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Abstract

Hybrid composites composed of a thermotropic liquid crystalline polymer (TLCP), nano-SiO, and polycarbonate (PC) were prepared by melt
blending in a twin-screw extruder. Infrared spectroscopy analysis indicated that the transesterification between PC and TLCP molecules during
melt blending was significantly reduced in TLCP/PC blends filled with nano-SiO,, compared to the unfilled TLCP/PC one. Scanning electron
microscopy (SEM) observation showed that better compatibility and finer TLCP dispersion were reached in the unfilled blend, which made the
fibrillation of TLCP difficult in capillary flow even at high shear rate. In contrast to this, well-developed TLCP fibrils were formed by capillary
flow in nano-SiO, filled TLCP/PC blends. By increasing the nano-SiO, concentration and shear rate, the fibrillation of TLCP was significantly
enhanced. Thermodynamically the interfacial tension between these components and dynamically the viscosity ratio of TLCP to PC were used to
investigate the mechanism of nano-SiO, in inhibiting the transesterification and enhancing the fibrillation of TLCP droplets in these hybrid

composites.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

During the last two decades, a group of self-reinforced
polymer blends, in situ composites consisting of thermoplastics
and thermotropic liquid crystalline polymers (TLCPs) attracted
an extensive concern, due to TLCP’s excellent lubrication
during melt processing and potential reinforcing effect for the
resultant composites [1-3]. However, the mechanical proper-
ties of these composites, relied on the in situ generated TLCP
fibrils, are far behind expectations [3]. In recent years, great
efforts have been made to improve the mechanical perform-
ances as well as lower the cost of in situ composites by using
conventional inorganic fillers or fibers additionally [4—11].
Reduced viscosity and improved performances were achieved
by filling the TLCP/polysulfone and TLCP/poly (ether ether
ketone) in situ composites with carbon fiber [4,5]. Other types
of fibres and fillers such as glass fiber (GF), whisker and glass
bead (GB) were also used to fill in situ composites by different

* Corresponding author. Tel.: +86 10 6261 3251; fax: +86 10 8261 2857.
E-mail address: hejs@iccas.ac.cn (J. He).

0032-3861/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.polymer.2005.11.044

research groups [5-12]. Zheng et al. [9,10] found that the
presence of GF in the TLCP/polyamide 6 (PA6) in situ
composites promoted the fibrillation of TLCP in capillary flow
and reduced the viscosity of the composites significantly.
Similar results were found by Ding [11] in the study of GB
filled TLCP/PA6 composites and by Chen [12] with GB filled
TLCP/PC composites. However, these traditional fillers or
fibers made the in situ composites much heavier due to their
own large density and high loading needed.

Nano-sized particulates filled polymers (nano-composites)
are of great interest due to their lower density, excellent
performances and attractive prospect, compared to conven-
tionally filled polymers [13,14]. Nano-sized fillers such as
carbon black (CB) and nano-SiO, have been reported to have
unique influence on the morphology of immiscible blends (i.e.
phase inversion), especially in conductive materials [15-17].
Recently, it has been reported that nano-fillers such as nano-
SiO, and nano-clay can also act as a compatibilizer in
immiscible blends during mixing process [18-24].

However, there are only a few papers dealing with nano-
particles filled in situ composites [25-30]. Hu et al. [25-29]
introduced nano-sized fumed silica of different surface proper-
ties into the TLCP/polypropylene (PP) in situ blends.
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They found that hydrophobic nano-SiO, could efficiently
promote the fibrillation of TLCP droplets by capillary flow or
injection molding, resulting in improved mechanical perform-
ance of the composites [26]. Chang et al. [30] also reported that
only 2 wt% organo-clay could improve the mechanical
performance of TLCP/poly (butylene terephthalate) fiber.
More recently, Zhang et al. [31] found that nano-clay in the
TLCP/PAG6 blends had dramatic influences on the dispersion
and deformation of TLCP phase. The TLCP droplets got
smaller at the clay content of 3 wt%, and deformed into fibrils
at the clay content up to 5 and 7 wt%.

In these studies, the fillers changed primarily the physical
process occurred during melt processing and physical proper-
ties obtained ultimately such as the morphology and
mechanical performance of the blends. The influence on
chemical process exerted by fillers and the mutual influence
between chemical and physical processes during processing
have not been reported.

