in the

range of 10–15 nm [Figure 1(b); although no isolated particle

exists] whereas, the average particle diameter for CS particles

measures 25 6 3 nm [Figure 1(a)] as revealed under TEM. The

inset of Figure 1(a) shows the global bulk morphology of CS–

silica which is mostly discrete in distribution with some random

colonies those, might form due to solvent drying during disper-

sion deposition on the TEM grid.

However, the particle size analysis of the SS–silica nanostructure

using dynamic light scattering (DLS) (see Supporting

Figure 1. (a) TEM image of colloidal silica (CS_Silica) particles in the dried form before dispersion: the inset picture corresponds to the same grid

showing low magnification TEM image (scale bar 5 50 nm). (b) TEM image of Sol-Gel nanosilica (SS_Silica) particles in the dried form before disper-

sion: the inset picture corresponds to the low magnification TEM image (scale bar 5 50 nm).

Figure 2. Schematic Illustration of formation mechanism of SS nanosilica

synthesis and self-assembly to yield percolated network.
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Information file Figure S1) indicates a wider distribution rang-

ing from 10 to 100 nm. In the dispersed state, this SS–silica

seems to retain the network structure as seen in TEM yielding

higher hydrodynamic volume in DLS. This observation supports

the network structure observed on TEM of SS–silica even in the

hydrated state. While the inset of Figure 1(b) clearly demon-

strates that the percolated network formed by SS–silica is of

length scale of few hundreds of nanometer thus, re-emphasizing

the fairly long range “meso-scale” ordering.

Figure 2 illustrates plausible formation route of SS silica net-

work structure through cooperative self-assembly. It is also

anticipated that the silane capping agent HMDZ used, effi-

ciently screen a fraction of uncondensed hydroxyl groups origi-

nally present on the particle surfaces. 29Si NMR (see Supporting

Information file Figure S2) of the SS–silica indicates the pres-

ence of Q, and M Silicon atoms (Q is named when Si is

attached to four neighboring oxygen atoms and M when Si is

linked with only one oxygen atom). A broad Q 29Si peak

(around 2100 ppm) is attributed by silica network whereas M

peak (at 1 12 ppm) is the signature of trimethyl-silyl capping

resulted from HMDZ in situ functionalization.32

These hydrophobic silane groups present on the silica surface

would help particles to compatibilize better on the PDMS

chains during the elastomer compounding and the residual

pendent silanol groups would provide synergistic polymer–filler

interaction. The state of the art here is truly the delicately bal-

anced filler–polymer and filler–filler interactions within the pol-

ymerizable PDMS matrix which would ultimately provide the

reinforced mechanical properties of the resulting LSR material.

It is worth stressing here that, trimethyl-silyl functionalization

of CS–silica obtained from commercial source could not pro-

duce the typical interconnected meso-scale association as is con-

cluded from TEM studies.

Physically blended silica nanofiller/reactive PDMS (hydride and

Vinyl) nanocomposites were investigated for rheological proper-

ties prior to curing. For both of the kinds of silica nanofiller

loaded at 17% (w/w), loss moduli dominate over the storage

moduli [see Supporting Information file Figure S3(a,b)], how-

ever, SS–silica nanocomposite measures higher storage modulus

as compared to that of CS–silica over the entire frequency

regime, (Figure 3) indicating significant reinforcement by the

former. Moreover, the fact that the slope of storage modulus vs.

oscillation frequency is less for SS–silica nanocomposite also

refers to the more structured nature of the SS–silica hybrid.

When the loading was increased to 20% (w/w), and further-

more to 24% (w/w), the liquid like behavior is slowly diminish-

ing and the solid like structure starts building up.

In the frequency sweep experiment [Figure 4(a,b)], it is evident

that the storage modulus (G0) is increased significantly with

higher loading (at 20% w/w) of the sol–gel silica [in the range

of 104 Pa; see Figure 4(b)] compared to colloidal silica [103 Pa;

see Figure 4(a)]. Moreover, at 20% (w/w) filler loading, the

structure build-up was seemingly more pronounced in sol–gel

silica-poly(dimethylsilioxane) nanocomposites as the G0 / xn

and the exponent “n” is notably lower for SS–silica nanocom-

posite over CS–silica. It is anticipated that the structuration of

the material comes from a synergistic effect involving increased

surface contacts by the adsorption of the silanized silica surface

on the poly(dimethylsiloxane) chains and superior stress distri-

bution throughout the assembled mesoscale network.

