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ABSTRACT: We studied the rheology and morphology of hydrophilic and hydrophobic silica containing polypropylene (PP) and PP/

liquid crystalline polymer (LCP) blend. It was found that hydrophilic silica has higher tendency for aggregation and forms bigger

aggregate size. The lower percolation threshold and the higher fractal dimension for hydrophilic silica are due to its stronger particle–

particle interaction compared with the hydrophobic one. Although the hydrophobic silica has lower thickening capability and lower

coalescence hindrance by aggregates, its presence at the interface of PP/LCP blend results in smaller droplet size and higher elasticity

of hybrid samples in comparison to hydrophilic silica. These results confirm that the hydrophobic silica has a compatibilization capa-

bility for PP/LCP blend, whereas the hydrophilic silica mostly works as a thickening agent and suppresses the coalescence. We sug-

gested that for comparison of different particulate compatibilizers, the elasticity of filled blend sample against filled matrix phase can

be used in high and low frequency ranges. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000–000, 2012
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INTRODUCTION

The presence of nanofillers in molten polymers results in signif-

icant change of viscoelastic properties. Consequently, melt linear

viscoelastic behavior is a way generally used to assess the state

of dispersion of nanocomposites directly in the melt state. Dur-

ing the past few years, intensive discussions have been hold on

the rheology of polymer layered silicate nanocomposites,

whereas the rheology of nanocomposites filled with spherical

particles, and more particularly fumed silica, seems to

have been received less attention. The particle–particle and par-

ticle–polymer interactions have a major impact on the rheologi-

cal and reinforcement properties of fumed silica nanocompo-

sites due to the large surface area of particles.1–3 Fumed silica

fillers have the potential for self-aggregation due to their fractal

structure and high specific area, and hence they can form a

network of connected or interacting particles in the molten

polymer.1–4

The nanocomposites containing fumed silica show a solid-like

behavior response at low deformation rates with following char-

acteristics: a nonterminal zone of relaxation, apparent yield

stress, and a shear-thinning dependence on viscosity at high de-

formation rates.1 This particular rheological behavior arises

from the presence of a network structure. This network struc-

ture can be formed by partly adsorption of polymer chains

on the filler surface and partly entanglement with neighboring

ones,2 which give rise to a subset of stiffer chains extending

from the interface, resulting in a dynamically stiffer matrix

as well as a higher loss modulus due to an increase in

hydrodynamic friction.5 This finding was evidenced by

viscoelastic experiments showing that the low frequency

modulus of the composites decreases considerably when

the particles are chemically treated with organosilane. However,

the density of adsorbed chain (bound chain) and their confor-

mation at the filler surface are generally quite difficult to

access.2,6

Two mechanisms are presented in the literature to depict the

solid-like behavior qualitatively: the particle–particle interaction

is the dominant mechanism in fumed silica nanocomposites,

whereas the particle–polymer interaction is the dominant

one in colloidal silica nanocomposites at identical filler

concentration. Obviously, these interactions are balanced in

each nanocomposite systems by the silica surface treatment

(chain grafting, silane modification) and the matrix

characteristics.1

Polymer blends comprising of a flexible matrix and small

amount of liquid crystalline polymers (LCP) are of industrial

and academic interests because the dispersed LCP phase can

lead to easier processing and enhanced mechanical properties

(e.g. Refs. 7–9). Addition of compatibilizer has been found to

improve the dispersion of the LCP phase and in some cases
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enhance the final mechanical properties of the blend systems.

Using a compatibilizer—which is compatible or miscible with

both phases—is the classical route to ensure adhesion between

two phases. For example the addition of maleic anhydride-

grafted polypropylene (PP) as a compatibilizer to PP/LCP

blends was studied by Datta and Baird10 and O’Donnel and

Baird.11 The enhanced dispersion in compatibilized polymer

blends is due to the reduction of interfacial tension and sup-

pression of coalescence.12

Another less explored compatibilization method is that by use

of inorganic solid particles.13–15 Cassagnau and coworkers16

studied the effect of both hydrophilic and hydrophobic nano-

silica on PP/Polystyrene (PS) and PP/Ethylene vinyl acetate

(EVA) blends17 They showed that while the hydrophilic silica

tends to locate inside PS phase in PP/PS blend, the hydrophobic

silica preferentially concentrates at the interface and PP phase.16

For PP/EVA blend samples, it was found that the hydrophilic

silica tends to confine in the EVA phase, whereas hydrophobic

one was located close to the PP/EVA interface in the EVA phase.

