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Abstract

The shear viscosity of binary blends comprising polycarbonate (PC) and low-
molecular-weight polystyrene (L-PS) was examined. It was found that the viscosity of
PC significantly decreases by the addition of L-PS. Although the dynamic mechanical
properties indicated that L-PS is immiscible with PC, the morphology observation of the
extruded strand clarified that shear-induced phase-mixing occurs. Furthermore, the
viscosity decrease was found to be pronounced in the high shear stress condition, which
is much more obvious than that by the addition of low-molecular-weight PC.

Consequently, the addition of L-PS improves the flowability at injection-molding greatly.

Keywords; Viscoelasticity; Capillary flow; Polymer blend
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Introduction

Rheological properties of miscible polymer blends have been intensely studied. A
negative and/or positive deviation of the zero-shear viscosity from the log additive rule
has been discussed based on experimental results.! The rheological properties for
miscible polymer blends are, however, still unknown especially near the phase transition
because of the poor understanding of the free volume fraction, monomeric friction
coefficient, and nematic interaction, i.e., orientation correlation.>®

In this study, the rheological properties for one of the most important polymer
blends in industry, that is, polycarbonate (PC) and PS, were studied. Although the blend
system is considered to be immiscible,>” it was first found that they show flow-induced
phase-mixing when the content of low-molecular-weight PS is low. Moreover, phase
separation occurs immediately after the cessation of flow. Consequently, the glass
transition temperature of the PC phase in the blend, which determines the heat resistance,
is the same as that of pure PC. Furthermore, the transparency is not affected by the
addition of PS even after the phase separation because of the refractive index matching.
Finally, the large decrease in the shear viscosity, especially at high shear rates, leads to
an enhanced flowability at injection-molding, which is evaluated by spiral-flow length.
This is an attractive property to obtain a large-size product. Although some studies on
the viscosity decrease for PC have been carried out by the addition of a third
component,®? the present study is different from them and much more conducive for

actual material design.

Experimental
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Materials and sample preparation

Two types of commercially available bisphenol A polycarbonate with different
molecular weights were employed; the one having a high molecular weight was denoted
as PC and the other with a low molecular weight was denoted as L-PC. Furthermore,
low-molecular-weight atactic polystyrene (L-PS) was used in this study.

The average molecular weights, glass transition temperature (7%), and zero-shear
viscosity (7o) for each sample are summarized in Table 1. The number- and weight-
average molecular weights were measured by size exclusion chromatography (HLC-
8020, Tosoh) with polystyrene standard samples using chloroform as solvent. The 7gs
were evaluated by differential scanning calorimetry (DSC8500, Perkin-Elmer) at a
heating rate of 10 °C/min. The 7o values were evaluated at 250 °C by the oscillatory

shear measurements using a cone-and-plate rheometer (AR2000ex, TA Instruments).

Table 1 Characteristics of polymers employed

M
PC 18,000 45,000 151 2,800
L-PS 25,000 51,000 106 11
L-PC 3,100 7,300 119 27

The blends of PC/L-PS and PC/L-PC were prepared by a twin-screw extruder
(UTL15TWnano, Technovel) at 260 °C and 50 rpm. The contents of the low-molecular-
weight polymers were 5 and 10 wt.% for L-PS, and 10 wt.% for L-PC. After extrusion
from a circular die, the strand was cooled in a water bath and cut into a pellet shape by

a pelletizer. The pellets were dried at 80 °C for 6 hours under vacuum to remove water.
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The pellets were directly used for the capillary extrusion measurements.
Compression-molded films were also prepared for dynamic mechanical measurements.
After applying a pressure of 10 MPa for 3 min at 250 °C, the sample was cooled at 25 °C
by another compression-molding machine with a cooling unit. The same processing

history was also applied to pure PC as a reference.

Measurements

The temperature dependence of the tensile storage modulus (£°) and loss modulus
(E”’) was measured using a dynamic mechanical analyzer (E-4000, UBM) from 30 to
180 °C. The frequency and the heating rate were 10 Hz and 2 °C/min, respectively. A
rectangular specimen, with the size of 20 x 5 x 0.3 mm cut from the film, was employed
for the measurement.

The frequency dependence of shear storage modulus (G’) and loss modulus (G”)
in the molten state was measured using a cone-and-plate theometer (AR2000ex, TA
Instrument) within the angular frequency range from 0.1 to 396 s !. The angle of the
cone was 4° and the diameter was 25 mm. The measurements were performed at 230,
250, and 280 °C. The growth curves of the shear viscosity were also obtained by the
cone-and-plate rheometer at constant shear rates of 0.1 s™' and 2.3 s™! at 250 °C.

The pressure-driven flow behavior was evaluated using a capillary rheometer
(140SAS, Yasuda Seiki Seisakusyo). Circular dies with various ratios of length (L) and
diameter (D) were employed. The entrance angle of the dies was 180°. The temperature
in the barrel and die was maintained at 230, 250, and 280 °C. The measurements were

performed at 6 different shear rates from 36 to 1000 s !. Furthermore, the flowability
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was evaluated by the spiral-flow length at injection-molding (SE100DU, Sumitomo
Heavy Industries). The barrel and mold temperatures were controlled at 300 and 80 °C,
respectively. The injection pressure was 40 MPa and the injection speed was 100 mm/s.

