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a b s t r a c t

To enhance the mechanical, thermal, and electrical properties and economic profits, polycarbonates (PCs)
have been blended with various inorganic additives for the past few decades. Herein, we fabricated
basalt fiber (BF)-infiltrated PC composites as a promising candidate for a myriad of PC applications.
Mechanical robustness and rheology were examined via the precise control of BF contents (up to
12.5 phr). The incorporation of BF gradually enhanced the mechanical properties of the composites such
as moduli and strengths, as determined by flexural and tensile tests. The Izod impact strength was
reduced as a function of BF concentration, representing the ductile-to-brittle transition. The heat
deflection temperature of the PC/BF composites was increased from 131.2 �C to 138.9 �C, which was in
good agreement with the thermomechanical results. By contrast, the glass transition temperature
measured by differential scanning calorimetry remained unchanged at ca. 143 �C. The incorporation of BF
in PCs enhanced the dimensional stability. The visual observation for PC/BF composites was examined via
scanning electron microscopy. The rheological investigation was systematically performed by utilizing
the melt flow index, and capillary and torsional rheometry with a variety of experimental conditions.
These PC/BF hybrid composites with tunable mechanical and rheological properties will be employed for
various applications by tailoring the PC/BF ratios.

© 2018 Published by Elsevier Ltd.
1. Introduction

Reinforcing fibers have been widely used for polymer compos-
ites, such as glass and carbon fibers [1e5]. The carbon fibers (CFs)-
embedded polymer composites typically enhances the mechanical
integrity, ductility, and flame retardancy and reduces the weight of
polymer composites, extending to engineering applications such as
space technology, aircraft industry, war industry and sports [6e9].
The major drawback of CFs is, however, their extremely high pro-
duction cost, resulting in low loading capability. Instead of CFs, the
most popular reinforcing fiber is glass fibers (GFs, ca. 85wt% of
reinforcing fibers), showing low coefficient of thermal expansion
(CTE) and moisture resistance in the case of polymer composites
[1,2]. Their overall mechanical properties are somewhat lower than
that of the carbon fiber [2]. However, GFs are much more inex-
pensive than CFs.

Recently, basalt fibers (BFs) have been examined due to similar
mechanical properties and lower production cost, compared with
44@gmail.com.
glass fibers [10,11]. The BFs are extruded from igneous basalt-based
volcanic rock, which is energy efficient and simpler than any other
fiber without using an additive. Unlike GFs, BFs contain more
components such as SiO2, Al2O3, CaO, MgO, Fe2O3, FeO, TiO2, K2O,
and Na2O than GFs [10]. These various components provide large,
complex crosslinked architecture, resulting in excellent chemical
resistance under corrosive environments. They are also thermally
stable, non-toxic, natural, and eco-friendly [10]. BFs have been
employed in several thermoplastic polymers such as polypropylene
(PP), polylactide (PLA) and poly(butylene succinate) (PBS) [12e14].
The mechanical properties of BF-embedded PP, PLA and PBS were
primarily investigated. The incorporation of BFs into these three
polymers enhanced their tensile strengths and moduli; however, it
reduced the Izod impact strength. These researches have narrowly
dealt with rheological properties [12e14].

Polycarbonates (PCs) have gained a myriad of applications,
ranging from home appliances to the aerospace industry due to the
excellent balance of optical transparency, mechanical robustness,
heat resistance, impact strength, and electrical properties [15e17].
For high-performance PC applications such as the aviation industry,
high-performance additives are embedded. Meanwhile, for general
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applications, low-cost mineral fillers are widely utilized to reduce
the cost of the final product. Furthermore, PCs with low CTE are
highly required for most electronic devices where thermal gradient
and temperature fluctuations during the operation lead to sub-
stantial dimensional change, thereby causing distortion. The
incorporation of inorganic mineral fillers can substantially reduce
the CTE of the polymeric composites [18e20]. In particular, inor-
ganic fibrous materials in a polymeric matrix are preferentially
aligned along the flow direction, leading to significant reduction in
the CTE along the flow direction [18,19]. The inorganic fibers also
enhance the mechanical properties of PCs although toughness or
strength impact is typically sacrificed as the ductile behavior of the
moderate molecular weight PCs lies in the unique ductile-to-brittle
transition region [21e23]. Several research groups have reported
GF-reinforced PC composites [24e26]. However, BF-embedded PC
(PC/BF) composites have not been reported to date. In this research,
the rheological and mechanical properties of PC/BF composites
were explored.