For the latter case, no clear interphase of PP/silica/EVA has

been observed.17

It has been shown18 that the hydrophobic nanosilica enhances

the fibrillation process of LCP in PP/LCP blends. The thicken-

ing effect of nanosilica in PP matrix was suggested to be the

reason of this observation. Zhang et al.19 also studied the effect

of hydrophobic and hydrophilic nanosilica on PP/LCP blends

and reported that only hydrophobic type silica enhances the

fibrillation of LCP phase. We investigated the effect of hydro-

phobic and hydrophilic silica as well as classical compatibilizers

on the rheology and morphology of PP/LCP blend in our previ-

ous work.20 Our results showed that SEBS-g-MA is more effi-

cient in compatibilizing PP/LCP blend than SEBS, and while

hydrophilic silica disperses in both matrix and LCP droplets,

the hydrophobic silica concentrates at the interface and PP ma-

trix and enhances the compatibilization of phases. However, it

should be noted that the results were limited to only one con-

centration, 1 wt %, of fumed silica.20

In this work, the effects of fumed silica concentration on the

rheology and morphology of both PP matrix and PP/LCP blend

are studied to provide a deeper insight into compatibilization

and/or thickening effect of nanosilica on PP/LCP blend. Study-

ing the rheology of PP/nanosilica system can provide a good ba-

sis for understanding the rheology of PP/LCP/nanosilica hybrid

blends. It should be noted that we limited our study to blend

compositions with dispersed LCP phase in the dilute regime;

because such blends have economical application in self-rein-

forcing composites, and as the volume fraction is below concen-

trated regime, the hydrodynamic interactions between neighbor-

ing LCP droplets can be ignored. The effect of LCP

concentration on thermoplastic/LCP blends has been widely

investigated in Ref. 9.

In the first part of this work, the aggregation and rheological

behavior of hydrophobic and hydrophilic silica filled PP are

studied. Then in the second part, the effects of these nano-

particles, as a new potential type of compatibilizers, on the

rheology and morphology of PP/LCP blends are studied.

EXPERIMENTAL

Materials

An isotactic PP, Moplen HP500H obtained from Arak petro-

chemicals, with melt flow rate of 1.8 and a melting point of

165�C, was used as matrix. The dispersed phase was a thermo-

tropic LCP, Vectra A950 (from Hoechst-Celanese, now Ticona)

which is a commercial random copolyester of 73% pHBA and

27% 4,6-HNA. The as-received pellets had a nominal melting

point of 280�C. The nematic–isotropic transition is not known,

as it lies above the decomposition temperature.

Fumed nanosilica, Aerosil 200 and Aerosil R816 abbreviated,

respectively, as Silica and m-Silica*, were kindly supplied by

Degussa GmbH. The hydrophilic nature of the Aerosil 200 pow-

der, which has a specific surface area (BET) of 200 6 25m2/g

and an average particle size of 12 nm, is due to the presence of

silanol groups on its surface. The Aerosil R816 is a hexadecylsi-

lane surface treated hydrophobic nanosilica based on Aerosil

200. The hydrophobic surface treatment changes slightly the

specific surface area (BET) to 190 6 20m2/g. The nanosilica

particles have a spherical surface and are free of pores.

Sample Preparation

Two different series of samples were prepared: (1) PP/Silica and

PP/m-Silica nanocomposites and (2) PP/LCP/Silica and PP/

LCP/m-Slica hybrid blends. The PP/LCP blend with 85/15

weight fraction was selected to study the effect of nanosilica on

its rheology and morphology. Three different weight fraction of

silica (1, 2, and 3 wt %) was added during melt blending to

this system. If we assume that silica selectively locates in the PP

matrix (to be discussed afterward), these compositions corre-

spond to � 1.2, 2.4, and 3.6 weight fractions of silica in PP

phase. All samples were prepared by melt blending in a

Brabender internal mixer at 290�C and a rotor speed of 60 rpm

for approximately 6 min (time to reach a constant torque). To

inhibit the thermal degradation during melt blending and rheo-

logical measurements, 0.5 wt % Irganox 1076 and Irgafos 168

were added during melt mixing.