For commercial colloidal silica particles, at 17, 20, and 24% (w/w)

loading on poly(dimethylsiloxane), the structure build up was less

pronounced [Figure 4(a)]. The material has been found to have

higher viscous character at all loadings of the silica particles.

Although, the structure build up observed is weak (10 fold lesser

as compared to SS–nanosilica composite), the particle–particle

interaction seems to play a major role in the material by floccula-

tion. Hence, the observed enhancement in the G0 is most likely

Figure 3. Rheological mapping of polymerizable PDMS/silica nanocompo-

site reinforced with indicated type of nanofillers at 17% (w/w) loading.

Figure 4. A plot of storage modulus (G
0
) vs. Oscillation frequency (x) at

different filler loadings (w/w) for (a) CS–silica and (b) SS–silica as

indicated.
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due to the formation of particle aggregates and not because of

enhanced filler–polymer dispersion.

This phenomenon can further be confirmed by looking at the

tan d versus frequency plots (Figure 5), also often, referred to as

the consistency spectrum of the materials which indicates that

the silica dispersion made from colloidal silica is not very stable

and the viscoelastic character varies remarkably as the frequency

of oscillation is increased. This observation is mainly due to the

agglomeration of the CS–silica particles at larger frequency of

oscillation, thus leading to polymer–filler phase separation even

though containing same compatibilizer on their surfaces. How-

ever, the nanocomposite obtained from sol–gel silica retained its

viscoelastic behavior constant over the entire shear frequency

ranges tested. Therefore, sol–gel silica-poly(dimethylsiloxane)

nanocomposite has more stable structure than that of colloidal

silica with better polymer–particle compatibilization.

To explore further the effect of formulation additives on the

processability of these elastomeric nanocomposites, the variation

of complex viscosity with frequency of oscillation [presented in

Supporting Information Figure S4(a,b)] is investigated. It is

envisaged that the composite materials derived from SS–silica

exhibit stronger shear thinning at relatively higher filler loading

on a polymerizable PDMS matrix which clearly indicates that in

SS–nanosilica, along with chemical bonds filler network also

consists of reversible (physical) linkages.

Silica–Poly(dimethylsiloxane) Nanocomposites Elastomer

The potential application of such nanohybrids, composed of

reactive PDMS, is to formulate liquid silicone rubber for

advanced elastomeric performance. This prompted us to explore

the effect of filler morphology on the LSR properties. The silica

dispersed vinyl terminated poly(dimethylsiloxane), both sol–gel

and colloidal, at different loadings (17, 20, and 24% w/w) were

cured using standard compression molding technique to obtain

liquid silicone rubber (LSR) nanocomposites. The material

compositions were mostly kept essentially the same as those of

uncured hybrids studied for dynamic rheological measurements,

but additionally the ppm level of catalyst and inhibitor were

added. These elastomer sheets are visually homogeneous and

optically transparent. The hardness and mechanicals properties

were analyzed by standard ASTEM or DIN test protocols.

The mechanical properties of the heat cured elastomer sheets

were studied by tensile tester. The applied linear stress was plot-

ted against the developed strain to understand the strength of

the materials. The stress–strain curves indicated that the silica

dispersed LSR samples store and dissipate mechanical energy

very well. The material has significant elongation character and

experimentally qualifies as an elastomer. The initial stress–strain

response (as exhibited in the Supporting Information file Figure

S5) is linear as it deforms and reforms to original shape after

stress removal (Hookean solid). The slope calculated from the

linear portion of the curve provided information related to stiff-

ness of the material (known as the Young’s modulus or the

modulus of elasticity). With filler loading of 17% (w/w), the

Young’s moduli observed (CS 5 0.85 MPa, SS 5 0.92 MPa) were

nearly identical for two elastomers incubating colloidal and sol–

gel silica nanofillers. However, with 20 and 24% (w/w) sol–gel

silica loading, fairly higher Young’s modulus (20% 5 1.83 MPa,

24% 5 1.7 MPa) can be recorded for SS–silica nanocomposite

in comparison to CS silica (20% 5 1.0 MPa, 24% 5 0.83 MPa)

filled elastomers.