2. Experimental

2.1. Materials

Two different PC grades, SC-1080P (pellet, MFI¼ 8 g/10min at
300 �C/1.2 kg) and SC-1190G (granule, MFI¼ 19 g/10min at 300 �C/
1.2 kg) were obtained from Samsung SDI Co. Some additives such as
internal and external lubricants (long-chain ester of pentaerythritol
and high density polyethylene wax), a thermal stabilizer/primary
antioxidant (stearate-based hindered phenol), and a secondary
antioxidant (phenyl-functionalized phosphite) were utilized to
facilitate extrusion and injection processing. It should be noted that
sulfonate salt-, phosphate-, bromine- and silicone-based flame
retardants are typically used with thermally shrinkable anti-
dripping additives such as polytetrafluoroethylene (PTFE) for PCs
and mineral filler/PC composites [15]. However, herein, these flame
retardants were excluded to concentrate on the inherent effect of
BFs. BFs (Kamenny Vek Co. Russia) with a diameter of 20 mm and
length of 5mmwere used as received. Chloroform (CHCl3, 99%) was
purchased from Sigma-Aldrich.

2.2. Composite fabrication

For twin screw extruders, pellet and granule types are
commonly used together to avoid layer separation during hopper
feeding since most additives such as antioxidants, light stabilizers,
internal lubricants, external lubricants, impact reducers, and flame
retardants are fine powders [15]. Thus, the pellet (5.0 kg) and
granule (5.0 kg) PC resins, the internal (0.2 phr) and external
(0.2 phr) lubricants, the thermal stabilizer (0.3 phr), and the sec-
ondary antioxidant (0.2 phr) were mixed together with a tumbler
mixer at 20 rpm for 10min. Subsequently, the mixture was fed into
amain hopper of an intermeshing corotating twinscrew extruder at
the hopper temperature of 100 �C at a rate of 40 kg/h. Meanwhile,
the BFs were fed through a side feeder at an associating feeding rate
(2.5e12.5 phr) to minimize fiber breakage. The PC/BF composites
composed of 2.5 phr BF via a side feeding zone (SFZ) are referred as
PC/BF2.5-SFZ (or PC/BF2.5) hereafter. For comparison, all materials
including BFs and PCs were also fed together via a main feeding
zone (MFZ) as shown in Scheme 1. PC/BF2.5-MFZ denotes the
composite containing PC with 2.5 phr BF extruded via main feeding
zone (MFZ). The extruder barrel temperatures from the feed zone to
the die were maintained at 260 �C. The rotational speed of the
extruder screw was 200 rpm. The screw diameter and the length-
to-diameter ratio were 45mm and 36, respectively. The polymer
melt extrudates from the die were cooled down by using a room-
temperature water bath, and pelletized at the end. The pelletized
composites were dried at 80

�C for 4 h prior to the injection mold-
ing. Measurement specimens for tensile, flexural, notched Izod
impact strength, and heat deflection temperature (HDT) tests were
fabricated by injection molding at a barrel temperature range of
220e260 �C and a mold temperature of 60 �C.

2.3. Characterization techniques

Tensile tests were carried out using an Instronmechanical tester
(Model 5580), in accordance with ASTM D638. A crosshead rate of
5mm/min was selected due to the infiltrated BFs. The flexural
strength and modulus were obtained using a three-point flexural
test at a crosshead rate of 2.8mm/min, according to ASTM D790.
The tensile and flexural tests were performed at room temperature.
The mean values of tensile and flexural results were determined
from five specimens for each composite with different BF contents.