In situ composites consisting of TLCP and thermoplastic
polyesters such as PC are especially attractive because of
excellent performances of both polymers. For these polyester
blends, one of the features is the transesterification during melt
blending, by which interfacial adhesion between the com-
ponents is enhanced and the morphology of blends is changed
[32]. It was found that, at short time, the exchange reaction in
polyester blends led initially to the formation of block
copolymers and as the reaction proceeded, the sequence
distribution in the copolyester became statistically random
[33]. As a special case reported, the transesterification between
PC and TLCP molecules took place easily at temperatures near
or above the melt point of TLCP [32,34-37]. This transester-
ification was determined by many factors such as temperature,
concentration and viscosity of components and processing
conditions as well. Therefore, it was difficult to control this
chemical reaction during processing, which complicated the
morphology of the blends [32,37]. On the other hand, TLCP
fibrils was unstable and tended to relax or break up at
temperatures above the melt point of TLCP, making the
fibrillation of TLCP droplets during processing become more
difficult [38—42]. For these two reasons, most of the
investigation on in situ composites consisting of PC and
TLCP were performed at temperatures below the melt point of
TLCP. In those cases, TLCP actually did not melt and
transesterification could be ignored. As a result, the blends
still exhibited high viscosity due to the low processing
temperature [43]. Moreover, there is little literature available
dealing with the influence of transesterification on the
fibrillation of TLCP droplets in TLCP/PC in situ composites
[44]. For general understanding, the influence of fillers on the
transesterification and subsequently on the fibrillation of TLCP
droplets in filled in situ composites is to be investigated.

In the present study, melt blending of TLCP with nano-SiO,
filled PC and unfilled PC was performed at temperatures above
the melt point of TLCP. Transesterification possibly occurring
during melt blending process was exploited for nano-SiO,
filled and unfilled TLCP/PC blends. The morphology of TLCP
in these blends was also examined after extrusion at different

shear rates in a capillary rheometer. Selective location of nano-
Si0, in TLCP/PC blends was analyzed from both thermodyn-
amic and dynamic viewpoints, based on which, the functioning
mechanism of nano-SiO, in inhibiting the transesterification
and enhancing the fibrillation of TLCP droplets in these hybrid
composites was discussed in detail.

2. Experimental section
2.1. Materials

The nano-sized fumed silica (Aerosil R974) used in this
work, was purchased from Degussa Co., Germany. Surface
modification of the silica with 1,1-dimethyl-dichlorosilane was
already performed by the manufacturer. More detailed physical
properties of the nano-SiO, are listed in Table 1 [45]. A
bisphenol A polycarbonate (PC) polymer (Makrolon 3208) was
obtained from Bayer Co., Beijing. The melt flow index and
density of this resin were 4.5 g/10 min (according to ISO 1133)
and 1.2 g/cm® (at room temperature), respectively. The
commercial thermotropic liquid crystalline polymer (Vectra
A950, Hoechst Celanese, USA) employed, was a random
copolyester composed of 73 mol% hydroxybenzoic acid and
27 mol% hydroxynaphthoic acid, hereafter labeled as TLCP.
Its density was 1.4 g/cm?. Its thermal and other properties were
described in detail elsewhere [46]. Analytical grade 1,2-
dichloroethane was used as the selective solvent for PC.

2.2. Sample preparation

All the materials were carefully dried in vacuum at 110 °C
for at least 24 h prior to blending. The melt blending was
performed using a Haake RC90 Rheocord twin-screw extruder
equipped with a pair of counter-rotating intermeshing cone-
shaped screws. A temperature profile of 260-275-285-275 °C
from hopper to die, respectively, was imposed. The screw
speed was 60 rpm. The extrudates were quenched by water and
pelletized. To obtain a better dispersion of nano-SiO, in the PC
matrix, PC/SiO, mixtures with varying silica content were pre-
extruded, pelletized and well dried, followed by re-extrusion
with or without TLCP. The re-extruded pellets were dried
again under vacuum at 110 °C for at least 24 h before further
use. A fixed TLCP concentration of 10.7 wt% was adopted for
all the TLCP/PC containing composites. For convenience of
expression, PCSX PCLCPSX are used to label these
composites with varying silica content in the following context,
where X is assigned tobe 0, 1, 3, 5, 10, respectively, referring to
the weight percentage of nano-SiO, in the pre-filled PC.