Morphological Studies

The transmission electron microscopy (TEM), Philips EM 208

operating at 100 kV was used to study the aggregate size and

location of nanosilica in the samples. The samples were pre-

pared using cryomicrotoming (with a diamond knife) at �80�C
to prevent any possible morphological changes during cutting.

CamScan model MV2300 scanning electron microscopy (SEM)

was used to study the morphology of blend samples. The blend

samples were cryofractured in liquid nitrogen and the resulting

fractured surfaces were coated with gold before observations by

microscope operated at 25.0 kV and under high vacuum.

Rheological Measurements

The rheological measurements were performed with a stress/

strain controlled rheometer, Paar Physica model UDS 200,

*The ‘‘silica’’ term is used for both silica types.
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equipped with parallel plate geometry with 25 mm diameter

and 1 mm gap. All the experiments were carried out under a

continuous flow of nitrogen gas around the sample pan. The

temperature was set at 290�C during experiments in which the

LCP is in the nematic state. The frequency sweep tests were per-

formed on samples at strain of 1% which was determined to be

in the linear viscoelastic region. Thermal treatment before rheo-

logical measurements to achieve a stable nematic state was per-

formed as established by Lin and Winter.21

RESULTS AND DISCUSSION

PP Nanocomposites

Typical TEM micrographs of PP filled with hydrophilic and

hydrophobic silica are shown in Figure 1. The estimation of ag-

gregate sizes performed for several aggregates in the TEM

micrographs of samples shows that the average aggregate sizes

in the PP matrix are about 230 nm and 390 nm for hydropho-

bic and hydrophilic silica filled samples, respectively. The

observed higher extent of aggregation for hydrophilic silica is in

agreement with the results reported by Aranguren et al.2 for

nanosilica suspensions in polydimethylsiloxane (PDMS).

The effect of nanosilica type and content on the melt linear

viscoelastic behavior of the samples is shown in Figure 2. It is

seen that the addition of nanosilica even at very low contents

increases the viscosity and elasticity of the samples which is a

characteristic of nanostructured material. The lowest attainable

angular frequency due to thermal stability of samples was about

0.05 rad/s in these measurements. In other words, the high to

low frequency sweep experiments were reproducible up to 0.05

rad/s due to thermal degradation of samples.

It can clearly be seen that with increasing silica content of sam-

ples, the nonterminal behavior in storage modulus and viscosity

upturn at low frequencies become more pronounced. The

observed behavior is an indication of three-dimensional physical

network formed in these nanocomposite samples. It should be

noted that the hydrophilic silica shows higher increase in com-

plex viscosity and storage modulus compared with hydrophobic

one which is in agreement with higher extent of aggregation

observed in microscopy study.

The results of the melt linear viscoelastic measurements can be

used to assess the microstructure of the dispersions. To quantify

the percolation threshold, the following percolation model can

be used:

G0 � ðu� uperÞm (1)

where m is a power law exponent and uper is the percolation

threshold volume fraction.2,22 Vermant et al.23 used a linear–lin-

ear plot and approximated the uper by a linear regression of

data points above the percolation. However, using this method

yields a lower percolation threshold for hydrophobic silica

which does not correlate with rheological trend and morpholog-

ical observations. Therefore, it seems that fitting the eq. (1) to

find the uper as shown in Figure 3 is more reasonable. The per-

colation threshold volume fraction was found to be � 0.8 and

� 0.9% for hydrophilic and hydrophobic silica, respectively,

which is in agreement with the results reported in the literature

for about 1% nanosilica.24 The slightly lower percolation thresh-

old for hydrophilic silica filled samples is in agreement with its

higher extent of aggregation seen in TEM micrographs.