Notched Izod impact strength was obtained according to ASTM
D256 at a thickness of 3.2mm at room temperature. The mean
value was determined among 10 specimens for each composite.

0.5 g of the PC/BF12.5 composite was dissolved in 40mL of
chloroform. Subsequently, the fibrous precipitate was filtered and
carefully washed with 40mL of chloroform five times. The mean
fiber length and the length distributionwere measured on the basis
of OM images using Image J software.

Optical microscopy (OM, Microphot-FXA, Nikon) equipped with
a digital camera was employed to measure the fiber length and its
distribution after the compounding process. The light source was
12 Ve100W halogen lamp (Philips 7724) controlled by the BioRad
MRC-600 computer software program, COMOS® (BIO-RAD Lab.).

The morphology of the reinforced composites was investigated
via scanning electron microscopy (SEM, Model S-4800, Hitachi) at
an electron beam voltage of 10.0 kV. The fractured composite
samples for SEM were prepared from the Izod impact strength
tests. The PC/BF12.5 composite surface parallel to the machine di-
rection was obtained by fracturing a tensile specimen in liquid ni-
trogen. The fracture surface was coated with a 5 nm thick gold layer
using a sputter coater for elevated conductivity prior to SEM
observation.

The PC/BF ratio was monitored by using a polymer burn-off test
(also referred to as ashing) at 750 �C for an hour. The weight of
residue after ashing was converted into the weight fraction.

To verify the ratio, the specific gravity was also measured ac-
cording to ASTM 792 (water displacement method).

HDT was measured with a Toyoseiki 6A-2, based on ASTM D648
at a heating rate of 2 �C/min and with a load of 1.82MPa. The
specimenwas immersed under load in a heat transfer medium. The
temperature of the medium was determined to be HDT when the
test bar has a deflection of 0.254mm (0.1 in).

Differential scanning calorimetry (DSC, TA Ins. Model Q20) was
conducted to identify the glass transition temperatures of the
composites at a scanning rate of 10 �C/min under nitrogen purging
(50mL/min). The samples were pre-heated at 250 �C for 5min to
minimize the thermal history and then cooled down to room
temperature at 10 �C/min. Approximately 5.0mg of reinforced
composites in a hermetic aluminum pan was used.

The CTE was measured by thermomechanical analysis (TMA)
with 0.02 mm and 9.8 mN load displacement resolution (TMA6100,
Seiko Exstar 6000). The thickness of all specimens and the heating
rate for the TMA tests were approximately 3.2mm and 10 �C/min,
respectively.

Melt flow index (MFI), also referred as MI was measured at
250 �C with a load of 10 kg, based on the standard test method,
ASTM D1238. The piston diameter, nozzle (orifice) diameter, and
nozzle length were 9.5, 2.1, and 8.0mm, respectively.



Scheme 1. Screw configuration by assembling diverse screw elements (conveying, kneading, mixing and sealing) on screw shafts in a modular design. MFZ: main feeding zone. SFZ:
side feeding zone.
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Chemorheological behavior was investigated by a torsional
parallel plate rheometer (HAAKE MARS III, Thermo Scientific Inc.),
using 20mm disk geometry and 1.0mm sample gap. The dynamic
viscoelastic properties of the reinforced composite melts were
monitored at t¼ 1 Pa in the frequency ranging from 0.01 Hz to
100Hz at three different temperatures (250, 260 and 270 �C).

The shear viscosity of the reinforced composites for the high
shear rate (50 to 104 s�1) was evaluated via capillary rheometry at
270 �C. The pellet specimens were loaded and maintained at 270 �C
for 10min to induce thermal equilibrium. The barrel was equipped
with three heating elements, controlling the accurate temperature
of the barrel. The temperature deviation was ±0.3 �C during mea-
surement. However, it should be noted that for polymer melts at
high processing rates, the Nahme-Griffith number (Na, the ratio for
the rate of heat generation by frictional dissipation relative to that
of heat loss via conduction) is not negligible due to the elevated
viscosity and low thermal conductivity of polymers [27,28]. The Na
of PC is usually >1 at higher shear rates (>400 s�1) and thus the
viscous heating effect is not negligible [27,29]. In addition, at a
length to radius (L/R) of capillary tube <200, entrance pressure
drop may influence the measurement accuracy and the measured
viscosity via capillary rheometry is the apparent viscosity. There-
fore, Bagley correctionwas used, by plotting the pressure drop vs. L/
R ratio.
Fig. 1. Tensile and flexural moduli (a), tensile and flexural strength (b) of PC/BF
composites, and tensile stress-strain curve (c) of PC/BF-SFZ composites.
3. Results and discussion