Table 1
Physical properties of nano-SiO, R974

Density BET surface  Average pri-  Surface Purity (wt%
(g/em?) area (m?/g) mary particle  property of silica)
diameter
(nm)
2.0 170£20 12 Hydrophobic ~ >99.8
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2.3. Rheological measurements

Rheological measurements were conducted using a Rosand
RH?7 capillary rheometer (Bohlin Instruments). A capillary die
of 1 mm diameter with L/D of 16 was used. The die entry angle
was 180°. The shear viscosities of all well-dried samples at
285 °C were investigated over a wide range of shear rates. The
extrudates of blends containing TLCP, obtained at different
shear rates from the capillary die, were cooled and collected for
morphology observation. Both Bagley and Rabinowitsch
corrections were applied for all the data.

2.4. Morphology observation

The extrudates from capillary rheometer were cryo-fractured
in liquid nitrogen, and sputter-coated with gold. Then, the
fracture surface was observed by using a scanning electron
microscope (SEM, Hitachi S-4300, Japan). 1, 2-dichloroethane
was used to dissolve the matrix resin PC selectively from the
samples. TLCP particles and fibrils were separated by
centrifuging the solution and decanting the supernatant liquid.
This procedure was repeated more than five times. The clean
TLCP residue was dried for SEM observation. A software,
Photoshop 6.0 was used to measure the diameter of TLCP
particles and aspect ratio of fibrils in SEM photographs. At least,
1000 TLCP particles or 300 TLCP fibrils were counted for the
statistics of the average diameter or aspect ratio for each sample.

2.5. Infrared spectroscopy analysis

Infrared analysis was carried out on a Perkin—Elmer System
2000 FT-IR instrument with a resolution of 4cm™ '
Wavenumbers between 400 and 4000 cm ™' were examined.
The blend samples were sufficiently dissolved with 1,2-
dichloroethane for at least 48 h, then the soluble and insoluble
fractions were carefully separated by ultracentrifugation. The
soluble portions were analyzed as thin films obtained by
evaporating off solvent. The TLCP, insoluble portion of
extracted TLCP/PC blends, was investigated by KBr method.
Thin films of neat PC and its physical blend with fine TLCP
particles obtained from the previous extraction were also made
for comparison. Being carefully controlled, the thickness of all
these thin films was in the range of 80—100 pum.

3. Results and discussion

3.1. Inhibition of transesterification between PC and TLCP
in nano-Si0; filled TLCP/PC blends during extrusion

Transesterification (TE) between PC and Vectra A950
(TLCP) molecules was found to take place readily when they
were blended in molten state, by which the compatibility
between these components was improved [35-37]. This
reaction can be monitored by IR signals of carbonyl groups
in the in situ produced block-copolymer molecules [32,35,37].

FT-IR was used here to examine transesterification possibly
occurring during melt extrusion for both filled and unfilled
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Fig. 1. Fourier transform infrared absorption of carbonyl group in PC, TLCP or
their possible copolymer generated in situ by transesterification in blends
during processing.

TLCP/PC blends. For comparison, FT-IR spectra of neat PC,
TLCP and their physical blend are also given. As shown in
Fig. 1, the characteristic signals of carbonyl groups in PC and
TLCP molecules locate at 1780 and 1735 cm ™', respectively
[32,35]. Both these peaks emerge in the spectrum of TLCP/PC
physical blend. However, the spectrum of the soluble fraction
of PCLCPSO shows two signals, the broad peak at about
1780 cm™ ! and the other shifted to 1740 cm_l, respectively,
suggesting the in situ formation of a PC-TLCP block-
copolymer in this blend during melt processing. The major
peak at 1780 cm " accounts for PC and the PC blocks in the
block-copolymer. The little shoulder around 1740 cm™ ',
shifted from 1735cm™ 1, the characteristic signal of neat
TLCP, indicates the presence of bound TLCP segments in the
copolymer [32,35]. However, this shoulder signal is very weak,
indicating that in these blends the amount of TLCP having
reacted with the PC matrix was very small. This result is
similar to that reported by Costa et al. [47] on reactive blending
of polyamide 66 and Vectra A due to short processing time and
low concentration of TLCP.

In contrast to the unfilled binary blend, PCLCPSO0, the small
shoulder around 1740 cm ™' for TLCP segments becomes
much weaker and finally disappears in the IR spectra of the
soluble fractions of filled blends with nano-SiO, loading from 1
to 10 wt%. For PCLCPS]1, this little shoulder is much weaker
than that of PCLCPSO and almost unrecognizable, but the
curve around 1740 cm ™' appears to show a signal, indicating
that transesterification slightly occurred. Further, this little
shoulder signal disappears in the spectra corresponding to
PCLCPS3, PCLCPSS5 and PCLCPS10 composites, meaning no
transesterification could be detected. All these results show that
even 1 wt% of nano-SiO, in PC efficiently inhibited the
transesterification between PC and TLCP molecules during
melt extrusion at temperatures above the melt point of TLCP.