When the particulate networks are above the percolation thresh-

old uper, the scaling concept of the elastic properties for fractal

networks, developed by Shih et al.,25 can be used to quantita-

tively analyze the rheological data. Shih et al.25 considered the

structure of a particle network as a collection of fractal aggre-

gates that are elastically linked together. In this case, low fre-

quency solid body response is dominated by the elasticity of the

backbones of the aggregates. In this regime, the value of the

plateau modulus is predicted to have a power-law dependence

on volume fraction:

G0
p � uð3þxÞ=ð3�df Þ (2)

where df is the fractal dimension of the aggregate network and x

is an exponent that relates the particle volume fraction with

aggregate size, that is, x depends on the number of particles per

aggregate. According to Potanin,26 the ratio df/x can be consid-

ered as an invariant. He proposed df/x ¼ 3/2 for a three-dimen-

sional network. Although the storage modulus plateau may not

Figure 1. TEM micrograph of (A) PP/hydrophilic silica and (B) PP/hydrophobic silica. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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always be present in the experimental window, the low frequency

storage modulus can be used to study this scaling behavior.24,27

Figure 4 shows the variations of the low frequency elastic modu-

lus as functions of the solids content. For the hydrophilic silica,

power-law exponent was found to be 4.1 which corresponds to

fractal dimension df � 2. For the hydrophobic silica, exponent

3.9 is obtained corresponding to df � 1.9. The lower value of

fractal index for the m-Silica containing samples can be explained

by a structure which is less dense than that of the Silica ones.

The obtained fractal dimensions correspond to chemically limited

aggregation interaction type and are in agreement with the results

of Khan et al.3 and Yziquel et al.4

The lower percolation threshold and hence higher aggregation

tendency of hydrophilic silica may be explained by its lower af-

finity with PP and hydrogen bonding tendency between par-

ticles in comparison to hydrophobic silica. However, considering

fundamental theories concerned with particle interactions in

Figure 2. Storage modulus and complex viscosity versus angular frequency of PP nanocomposites with 0 (^), 1 (&), 1.2 (~), 2.4 (*), and 3.6% (*)

silica contents.

Figure 3. The fitting of eq. (1) for nanosilica filled samples.

Figure 4. The fitting the power-law model on the storage modulus versus

volume fraction dependency.
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terms of electrostatic, Van der Waals, and steric forces28 can be

more helpful. The electrostatic repulsion results from the over-

lapping of the electric double layer that develops at charged

interfaces. In the simplest case, a repulsive force develops

between the interfaces due to the entropic confinement of the

counter-ions which neutralize a charged interface.28 The neutral

nature of polymeric media (the absence of ions) and uncharged

interface of nanosilica implies insignificant electrostatic interac-

tion. According to the microscopic theory by Hamaker, the Van

der Waals interaction between two macroscopic bodies can be

found by the integration of Van der Waals interaction between

molecules over all couples of molecules.28 The presence of sila-

nol groups at the surface of hydrophilic silica compared to the

hexadecyl chain at the surface of m-Silica results in stronger

dipoles and hence stronger Van der Waals attraction between

particles.28 On the other hand, hexadecyl chains attached to the

surface of hydrophobic silica cause higher degree of steric repul-

sion between particles of hydrophobic silica. Therefore, the

higher degree of aggregation and denser aggregates of hydro-

philic silica compared with hydrophobic one are expected.

For concentrated hard sphere suspensions, the Krieger and

Dougherty equation29 is suitable to describe the relationship

between the relative viscosity and the volume fraction of solid

particles:

gr ¼
g
gm

¼ 1� u
um

� ��½g�um

(3)

where gr is the relative viscosity of filled polymer with respect

to the matrix, um is the maximum packing fraction, and [g] is

the intrinsic viscosity of suspensions. This equation has been

used at both low and high shear rates of viscosity obtained

from flow curve measurement,30 and for storage and loss mod-

uli at low or high frequencies as suggested by Vermant et al.23

Although the low frequency viscoelasticity mainly gives infor-

mation about the aggregates and eventually the percolating

structure formed by the aggregates, the high frequency visco-

elasticity is dominated by the polymeric matrix contributions

due to an increase of hydrodynamic contribution of matrix. In

the present work, both low and high frequency complex viscos-

ities of samples were fitted to the Krieger and Dougherty equa-

tion, as shown in Figure 5. It is seen that the model fits quite

well, and consequently it can predict the relative viscosity at

various volume fractions.