Due to the limited capability of the side feeder during extrusion
and nature of the BF, a BF concentration higher than 15 phr was
hardly side-fed, thereby showing unexpected PC/BF ratios. Thus, to
investigate the maximal effective concentration of BF on me-
chanics, the BF was also fed with PCs together via the MFZ.

Tensile and flexural properties such as strength andmodulus are
routinely considered to represent the mechanical robustness of
polymeric composites. The tensile and flexural moduli of PC/BF
composites at various ratios are shown in Fig. 1a. The composites
were extruded with BFs fed via the MFZ and SFZ. For PC/BF-SFZ, the
tensile and flexural moduli were gradually increased from 2.3 to
2.2 GPa to 3.9 and 3.8 GPa, respectively, as a function of BF content
ranging from 0 phr to 12.5 phr. On the other hand, the tensile and
flexural moduli of PC/BF-MFZ were slightly increased from 2.3 to
2.2 GPa to 2.8 and 2.9 GPa, respectively with increasing BF con-
centration from 0 to 12.5 phr. Further incorporation of BF slightly
enhanced the tensile and flexural moduli up to 3.7 GPa and 3.8 GPa,
respectively. Above 40 phr, an insignificant difference in both
moduli was observed. The moduli of PC/BF12.5-SFZ were higher
than those of PC/BF12.5-MFZ due to smashed BF during extrusion
(Figure S1). The fiber length for PC/BF12.5-SFZ and PC/BF12.5-MFZ,
and its distribution after the compounding process were measured
on the basis of OM images (Figure S1) since they influence the
mechanical and the rheological properties of the composites [32].
The mean fiber length of PC/BF12.5-SFZ and PC/BF12.5-MFZ was
determined to be 680 ± 180 mm and 165± 104 mm, respectively
(Figure S2). These results are in good agreement with the Einstein-
Guth-Gold equation [30,31].



Fig. 2. HDT, Tg measured by DSC, and Izod impact strength of PC/BF-SFZ composites at
various ratios.

Fig. 3. Dimensional change with increasing temperature (a) and CTE of PC/BF com-
posites for machine and transverse directions with different BF contents (b).
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E ¼ E0
�
1 þ 0:67GFþ 1:62G2F2

�
(1)

where E and E0 are the tensile moduli of the fibrous composites and
pure polymeric matrix, respectively; G is the ratio of length to
diameter of the inorganic fibrous material; and F is the fiber vol-
ume fraction.

Similar to the moduli results, the tensile and the flexural
strengths of PC/BF-MFZ were only slightly increased from 63 to
95MPa to 66 and 103MPa, respectively with a fiber content range
of 0e12.5 phr. Subsequently, the strengths were somewhat
enhanced to 73 and 107MPa, respectively by further incorporation
of BFs up to 30 phr. Beyond 30 phr, those were maintained. By
contrast, the strengths of PC/BF-SFZ composites were steadily
increased from 63 to 95MPa to 83 and 126MPa, respectively, with
the same fiber concentration range of 0e12.5 phr, as shown in
Fig. 1b. Based on the mechanical tests performed above, the PC/BF-
SFZ composites with BFs side-fed during extrusion were preferable
to the PC/BF-MFZ composites and thus the PC/BF-SFZ composites
are explored hereafter (PC/BF denotes PC/BF-SFZ from here on). It is
also assumed that the BF carries the load, and stress is transferred
from the polymer matrix along the fibrous inorganic filler, bringing
about good stress distribution and enhancing mechanical robust-
ness. The large difference between the tensile and flexural
strengths may result from the rectangular shape of tensile samples.
In the case of a circular or square sample shape, the ideal ratio
between the tensile and flexural strengths is 1.0. Fig. 1c shows the
stress-strain tensile curve for each sample. The incorporation of
even 2.5 phr BF into the PC induced the ductile-to-brittle transition,
which is confirmed by the study of Izod impact strength hereafter.