As another evidence, SEM micrographs (not shown) of cryo-
fractured surface of extrudates with varying composition showed
that the interface between PC and TLCP phases was changed
from obscure in the unfilled one to clear in the nano-SiO, filled
blends. This suggests the presence of nano-SiO, impaired
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Fig. 2. SEM micrographs and number average diameter size distribution of

TLCP particulates with different composition at a shear rate of ca. 20 s~ .

the compatibility between PC and TLCP phases in these blends.
Naturally, transesterification between PC and TLCP molecules
dominated this morphological discrepancy during melt extrusion,
since the immiscible pair of PC and TLCP became partially
compatible through transesterification [35-37].

Furthermore, the size of the dispersed TLCP particles was
used to show the inhibited transesterification between PC and
TLCP. According to literature [48-51], reduced compatibility
between the TLCP phase and the matrix usually resulted in
coarser TLCP particulates. As a result of the present study,
Fig. 2 shows frozen morphology of TLCP in blends from
capillary flow at a shear rate of ca. 20 s~ '. For unfilled TLCP/
PC blend, PCLCPSO, TLCP particles are fine spherical
particles mostly and a small amount of fibrils; whilst for
nano-SiO, filled blends, TLCP particles are regular spheroids
with larger size mainly together with a few ellipsoids. Fig. 2
also gives corresponding diameter distribution of TLCP
particles in all the blends. TLCP particles in the PCLCPSO
blend possess the smallest number average diameter of 1.1 pm
and the narrowest diameter distribution. In PCLCPSI1, the
number average diameter of TLCP particles increases up to

1.6 um, and the diameter distribution becomes a little broader.
Further, increasing the concentration of nano-SiO, (i.e.
PCLCPS3, PCLCPSS5 and PCLCPS10) resulted in much larger
diameters and broader diameter distributions of TLCP
particles. All the FTIR and SEM results indicate that the
presence of nano-SiO, reduced the compatibility between PC
and TLCP, which was usually reached by the transesterification
between these two components in melt blending, compared to
the unfilled blend. Therefore, the addition of nano-SiO,
reduced and inhibited the transesterification between PC and
TLCP in the filled TLCP/PC blends.

3.2. Effect of shear rate on the morphology of TLCP
in filled TLCP/PC blends with different nano-SiO, contents
in capillary flow

The filled and unfilled blends of TLCP/PC were extruded at
285 °C in a capillary rheometer. Influence of the shear rate and
nano-Si0O, concentration on the morphology of TLCP in blends
was examined in detail.

Fig. 3 depicts the aspect ratio distribution of TLCP particles
for both unfilled and filled TLCP/PC blends at a shear rate of
ca. 240 s~ !, For PCLCPSO, the aspect ratios of about 88%
TLCP particles are less than 2 and the remains are larger than 2
and up. For the filled TLCP/PC blends with different nano-SiO,
loading up to 10 wt%, the amounts of TLCP rods and fibrils
increase markedly. Obviously, the presence of nano-SiO, in the
filled TLCP/PC blends promoted the deformation of the
dispersed TLCP droplets into rods and fibrils of larger aspect
ratios. This result reveals that in the capillary flow, nano-SiO,
promoted the deformation of TLCP droplets.

At a high shear rate up to ca. 1250 s~ ', SEM micrographs of
cryo-fractured extrudates and flocculated long fibrils obtained
by extraction are shown in Fig. 4, together with the aspect ratio
distribution of TLCP particulates and un-flocculated fibrils
extracted from all the blends. As shown in the figure, both SEM
picture and the statistic value of TLCP aspect ratio indicate
only a less than 5% of TLCP fibrils was generated in the
unfilled PCLCPSO blend. However, well-developed TLCP
fibrils were observed in the fractured extrudates corresponding
to these filled TLCP/PC blends. The higher the nano-SiO,
concentration was, the better-developed TLCP fibrils were
obtained. For each of these filled blends, two portions of
unsolvable TLCP particles were obtained after the PC matrix
was dissolved selectively by 1,2-dichloroethane: one was
composed of rods and fibrils with relatively lower aspect ratios,
whose aspect ratio distributions are presented in the bar charts
of Fig. 4; and the other of long fibrils flocculating and
suspending in the solvent, whose locally magnified micro-
graphs are shown as the insets of these charts. It is clear these
fine fibrils were too long to be measured. These data indicate
that at a high shear rate, the presence of nano-SiO, in blends
effectively promoted the deformation of TLCP particles into
fibrils, even in the case of only 1 wt% nano-SiO, filling, and
increasing the nano-SiO, concentration increased the aspect
ratio of TLCP fibrils, even to mat-like. This further affirms that
nano-Si0, promoted the deformation and fibrillation of TLCP
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Fig. 3. The dependence of aspect ratio distribution of TLCP particulates on
composition at a shear rate of ca. 240 s™".