The results (summarized in Table I) show that um of hydro-

philic silica is lower than that of hydrophobic one indicating

that the former reaches the closest packing at lower volume

fractions. Higher value of [g] for hydrophilic silica filled sam-

ples is expected due to its higher thickening effect observed in

Figure 2. Similar results are presented by Chen et al.30 for sus-

pension of silica particles in mineral oil. Although the maxi-

mum packing fraction (um) was found to be close to the theo-

retical value (0.74) for the microparticles, for the nanosilica

filled samples the values were in the range of 0.07–0.22 that is

comparable to our results.30 The lower um of nanoparticles was

attributed to the formation of branched aggregates by Chen

et al.30 Higher value of [g] for hydrophilic silica corresponds to

the higher aspect ratio of aggregates31 which could be the rea-

son of lower um value of this silica type.

Higher um and lower [g] values at high frequencies compared

with low frequency results are observed (Table I). Similar results

were obtained by Chen et al.30 in two different shear rates

which were attributed to the breakage of the branched, agglom-

erated structure into smaller structures under high shear forces

and thus relatively tighter packing structures. Although there is

hardly breakage of aggregates in the small amplitude oscillatory

shear flow compared to the shear forces in rotational flow, the

higher um and lower [g] values at high frequencies can be

attributed to the dominated hydrodynamic contributions of

Figure 5. The fitting of Krieger-Dougherty equation at (a) low frequency and (b) high frequency

Table I. The [g] and um Obtained from Krieger-Dougherty Equation

[g]LFa um, LF [g]HF
b um, HF

Hydrophilic silica 37.1 0.094 25.1 0.140

Hydrophobic silica 34.0 0.103 22.6 0.155

aLF index is corresponding to low frequency data, bHF index is corre-
sponding to data taken at high frequencies.
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polymeric matrix and less contribution of three-dimensional

network between aggregates.

Blend nanocomposites

The thermodynamic preference of filler to distribute selectively

can be predicted by introducing a wetting coefficient, Wa
32:

Wa ¼ cfiller�B � cfiller�A

cA�B

(4)

where cfiller�Aand cfiller�Bare the interfacial tensions between the

filler and polymer A or B, respectively, and cA�B is the inter-

facial tension between polymer A and B. If Wa > 1, the filler is

located within A-phase, if �1 < Wa < 1, the filler concentrates

at the interface, and if Wa < �1, the filler is selectively distrib-

uted in the B-phase. In our previous work,20 we found that at

thermodynamic equilibrium, the hydrophilic silica particles

should be preferentially located in the LCP phase, whereas the

hydrophobic silica should be concentrated at the interface in

this hybrid system.

By using TEM analysis, we showed that while hydrophobic silica

is located at the interface and in the PP matrix, hydrophilic

silica is distributed in both phases.20 These results were in

agreement with the experimental results reported by Zhang

et al.19 By considering this result and those predicted by ther-

modynamic approach, one may notice that there is some incon-

sistency between the experimental and theoretical results. This

discrepancy can be explained in terms of the concentration

effect, significance of diffusion by Brownian motion or convec-

tive forces, and/or temperature effects on interfacial properties.

By estimating the required amount of nanoparticle to cover dis-

persed droplets, we found that 0.1% of hydrophobic silica is

enough to saturate whole PP/LCP interface if it works as a com-

patibilizer.20 This is evidenced by TEM micrograph which shows

a fraction of hydrophobic silica particles tends to locate in the

PP phase after saturation of interface.20

The time required for a particle with radius r (in this case an

aggregate) to diffuse a distance of its radius can be expressed as

in Ref. 33:

tD ¼ r2

Ds

(5)

where Ds(u) is the short time self-diffusion coefficient which

reduces to the following equation for a dilute suspension of

spherical droplets:

D0 ¼ kBT

6pgr
(6)

In this equation, kB is the Boltzmann constant, and g is the vis-

cosity of media at temperature T and shear rate imposed on the

sample. The viscosity of the melt blend was calculated at opera-

tional conditions of internal mixer (in which the shear rate was

found to be about 52 s�1 [Ref. 34]). It is estimated that aggre-

gates need 17–145 min to diffuse a distance equal to their size.