Either HDT or Vicat softening temperature (VST) exhibits crucial
thermal information, which usually determines the injection or the
compressionmolding conditions such as themold temperature and
pressure that determine the quality of the product surface. The VST
is routinely employed for unfilled polymeric materials, whereas the
HDT is suitable for inorganic filler-embedded polymeric composites
due to the measurement mechanism. The HDT of BF-infiltrated
composites was gradually increased from 131.2 �C to 138.9 �C
with increasing BF contents from 0 phr to 12.5 phr. This increment
is probably caused bymechanical robustness of the inherent BF, the
anisotropic orientation of BF perpendicular to the stress direction,
and interfacial bonding adhesion (non-covalent interactions,
further enhanced by similarity: partially hydrophilic nature of PC
and BF) between the fibrous inorganic filler and the polymeric
matrix. Meanwhile, the glass transition temperatures (Tgs)
measured by DSC weremaintained at ca. 143 �C regardless of the BF
concentration because the HDT is dependent on the mechanical
response while Tg by DSC is based on calorimetry. It is well-known
that the infiltration of even low filler concentration (<5 phr) into
PCs leads to the ductile-to-brittle transition because high-modulus
inorganic fillers act as stress concentration, thereby reducing
ductility [33,34]. Furthermore, the small loading of embedded filler
hinders the in-chain rotation and bending of the flexible carbonate
group, and decreases interactions between backbones of PCs,
thereby obstructing microfilament formation, which is contrib-
utable to the yielding mechanism. Despite these, high filler loading
commonly takes place in various applications due to other me-
chanical and chemical stabilities, and economical aspect. As shown
in Fig. 2, the Izod impact strength was dramatically reduced even at
2.5 phr of BF loading, suggesting the ductile-to-brittle transition.
Above 7.5 phr loading, the Izod impact strength was slightly
increased as a function of BF content. The impact strength usually
tends to increase in the brittle region of PC matrix due to the
different mechanism to dissipate the impact energy and fiber-
matrix interactions such as debonding, sliding, and fiber pullout
[13].

The dimensional stability of polymeric composites has been
regarded as one of the most important factors especially for in-
jection molding. The dimensional change can be determined by the
CTE of materials [35,36]. Various methods, such as TMA, strain
gages and differential dilatometer, have been utilized to measure



Fig. 5. MFI of PC/BF composites at various ratios.
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the CTE. The TMA is facile, fast, and suitable for small-sized speci-
mens despite its incapability to measure CTEs in volume. As shown
in Fig. 3, two different methods, namely the machine (flow direc-
tion) and transverse directions (perpendicular to flow direction)
were adopted depending on the flow direction during injection
molding process. The drastic slope change in the curve of dimen-
sional change vs. temperature indicates a thermomechanical
transition temperature of materials. The transition temperature
shifted toward higher temperatures as a function of BF content
(Fig. 3a), which is in good agreement with the HDT results although
the Tg showed no change as discussed above (Fig. 2). The CTEs of PC/
BF composites for the transverse and machine directions were
reduced from 75.0 to 87.3 ppm/�C to 44.0 and 69.1 ppm/�C with
increasing BF concentration, respectively (Fig. 3b). A larger reduc-
tion in the CTE was observed for the composites in the machine
direction, compared to that in the transverse direction. The differ-
ence in CTEs is caused by the fiber orientation. The fibrousmaterials
are typically aligned along with the flow direction. Thus, the fiber/
polymer composites in the machine direction showed lower CTEs
while those in the transverse direction rarely enhanced the
dimensional stability, compared to the pristine polymer.