droplets at temperatures above the melt point of TLCP in the
PC matrix by capillary flows.

All these results reveal that in the capillary flow, the
deformation and fibrillation of TLCP particles in TLCP/PC
binary blend were not sensitive to the shear rate at a relatively
high temperature of 285 °C. In contrast, a dramatic change was
brought out by adding nano-SiO, into the TLCP/PC blends.
The deformation of TLCP droplets greatly depended on the
shear rate, so that TLCP fibrils of high aspect ratios, even
TLCP networks were generated at relatively high shear rates.
Moreover, the volume increase of separate particles with
increasing shear rate (from a small droplet to a large fibril as
shown in Figs. 2 and 4, respectively) in the filled blends
indicates the enhancement of flow-induced coalescence of
TLCP droplets at high shear rates.

3.3. Selective distribution of nano-SiO, in TLCP/PC blends

PC and Vectra A950 (TLCP) are thermodynamically
immiscible [52]. According to the literature [15-17,53], there
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Fig. 4. SEM pictures of cryo-fractured surfaces of extrudates together with
corresponding flocculated long fibrils obtained by extraction (the insets), and
aspect ratio distribution of TLCP particulates and un-flocculated fibrils
extracted for both unfilled and filled TLCP/PC blends at a shear rate of ca.
1250~ " 1. PCLCPSO; 2. PCLCPSI; 3. PCLCPS3; 4. PCLCPS5; 5.
PCLCPS10. Note: for 2-5, the aspect ratio distribution of flocculated long
fibrils is not available, due to they are beyond the field of vision in SEM, i.e. too
large value to be measured, so that only their SEM micrographs are presented.

would be three possibilities of distribution for nano-SiO; in the
filled TLCP/PC blends: (1) nano-SiO, distributed exclusively
in PC; (2) nano-SiO, was encapsulated by the dispersed TLCP;
(3) nano-SiO, retained at the interface of PC and TLCP. It has
been reported that the selective distribution of nano-scaled
fillers imposed great influence on the morphology of
immiscible polymeric blends [15-20]. So it is necessary
to know the distribution of nano-SiO, in filled TLCP/PC
blends. In practical processing, the filler distribution is
determined by thermodynamic parameters (e.g. the interfacial
tension between polymers or between polymer and filler)
and dynamic parameters (e.g. the viscosity of component
polymers) [15,54-58].

3.3.1. Selective filling of nano-SiO» in TLCP/PC blends
by thermodynamic driving force

Premphet and Horanont [57] found that in filled blends
composed of a pair of immiscible polymers the filler distributed
selectively in the polymer-phase, by which it possessed the
lowest interfacial tension. Sumita et al. extended this
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qualitative approach further [54] and introduced a wetting
coefficient, Wa, which was used to predict the selective
distribution of filler:

Wa = Yfiller—-B — Y filler—A (1)
YA-B

where, Yaner—a and Yaner—p are the interfacial tensions
between the filler and polymer A or B, respectively, and y_
g is the interfacial tension between polymer A and B. If Wa>
1, the filler distributes within A-phase; if —1<Wa<1, the
filler is located at the interface; if Wa< —1, the filler is
selective for the B-phase.

In the present study, the interfacial tension between PC and
TLCP was calculated according to harmonic mean equation of
Wu [59,60]:

AR
YA + 7R

4v4vh
v + R

YaB =7Yat7vB— (2)
where vy 4 and yg are the surface energy of two polymers A and
B in contact, and the superscripts d and p denote the dispersion
and polar components of the surface energy. Here, A is PC and
B is TLCP.