Therefore, it is evident that Brownian motion is too slow to

affect the positioning of aggregates in PP/LCP blend during

melt mixing.

The frequency of collision between particles per unit volume

and unit time in simple shear flow with shear rate _c can be

described as follows in Ref. 35:

C ¼ 2

3
_c d3n2 (7)

where n is the number of particles with size d per unit volume.

As the volume fraction of particles is u ¼ np
6
d3, this equation

can be rewritten as follows:

C ¼ 24_cu2

p2d3
(8)

It should be noted that this equation was not developed for

hybrid systems; however, it can provide an estimation of con-

vective diffusion during the melt mixing process. Therefore, it

can be estimated that 4:6� 1013 collisions take place between

dispersed phase particles during the mixing in the internal

mixer. This estimation shows that while the Brownian motion

has negligible effect on the diffusion of particles to the interface

of LCP droplets, very high rate of convective migration com-

pensates this slow thermodynamic diffusion. The significance of

convective diffusion compared to Brownian motion can be veri-

fied by Peclet number as well. The Peclet number is defined as

the ratio of the time required for a droplet to diffuse a distance

of its radius, tD, divided by the time required for it to convect

the same distance, 1= _c:

Pe ¼ _cr2

DsðuÞ �
6pg_cr3

kBT
(9)

The calculations show that Peclet number is much higher than

1, which means that the convective mechanism is dominant

during the melt mixing process. According to the above discus-

sion, the discrepancy between wetting parameter prediction and

morphological observation in Ref. 20 can be explained as

follows:

• For hydrophobic silica which prefers to concentrate at the

interface, the used concentrations of fumed silica are much

higher than interface saturation. Hence, the excess particles

will stay in the more hydrophobic PP phase after saturation

of interface.

• Although hydrophilic silica should be preferentially located

in the LCP phase, it can be found in both phases. This

could be due to the low saturation concentration of silica

in the dispersed phase with liquid crystalline structure.

In other words, if the LCP droplet collide with silica

aggregates, it will be wetted by LCP phase (see TEM micro-

graphs in Ref. 20), but further diffusion inside the LCP

droplet may not be preferable due to the crystalline

structure.

The comparison of aggregate sizes between the PP/LCP blends

and PP nanocomposites does not show a considerable difference

which may be due to the insignificant effect of LCP dispersed
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phase on aggregate size, calculation errors, and/or the local

characteristic of TEM images.

SEM micrographs of PP/LCP hybrid blends are shown in Figure

6. As it is clearly seen, the LCP minor phase in the form of

nearly spherical droplets is distributed in PP matrix. However,

for samples containing 1 and 2% nanosilica, more nonspherical

droplets are seen compared to 3% silica containing PP/LCP

blends. This can be explained by local barrier effect of nanosil-

ica aggregates at lower concentration that will be compensated

by more uniform local distribution of aggregates at higher con-

centrations. For a quantitative analysis, the droplet size was

determined by using image analysis. Typically, 300 particles

were analyzed per sample and the number average radius �RN

and volume average radius �RV of dispersed phase were

Figure 6. The SEM micrographs of PP/LCP/silica hybrid samples.
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calculated by assuming the dispersed phase as spherical particles

by following equations:

�RN ¼
P

niRiP
ni

(10)

�RV ¼
P

niR
4
iP

niR
3
i

(11)

It should be noted that in the emulsion theories, the domain

size is usually expressed as volume average radius. The polydis-

persity index (PDI), of droplet size distribution can be esti-

mated in terms of �RV=�RN ratio. For a monodisperse system,

this ratio tends to unity and the values greater than one show

the broader droplet size distributions.

The values of droplet size and polydispersity of LCP dispersed

phase in hybrid samples are shown in Figure 7. These results

show that the addition of nanosilica results in reduction of the

droplet size during melt blending, although their effect on the

polydispersity is rather complicated to draw a clear conclusion.