Visual observation of the fractured surface for fiber-reinforced
polymer composites has been routinely observed by SEM [13,14].
Fig. 4 shows the SEM micrographs of the fractured PC/BF compos-
ites with fiber contents of 5 (Fig. 4a, c) and 10 phr (Fig. 4b, d). The
uneven surface morphology may result from interfacial bonds be-
tween the fibers and the matrix, suggesting the gradually increased
HDT of the composites with increasing fiber loading. The surface
morphology rarely varied significantly between 5 and 10 phr of BF
loading. The fibers are well dispersed through the polymeric matrix
without aggregation.

For polymer processing such as extrusion and injectionmolding,
rheological understanding is necessary to facilitate the processing
and to manufacture a final product with high quality. The MFI is a
facile measurement method that typically provides rheological
information such as viscosity in the medium shear rate region at
the shear stress-shear rate curve for most polymers. As shown in
Fig. 5, the MFI was initially increased with 2.5 phr BF, suggesting a
decrease in viscosity. The MFI results were inconsistent above
2.5 phr. The fibrous shape usually impedes the melt flow, thereby
increasing viscosity [37]. The increment rate is dependent on the
Fig. 4. Fracture morphology of PC/BF composites via SEM: 5 phr (a, c), 10 phr (b, d). The
inset indicates pure fibers before being embedded into the PC matrix. Scale bars for a,
b, and c, d are 100 mm and 2.0mm, respectively. The scale bar in the inset represents
50 mm.
fiber type, length, orientation and aspect ratio. The shear stress and
rate applied to the polymer composites during the MFI measure-
ment can be calculated from Equations (2) and (3).

t ¼ RN F
2pR2PlN

(2)

_g ¼ 4Q
pR3N

(3)

where Rp, RN, lN, F, and Q represent piston radius, nozzle radius,
nozzle length, force (test load, kg� 9.8� 105 dyn), and volume rate
through the nozzle (MFI/600r, cc/s), respectively. In the case of
ASTM D1238, Rp, RN and lN are 0.47, 0.1 and 0.8 cm, respectively.
Thus, the shear stress and strain become simplified as shown in
Equations (4) and (5). Merging these equations, the final equation
(Eq. (6)) regarding viscosity vs. MFI can be obtained.

t¼9.13� 104 L - - - - (4)

_g ¼ 1.83�MFI/r - - - - (5)

h�MFI¼ 4.98� 104rL - - - - (6)

The measured MFI at a certain force (test load) can be converted
to either the shear rate or the viscosity, according to Equations (5)
and (6).

Due to the unique rheological properties of polymers and their
composites such as shear thinning behavior, it is of great impor-
tance to investigate viscosities with a wide range of shear rates for
associating processing methods. The shear viscosity at high shear
rate (103 to 106 s�1), involved with roll coating, spraying, extrusion,
and injection molding (in particular, small gates and runners) is
routinely measured by capillary rheometry, which is one of the
most commonly used rheological measurements [38]. The funda-
mental theory of the capillary rheometer is similar to that of the
MFI measurement. For inorganic filler-embedded polymeric com-
posites, the architecture, dimension, orientation, and concentration
of inorganic fillers affect the rheology of the polymeric composite
melt. The incorporation of inorganic fillers into polymer matrices
induces shear thinning behavior at high shear rates, which are
ascribed to the processing conditions for injection molding, roll
casting and spraying [38]. The magnitude of shear thinning de-
termines the process windows. At a relatively low shear rate region,
the viscosity of the composites, however, commonly increases as a
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function of filler content [37]. Fig. 6 also shows the shear thinning
phenomenon for all composites at the whole frequency ranges and
rare gap in viscosity between the neat polymer matrix and the BF-
infiltrated polymeric composites at high shear rates. The analogous
viscosity at high shear rates was caused by the alignment of the
fibrous shape along the flow direction (Figure S3) and slip between
the fibers and the polymeric matrix. Thus, the rheological hin-
drance becomes minimized. It should be noted that the chain
scissor caused by the incorporation of inorganic fibrous filler may
occur at a high temperature at a high shear rate, thereby reducing
the viscosity. The chain scissor is also involved in Fries rearrange-
ment and Kolbe-Schmitt rearrangement at high temperatures [39].