For calculation of the interfacial tensions between filler and
polymers, the geometric mean equation of Wu [59] was used,
which was more practicable for systems composed of a high-
energy material such as nano-SiO, and a low-energy material
such as a polymer:

)1/2_2(7};7%)1/2 3)

In this case, A refers to PC or TLCP, and B to nano-SiO,.
Corresponding values of the surface energy taken from
literatures [61-63]are listed in Table 2.

According to Eqgs. (2) and (3), the values of interfacial
tensions Ypc_tLcps YpC-silica aNd YTLCp-siica are listed in
Table 3. It shows that the interfacial tension between the silica
and PC, vypc_silica approximates the corresponding value
between the silica and TLCP, vy cp_silica- According to Refs.
[57,64], this means approximate affinity for nano-SiO, to
TLCP coils and to PC melt in the blends. The value of the
wetting coefficient also confirmed this tendency. Eq. (1)
yielded a wetting coefficient of 0.02. In the filled TLCP/PC
blends, nano-SiO, initially dispersed in PC tended to migrate to
the interface between the TLCP melt droplet and PC matrix due
to equivalent interfacial tensions between PC and nano-SiO,,
and between TLCP and nano-SiO,, respectively.

Yas =7a + v —2(YA7H

Table 2
Surface tension of polymers and nano-silica [61-63]

Surface tension (mN/m)

Total vy Disperse com- Polar component
ponent (y%) "
PC* 40.48 29.67 10.81
TLCP 35.69 31.09 4.61
Nano-SiO," 81.7 723 9.5

% Calculated from Ref. [61].
b Values of nano-SiO, with almost the same size and surface properties [63].

Table 3
Interfacial tension between the possible polymer—polymer and polymer-filler
pairs

Possible pairs Interfacial tensions (mN/m)

YPC—TLCP 2.53
YPC—Silica 9.28
YTLCP - Silica 9.33

3.3.2. Selective filling of nano-SiO, in TLCP/PC blends by
dynamic driving force

The distribution of filler in a blend composed of immiscible
polymers is also determined dynamically by viscosity
discrepancy of two polymers, when these two polymers
possess approximate affinity to the filler, according to the
results of Persson et al. [55,56]. In their study, they found that
the aluminum borate whiskers distributed in the high viscosity
polyisobutylene (PIB) phase except when they promoted
coherency of the low viscosity minority polyethylene (PE)
phase. Furthermore, they discovered that if PIB was just
slightly more viscous, the slightly higher surface energy of PE
still ruled the absorption of whiskers. Interestingly, Benderly
et al. obtained a similar result from their investigation of GF (or
GB) filled PA/PP blends [58].

In our present study, PC and TLCP had the approximate
affinity to the nano-SiO,, while the viscosity of polycarbonate
was higher than that of TLCP over the entire range of shear rate
investigated, which was expressed in the form of viscosity ratio
(the viscosity of dispersed TLCP, nq to the viscosity of PC
matrix, 1,,) versus shear rate as shown by the circles in Fig. 5.
The viscosity ratio of TLCP to PC decreases rapidly from 0.83
to 0.17 with shear rate accordingly increasing from 20 to
2200s~'. According to Persson’s study, the nano-SiO,
dynamically tended to migrate to the polycarbonate melt
with increasing shear rate.

Dominated by these two factors discussed above, the
distribution of nano-SiOQ, varied with the shear rate. At
relatively low shear rates, the viscosity difference of these
two polymers was small and the interfacial tension dominated
the selective distribution of nano-SiO,, making it located at the
interface between PC and TLCP phases. While at relatively
high shear rates, the viscosity difference of these two polymers
enlarged and became predominant, resulting in the migration
of nano-SiO; from the TLCP/PC interface to the vicinity of PC.

3.4. Mechanism analysis

All the above results indicate that for the filled TLCP/PC
blends, transesterification readily occurred in the unfilled
TLCP/PC blend was efficiently suppressed during melt
blending and well-developed TLCP fibrils were generated by
capillary flow at appropriate shear rates. This suggested that
nano-Si0, particles dominated the suppressed transesterifica-
tion and increased fibrillation of TLCP. Therefore, based on
both the experimental results and theoretical calculation of
selective distribution of nano-SiO, in TLCP/PC blends, a
mechanism analysis is necessary for better understanding of
these two processes.
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TLCP/SiO,/PC composites.