Incorporation of nanofiller in a polymer blend sample can

reduce the droplet size by three different mechanisms:

(a) reducing the viscosity ratio by thickening the matrix19,36

(b) suppressing the coalescence during mixing27,37

(c) compatibilization by concentrating at the interface16,37–39

Note that the mechanisms (b) and (c) are not completely inde-

pendent, because besides the hindrance of coalescence by solid

aggregates, the presence of compatibilizer at the interface also

results in suppression of coalescence.12 Nanosilica is especially

known as a thickening agent in the emulsion and suspension

systems. Zhang et al.19 attributed the smaller droplet size of PP/

LCP blend in the presence of nanosilica to the thickening effect,

although they did not systematically differentiate the hydropho-

bic and hydrophilic ones. However, we showed that while the

hydrophilic silica has higher thickening capability according to

the results obtained in PP nanocomposites section, higher

degree of droplet size reduction is observed for hydrophobic

silica filled blend samples. This suggests that other phenomena

control the final droplet size of blend samples. In other words,

the existence of m-Silica at the interface of prepared PP/LCP

blend, its weaker thickening effect and smaller resultant droplet

size of m-Silica filled blend samples compared to hydrophilic

silica filled ones confirm a compatibilization effect of m-Silica

for this system in accordance to our previous work.20

From the three mechanisms mentioned above, both hydrophilic

and hydrophobic silica can induce coalescence hindrance and

thickening effect. The coalescence can be hindered by the pres-

ence of aggregates in the matrix or particles at the interface.

The bigger aggregates of hydrophilic silica imply higher extent

of coalescence hindrance in comparison to hydrophobic one.

The results discussed earlier showed that hydrophilic silica has

higher extent of thickening effect on the viscosity of PP nano-

composites. It should be noted that small amount of hydro-

philic silica in LCP droplets was also observed which can affect

the viscosity ratio. However, it can be suggested that the viscos-

ity ratio has insignificant effect on the final droplet size, as the

presence of extensional flow field in the internal mixer40 can

control the droplet break-up process. Therefore, considering

only coalescence hindrance and thickening mechanisms suggest

smaller droplet size for hydrophilic silica containing blend sam-

ples. However, the morphological studies showed the opposite

trend. Thus, the compatibilizing effect of hydrophobic silica can

be the mechanism which controls the final morphology of PP/

LCP/m-Silica hybrid samples.

If an additive acts as a thickening agent, it is expected to

enhance the shear stress transfer particularly in low shear rate

region—where the greater droplet size exists—and therefore it

will lead to a narrower droplet size distribution. This reveals

that the hydrophobic silica has not appreciable thickening effect

on PP/LCP blend (at least in 0–2 wt % silica content range),

because it does not affect the PDI in this range. This result sup-

ports the compatibilization effect of hydrophobic nanosilica

which decreases the mean droplet size more than hydrophilic

one. The reduced LCP droplet size and polydispersity for hydro-

philic silica containing blend samples can be attributed to the

thickening effect of this silica and hindrance effect of aggregates

on coalescence process.

Figure 7. Droplet size and its distribution for PP/LCP blends with differ-

ent: (~, ~) hydrophobic, and (l, *) hydrophilic silica contents.

Figure 8. The storage modulus of PP (~), LCP (^), PP/LCP blend (n),

and the prediction of mixing rule (---) and Palierne’s model (—).
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The abrupt reduction in LCP droplet size after 2 wt % for

hydrophobic silica filled blend is matching the range of percola-

tion volume fraction in the PP matrix. Although the concentra-

tion of hydrophilic silica in 3 wt % containing PP/LCP is also

above the percolation threshold, we do not see any further

refinement in this blend sample. This suggests that the concen-

tration of a particulate compatibilizer should be higher than

percolation threshold to achieve high efficiency in droplet

refinement.

Figure 8 shows the storage modulus, G0, as a function of angu-

lar frequency for PP, LCP, and PP/LCP blend samples. It is seen

that LCP exhibits greater melt elasticity compared with PP ma-

trix at whole frequency range. The storage modulus plateau of

LCP at low frequencies is attributed to the solid body behavior

resulted from the highly ordered nematic state close to the melt-

ing point. The G0 of PP/LCP blend sample is compared with

simple mixing rule and Palierne’s model in Figure 8. The results

show a negative deviation from simple mixing rule due to weak

interfacial adhesion between PP and LCP phases. The Palierne’s

advanced model41 was found to be unable to predict the rheo-

logical behavior of LCP containing blend, in accordance to the

literature.8 The pronounced nonterminal behavior of PP/LCP

blend sample, indicating longer relaxation time of dispersed

droplets compared to Palierne’s model41 prediction, could origi-

nate from internal structure of LCP droplets.