The shear viscosity for mixing, blade coating, compression
molding, extrusion blow molding, and brushing is involved with
the shear rate ranging from 100 to 102 s�1 while the shear viscosity
for sagging and leveling is related to the range from 10�3 to 10�1

s�1. This wide range at low shear rate region can be measured by
torsional rheometry equippedwith parallel circular plates mounted
between an actuator (transducer) and a fixture, to characterize the
rheology of fiber suspensions at low shear rates. The rheological
behaviors of fiber-reinforced composites are often dependent on
the measurement temperature. The viscosity, and the storage (G0)
and loss (G00) moduli tend to decrease as a function of temperature.
The complex viscosity, G0 and G00 decreased with increasing tem-
perature at frequencies ranging from 0.01 s�1 to 102 s�1, exhibiting
similar rheological curves, as shown in Fig. 7aec, respectively. The
complex viscosity was decreased at low shear rates and increased
at high shear rates above 30 s�1, indicative of shear thickening
behaviors owing to the elevated slope of G0 vs. the shear rate
beyond ca. 0.7 s�1, and drastic reduction in G00 at high shear rates as
shown in Fig. 7b and c, respectively. Moreover, considering that the
rate of fiber rotation is involved with the shear rate, inhomogeneity
along shear fields may elevate the fiber-fiber interaction during
transient changes in the fiber microstructure.

The incorporation of inorganic fillers into a polymeric matrix
influences the rheological properties, depending on the sizes,
shapes, concentrations and chemical structures of the inorganic
fillers, and shear rates. For instance, the viscosity of spheric fillers-
embedded composites decreases with increasing filler content
whereas that of fibrous filers in polymers increases [27]. The infil-
tration of CaCO3 into polymeric matrices such as polypropylenes
and PCs commonly induces chain scission at high temperature
(>250 �C), thereby reducing viscosity [40]. Fig. 8aed shows the
rheology of neat PC matrix and BF-reinforced PC composites.
Fibrous architecture generally hinders the melt flow especially at
Fig. 6. Apparent viscosity vs. shear rate for PC/BF composites at 270 �C measured by
capillary rheometry.

Fig. 7. Complex viscosity (a), shear storage modulus (b), and shear loss modulus (c) of
reinforced composites embedded with 2.5 phr of BF in frequency ranging from 10�2 to
102 s�1 with different temperatures.
low shear rates. The complex viscosity of the reinforced composites
tends to significantly increase as a function of BF concentration at
low shear rates primarily due to the elevated G0 in Fig. 8a and b. The
corresponding increment in G00 is lower compared to G0 as shown in
Fig. 8c. Meanwhile, the analogous viscosity for all composites was
measured at high shear rates. Shear thinning behaviors for all
samples were observed from 10�2 to 30 s�1. Above these values, all
samples showed shear thickening behaviors, which may be caused
by the phase separation of the added lubricants due to the torsional
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vibration at high shear rate. It should be noted for experimental
consideration that various conditions including the controllable
stress mode and displacement mode with a myriad of values
(t¼ 0.01e50 Pa and g¼ 0.01e20) were performed from 1 to 100
s�1 to ensure the unexpected shear thickening behavior of all the
composites. The magnitude of shear thinning effect for the highest
concentration (12.5 phr) of PC/BF composites was larger than any
other samples due to the possibility that more fibers for the PC/
BF12.5 composite are aligned along the melt flow direction
(Figure S3), bringing about a larger gap in viscosity, relative to the
case of low BF loading. Interestingly, the slope of shear storage
modulus vs. frequency slightly changed around 0.7 s�1 from the
pristine PC up to the PC/BF5.0 composite. Beyond this point, the
slope remains unchanged, suggesting that the elasticity of the
composites composed of high BF concentrations was more stabi-
lized along the whole frequency.