3.4.1. Inhibition of transesterification between PC
and TLCP by nano-SiO; in filled PC

According to above analysis, nano-SiO, particles tended to
locate at the TLCP/PC interface, driven by the interfacial
tension in the TLCP/PC blends at appropriate shear rates.
Therefore, transesterification between PC and TLCP phases
was easily hindered by nano-SiO, particles. To clarify further
the role of nano-SiO, in restraining the transesterification
between PC and TLCP molecules, a schematically quantitative
calculation for surface coverage ratio of TLCP droplets is
presented in Table 4. Here, the average diameters of nano-
silica spheres, 12 nm and TLCP particulates, 1.0 um, were
used for the quantitative calculation. It was supposed that the
whole surface of TLCP droplets was accessible for nano-SiO,
particles. Obviously, a considerable surface coverage ratio of
120% (more than a single-layer) for TLCP droplets was
obtained even in the case of 0.0055 volume fraction of nano-
SiO, added for PCLCPS1 composite. Actually, practical
coverage ratio was usually lower than the calculated value
due to the existence of nano-SiO, aggregates. Hence, it was
still possible for transesterification to occur, as shown in Fig. 1.
In the case of PCLCPS3 composite, the quantity of nano-SiO,
particles was enough to cover the whole surface of TLCP
droplets by more than three single-layers. Further, much

Table 4
Quantitative analysis of surface coverage for TLCP droplets by nano-SiO,
particles

Composites TLCP  Nano- Particle concentration Surface coverage
(vol%) SiO, ratio Ns;oo/Nt1.cp ratio of TLCP dro-
(vol%) (number per unit plets by nano-SiO,
volume) (%)
PCLCPSO0 9.31 0 0 0
PCLCPS1 9.35 0.55 3.4x10* 120
PCLCPS3 9.42 1.65 1.0X 10 360
PCLCPS5 9.49 2.77 1.7X10° 610
PCLCPS10  9.66 5.65 3.4X%10° 1220

thicker covering layers of nano-SiO, were available for both
PCLCPS5 and PCLCPS10 composites. Consequently, the
opportunity for collision between PC and TLCP molecules in
ternary blends reduced remarkably, and then transesterification
was readily depressed. These calculated results agreed well
with the previous FTIR analysis: the transesterification was
reduced significantly in PCLCPS1 composite and almost
inhibited completely in composites with increasing silica
content. Similar situation was reported by Vermant et al. [20]
when they investigated the coalescence suppression in model
immiscible polymer blends composed of polydimethylsiloxane
(PDMS) and polyisobutylene (PIB) by nano-SiO, particles
after a pre-shearing at high shear rate. They found that the
coalescence of dispersed PIB droplets was efficiently slowed
down or suppressed completely by adding 0.5 or 1 wt% nano-
SiO,, which located at the TLCP/PC interface or had a little
better affinity to the PDMS continuous phase. In the present
study, nano-SiO; stayed at the interface between the TLCP and
PC domains suppressed the transesterification, instead of the
coalescence of TLCP droplets.

3.4.2. Influence of nano-SiO, distribution on fibrillation
of TLCP droplets in TLCP/PC blends

3.4.2.1. Influence of viscosity ratio on fibrillation of TLCP
droplets in TLCP/PC blends. It is commonly known that the
deformation of TLCP droplets is governed by several factors,
including the viscosity ratio between components, concen-
tration of TLCP, miscibility between components and
processing conditions [3,65,66]. For a specified system and
given processing condition, the viscosity ratio of the dispersed
TLCP to the thermoplastic matrix is of great importance in
determining the fibrillation of TLCP for in situ composites
[65,66]. Usually, the lower the viscosity ratio below unity is,
the better-developed TLCP fibrils are achieved for TLCP/PC
blends in extrusion or injection molding process at relatively
low temperatures [65-68]. Hu et al. [25,26] found that
hydrophobic nano-SiO, could effectively promote the fibrilla-
tion of TLCP droplets for TLCP/PP blends both in capillary
flow and injection molding. And they claimed that nano-SiO,
acted as a viscosity thickening agent lowering the viscosity
ratio. Fig. 5(a) depicts the effect of nano-SiO, content on the
viscosity of PC/SiO, composites over a wide range of shear
rates. For the composites with low filler loading, only a slight
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increase of viscosity was observed at relatively high shear
rates, suggesting that viscosity change caused by nano-SiO, in
these composites can be ignored. Correspondingly, Fig. 5(b)
gives curves of the viscosity ratio versus shear rate for both
unfilled and filled TLCP/PC blends. In the latter case, PC/SiO,
was regarded as an entity for the matrix phase, according to Hu
et al. [25]. The viscosity ratio of TLCP to PC/SiO, reduced
little for TLCP/SiO,/PC composites with low nano-SiO,
loading, compared with TLCP/PC at the same shear rate. At
high shear rates, the values of viscosity ratio at the same shear
rate were almost the same for both TLCP/PC blend and TLCP/
Si0,/PC composites. Moreover, as shown in Fig. 1, the
transesterification in the TLCP/PC binary blend was very
limited due to the low concentration of TLCP and short
processing time, which suggested that the change of molecular
weight (or viscosity macroscopically) of the components
resulted from the transesterification could be ignored. There-
fore, the viscosity ratio of TLCP to the matrix (or equivalent
medium) was not the predominant factor determining the
fibrillation of TLCP in this study. There was some new possible
mechanism dominant for TLCP/SiO,/PC composites, other
than the viscosity thickening mechanism put forward by Hu
et al. in the TLCP/SiO,/PP composites [25]. Obviously, by
considering the small size and shape of nano-SiO, particles,
this novel mechanism was also distinct from others such as the
instantaneous capillaries mechanism formed by GF in the
TLCP/GF/PA composites [10] and the dynamic micro-roll
mechanism generated by GB in TLCP/GB/PA composites [11],
respectively.