These ductile materials gradually crossed a yield point, point at

which the non-linear behavior begins, at some value of stress

and gradually deviate from linearity. The ultimate tensile

strength (UTS) or tensile strength is the maximum engineering

stress value was determined in a tension experiment. The tensile

load versus deformation relationship of elastomers is consider-

ably nonlinear. The slope of the curve drops off significantly

(curves not shown) and the gradient changes as the elastomer is

stretched.33 A typical result observed for elastomers is a S-

shaped stress–strain curve for which Hooke’s law is valid only

at low strain regime.

The tensile strength of the samples did not change significantly

at and below 17% (w/w) of silica loading. However, excitingly

near 170% enhancement was recorded for the LSR films made

from 20 and 24% (w/w) sol–gel silica dispersions compared to

the commercial nanofiller (see Figure 6). Although, the tensile

strength of the LSR greatly improved with SS-silica as compared

to CS–silica, the elongation properties do not differ much

between these two fillers at all experimental loadings tested.

Figure 5. Tan-delta curves for CS (solid triangle) and SS (solid square)

silica/polysiloxane composites.

Figure 6. Comparison of tensile strengths of elastomers filled with sol–gel

silica (SS–silica) vs. colloidal silica (CS–silica).
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This would suggest rather an important phenomenon that one

can significantly improve the tensile strength of the LSR by

replacing commercial CS–silica with the tailor-made sol–gel

silica with no sacrifice on the elongation properties.

Tensile strength largely depends on an elastomer’s ability to par-

tially strain crystallize when stretched. With greater crystalliza-

tion comes increased strength and resistance to stress. The

temporary nature of strain crystallization allows elastomers to

regain their original shape when the stress is removed. It is

observed that the hardness of the sample is a function of modu-

lus. This property can also be correlated with the aggregation

state of dispersants within the polymer matrix. The hardness

has increased with increasing in modulus for sol–gel silica dis-

persed LSR material (Figure 7). No significant dependence of

the hardness over modulus was observed for the colloidal silica

dispersed LSR possibly due to the poor polymer–particle inter-

action.34–37

Hardness is a material’s ability to resist indentation under spe-

cific test conditions. They could be inherent or processed hard-

ness. The Shore A durometer is a portable device that uses a

truncated cone indenter point and a calibrated steel spring to

measure the resistance of the elastomer to indentation. The elas-

tomers reinforced with 17% (w/w) sol–gel silica nanostructure

showed a hardness of 20. To arrive at the same hardness of 20

it requires 24% (w/w) colloidal silica. When 24% (w/w) loading

of sol–gel silica was used the hardness enhanced to 32. Overall,

the sol–gel silica provided a greater hardness compared to com-

mercial silica fillers as well under the same loading.

CONCLUSIONS

Beneficial role of mesoscale network morphology of tailor-made

silica nanofillers is identified and explored over particulate

aspect of commercial nanosilica to reinforce silicone rubber, a

class of specialty polymers nanocomposite. The mechanical

properties of the elastomer sheets were strongly dependent on

the concentration and global morphological state of the particle

fillers used. The “in situ” formed nanosilica network morphol-

ogy of sol–gel nanosilica imparts efficient stress bearing ability

on the LSR. The dispersion of the interconnected silica assembly

(SS–silica) in reactive poly(dimethylsiloxane) nanocomposite,

prior to curing LSR, most probably causes a semi-

interpenetrating network formation and hence the property

enhancement as compared to those evaluated for the commer-

cially available colloidal silica (CS–silica).

Thus, the interconnected tailor-made silica particulate networks

offer a suitable replacement for fumed silica to remarkably rein-

force mechanical properties for LSR sheets with no compromise

on elongation when enforced into PDMS chains at and above

20% (w/w) compared to the commercial colloidal silica under

identical conditions.
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