Fig. 8d shows a plot of G0 vs. G00 with a frequency parameter,
which is ascribed to the Cole-Cole plots employed for dielectric
spectroscopy [41]. Such plots can be utilized to examine the
microstructure of polymers including copolymers and blends with
different temperatures [42,43]. The curves of G0 vs. G00 at different
temperatures coincide in the case of stationary microstructure of
the single phase melt. On the other hand, the curves transition
parallel in the event of tunable microstructure. In addition to the
case involving tunable temperature conditions, such plots can be
harnessed to probe the structural alterations at a fixed temperature.
For instance, modified Cole-Cole plots were employed to investi-
gate the branching and the molecular weight distribution of poly-
ethylene on the microstructure [44]. The G0 was more enhanced
compared to G00 with increasing long chain branching. This analytic
investigation can be also conducted for composites such as rubber-
embedded acrylonitrile-butadiene-styrene (ABS) composites, rep-
resenting the enhanced elasticity of the matrix with increasing
rubber contents [45]. As shown in Fig. 8d, the shear storage
modulus at a certain shear loss modulus increased as a function of
BF. G0 was lower than G00 for all the samples at a wide range of
frequencies. Finally, G0 transitions dominant over G00 at high shear
rates, leading to higher viscosities and thus shear thickening be-
haviors (Fig. 8a).

To facilitate the quantification of the fibrous effect on rheology,
Fig. 8aec were converted to Fig. 9aec where the complex viscosity,
G0 and G00 for each frequency from 0.01 s�1 to 100 s�1 are plotted as
a function of BF content. The complex viscosity of PC/BF composites
increased with increasing BF contents from 0.01 s�1 to 10 s�1

(Fig. 9a). At lower shear rates, the slope (ratio of viscosity to BF
content) was more precipitous. At 100 s�1, the viscosity was
insignificantly changed, suggesting that the BF effect becomes
minimized at high shear rates. G0 and G00 indicate similar behavior
in terms of the slope to the complex viscosity at 100 s�1. G0 and G00

for all composites were enhanced as a function of shear rate while
the complex viscosity showed different behaviors at 100 s�1.
4. Conclusion

By incorporating BFs into a PC matrix, the mechanics was
significantly enhanced except for the impact strength. The rheo-
logical properties were explored byMFI, and capillary and torsional
rheometry with various temperatures and a wide range of fre-
quencies. The tensile and the flexural modulus were gradually
enhanced from 2.3 to 2.2 GPa to 3.9 and 3.8 GPa, respectively, up to
Fig. 8. Complex viscosity (a), shear storage modulus (b) and shear loss modulus (c) vs.
shear rates ranging from 10�2 to 102 s�1, and G0 vs. G” (d) at 270 �C for neat PC matrix
and PC/BF composites.



Fig. 9. Complex viscosity (a), shear storage modulus (b), and shear loss modulus (c)
with different shear rates from 10�2 to 102 s�1 at 270 �C for neat PC matrix and com-
posites with different PC/BF ratios up to 12.5 phr.
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12.5 phr of BF concentration. The tensile and the flexural strength
were also increased from 63 to 95MPa to 83 and 126MPa,
respectively. The impact strength was decreased due to the ductile-
to-brittle transition. The HDT of the PC/BF composites was
increased by ca. 8 �C, which is consistent with Tgs measured by TMA
whereas the Tgs by DSC were almost identical for all samples due to
the difference inmeasurementmechanisms. The visual observation
for the PC/BF composites was examined via SEM. All rheological
analysis tools used in this study showed higher viscosity at higher
BF concentrations. Capillary rheometry showed shear thinning
phenomenon for all composites at all shear rates and similar vis-
cosity between the pristine PC matrix and the PC/BF composites at
high shear rates. Torsional rheometry indicated the increased slope
of G0 vs. frequency beyond ca. 0.7 s�1 and a dramatic decrease in G00

at high shear rates. The BF-infiltrated polycarbonate composites
can be used for various applications due to their tailorable me-
chanics and rheology.
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