3.4.2.2. Influence of nano-SiO, distribution on fibrillation of
TLCP droplets in TLCP/PC blends. According to Ding [11]
and Hu [29], the selective distribution of fillers was of great
importance in determining the deformation of TLCP droplets
in TLCP/GB/PA and TLCP/SiO,/PP composites. For these
systems, GB or nano-SiO, located exclusively in one polymer
phase. However, in the present study, the distribution of nano-
SiO, tended to show a dependence on the shear rate: at
relatively low shear rates, nano-SiO, particles located at the
TLCP/PC interface, driven by the interfacial tension and
suppressing the transesterification; at relatively high shear
rates, enlarged viscosity disparity between TLCP and PC
tended to make nano-SiO, particles migrate from the TLCP/PC
interface to PC matrix. As a result, the selective distribution of
nano-Si0, particles promoted the fibrillation of TLCP droplets
in capillary flow in two ways. One is the depressed
transesterification by nano-SiO, reduced the miscibility and
weakened the interfacial adhesion between PC and TLCP
phases, increased the mobility and enhanced the collision
probability, thereby enhanced the coalescence of TLCP
droplets [3]. The other is the migration of nano-SiO, particles
from the TLCP/PC interface to PC matrix driven by the
dynamic force, favored the collision (thereby coalescence) of
TLCP droplets in the capillary flow. This migration made
nano-Si0O, act as an accelerant rather than a depressor for the
coalescence of TLCP droplets [18,19]. Consequently, nano-
SiO, in filled TLCP/PC blends enhanced the coalescence

and fibrillation of TLCP droplets by shearing and elongation (at
the entrance of the capillary die) actions in capillary flow, when
the shear rate was high enough [42,65,68].

4. Conclusions

Transesterification between PC and TLCP molecules in the
TLCP/PC composites during melt blending was effectively
suppressed by pre-filling PC matrix with nano-SiO, particles,
resulting in clear interface between components. This reaction
was significantly reduced even at down to 1 wt% nano-SiO,
loading. Increasing the content of nano-SiO, led to almost
complete inhibition of this reaction. Moreover, in contrast to
the unfilled TLCP/PC blend, well-developed TLCP fibrils were
obtained in the successive capillary flow by raising the shear
rate for the filled TLCP/PC blends with nano-SiO, content
from 1 to 10 wt%. Increasing both the nano-SiO, content and
shear rate improved the fibrillation of TLCP droplets
significantly. These phenomena were ascribed to the selective
distribution of nano-SiO, in PC and TLCP phases, driven by
the interfacial tension thermodynamically and the viscosity
discrepancy of components dynamically. During melt blend-
ing, the interfacial tension dominated the selective distribution
of nano-SiO, at the TLCP/PC interface and suppressed the
transesterification. And then, the increased shear rate enlarged
the viscosity disparity between TLCP and PC, thus made nano-
Si0, particles migrate from the TLCP/PC interface to PC
matrix, enhanced the mobility of TLCP phase, promoted the
coalescence and the subsequent fibrillation of TLCP droplets in
capillary flow. This mechanism of nano-SiO, in Vectra
A950/PC blends was different from that in LC5000/PP blends
proposed by Hu et al. [25].
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