The linear viscoelastic properties of silica containing PP/LCP

blend samples are shown in Figure 9. As seen, the extent of

increase in G0 and |g*| with increasing silica content is higher

for hydrophobic silica compared with hydrophilic one. This

supports the compatibilization of hydrophobic silica which has

lower thickening ability and smaller aggregates to hinder the co-

alescence process. As it was shown in Figure 8, the Palierne’s

model could not be used to predict the rheological behavior of

simple PP/LCP blend sample when the interfacial tension is

known and vice versa. Similar behavior was found for silica

containing blend samples. Vermant et al.27 suggested that for

estimating the ratio of droplet size to interfacial tension for

nanosilica containing blend, the interface contribution can be

obtained by subtracting the matrix and dispersed phase contri-

bution; and then the crossover frequency between G0
INT and

G00
INT can be used to estimate this ratio. However, in the pres-

ent work, the observed negative deviation from mixing rule

Figure 9. The rheological behavior of (^) 1, (h) 2, and (~) 3wt.% silica filled PP/LCP blend.

Figure 10. Variation of storage modulus of PP/LCP/silica samples versus storage modulus of PP/silica nanocomposites at (a) low frequency and (b) high

frequency.
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shows that both G0
INT and G00

INT are negative in the whole fre-

quency range for all blend samples. Therefore, neither the Pal-

ierne’s model is able to predict the rheological behavior of

hybrid samples, nor the Vermant et al.’s method can be applied

for estimation of interfacial tension between PP and LCP in the

presence of nanoparticles. It means that an advanced model or

new experimental methods should be developed to describe this

behavior.

Results in Figure 9 can be presented in terms of storage modu-

lus variation of PP/LCP/silica samples versus corresponding G0

values of PP/silica nanocomposites at low and high frequencies

(Figure 10). It is seen that the presence of LCP phase in hydro-

phobic silica containing blend samples results in higher extent

of elasticity at both low and high frequencies. The higher order

of elasticity at high frequency for hydrophobic silica, where the

molecular scale contributions are significant, shows the

enhanced stress transfer from matrix to dispersed phase at mo-

lecular scale. At low frequency, the contributions of interfacial

energy of dispersed droplets (microscale contributions) are sig-

nificant and thus the higher order of elasticity for hydrophobic

silica containing blend samples suggests higher order of droplet

deformation due to enhanced interfacial adhesion. Therefore,

higher degree of compatibility between PP and LCP is achieved

in the presence of hydrophobic silica compared with hydrophilic

one.

CONCLUSION

The rheology and morphology of nanosilica containing PP and

PP/LCP blend were studied. The rheological results were used

to calculate the percolation threshold, fractal index, and the

intrinsic viscosity of PP/silica nanocomposites. It was found

that hydrophobic silica has higher tendency for aggregation and

forms bigger and denser aggregates. The lower percolation

threshold and the higher fractal dimension for hydrophilic silica

are due to its stronger particle–particle interaction rather than

polymer–particle interaction compared with hydrophobic one.

Although the hydrophobic silica has lower thickening capability

and lower coalescence hindrance caused by aggregates, it locates

at the interface of PP/LCP blend and results in smaller droplet

size and higher elasticity in comparison to hydrophilic silica. It

was found that the concentration of a particulate compatibilizer

should be higher than percolation threshold to achieve high

efficiency in droplet refinement. The results suggest that the

hydrophobic silica has a compatibilization capability for PP/

LCP blend, whereas the hydrophilic silica mostly works as a

thickening agent and suppresses the coalescence. We found that

the stress transfer at molecular scale and droplet deformation

due to enhanced interfacial adhesion is enhanced by hydropho-

bic silica more than hydrophilic one.
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