The distribution of the blend composition in the extruded strand was investigated
in the radial direction by an FT-IR microscope (Spotlight 200, Perkin-Elmer). Thin test
pieces with a thickness of 10 um, which were cut from the center of a strand along the
flow direction using a microtome (RX-860, Yamato Koki), were employed for the
evaluation. The measurements were performed by transmission mode at various points
of the cross-section from the surface to the center. The spectrum at the surface of a strand
was also measured directly by the attenuated total reflectance (ATR) mode using KRS-
5 as an ATR crystal.

The morphology of the extruded strand was observed by a scanning electron
microscope (SEM; E-4100, Hitachi). The same test pieces for the IR measurement were
also used for the SEM observation. Prior to the SEM observation, the sample was etched
by cyclohexane to remove the L-PS phase and coated by platinum-palladium using an

ion spatter machine to avoid charge-up.

Results and Discussion

Figure 1 shows the temperature dependence of £’ and E” for the compression-
molded films of PC, PC/L-PS (5%), PC/L-PS (10%), and PC/L-PC (10%). The E” curves
for the PC/L-PS blends exhibited distinct double peaks, which were ascribed to the glass-
to-rubber transition of both polymers. Correspondingly, the E’ showed step-wise

decreases at 105 and 155 °C, that is, the Tgs of L-PS and PC, respectively. Furthermore,
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the 7, of PC in PC/L-PS was not shifted by the addition of L-PS.
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Figure 1 Temperature dependence of tensile storage modulus £’ and loss modulus £ at
10 Hz for compression-molded films of PC, PC/L-PS (5%), PC/L-PS (10%), and

PC/L-PC (10%)

This was reasonable because polystyrene is known to be immiscible with PC,>7
that is, the blends of PC/L-PS show a phase-separated structure. In contrast, a single T,
was detected for PC/L-PC, that is, a miscible blend, which was located at a temperature
slightly lower than that of pure PC owing to the low molecular weight of L-PC.

Figure 2 shows the master curves of the frequency dependence of G’ and G” in the
molten state for PC, PC/L-PS (10%), and PC/L-PC (10%) at the reference temperature
(Ty) of 250 °C. It was found that the time-temperature superposition principle was
applicable even for PC/L-PS. The apparent flow activation energy was almost the same
for all samples. Therefore, significant structure change, that is, phase-separation or

phase-mixing, did not take place in this temperature range.
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Figure 2 Master curves of frequency dependence of shear storage modulus G’

and loss modulus G at 250 °C for PC, PC/L-PS (10%), and PC/L-PC (10%)

Moreover, the G’ values in the low frequency region for PC/L-PS were higher
than those for PC. This is a well-known behavior for an immiscible blend having
dispersions with lower modulus, which can be described by the emulsion model.!%!D
These results demonstrated that PC/L-PS has a phase-separated structure even in the
molten state. In contrast, L-PC is, of course, miscible with PC, and the blend has a
shorter relaxation time. Therefore, the G’ values for PC/L-PC were lower than those for
pure PC in the whole frequency range. The 7o values, determined by EE(I)(G” a)) at
250 °C for PC/L-PS (10%) and PC/L-PC (10%) were 2500 Pa s and 1800 Pa s,
respectively. As compared with that of pure PC, i.e., 2800 Pa s, the addition of L-PS is
not effective to decrease the zero-shear viscosity.

Although the linear viscoelastic properties suggest that L-PS does not have

plasticization effect for PC, we observed a significant viscosity decrease from the

capillary extrusion measurements. The flow curves of PC, PC/L-PS (5%), PC/L-PS
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(10%), and PC/L-PC (10%) measured by the capillary rheometer with a circular die (L

=10 mm, D = 1 mm) at various temperatures are shown in Figure 3, in which the

apparent values on the wall are plotted for both shear rate y and steady-state shear

viscosity 7.

log [n (Pa s)]

. 4
(a) 230 C (b) 250 C
©
o ® L/D=10/1 S el L/D=10/1
A ®
L 8 { 2 8 °
N ol _ Al o @
VAN © 4 S
A E s %
= N
E N
PC g
. —
[ o PCIL-PS (5%) 5 PoLes (5%)
A PC/L-PS (10%) PC/L-PS (10%)
o PCIL-PC (10%) PC/L-PC (10%)
2 3 4 1 2 3 4
log [y ()] log [y ()]
4
(c) 280 C
L/D=10/1
2 e
= 3 Slree
é—u, 20 e
IS s 7%
> a |
IS A
2 ® PC
& PCIL-PS (5%)
A PC/L-PS (10%)
© PC/L-PC (10%)
1
1 2 3 4
log [y (s™)]

Figure 3 Flow curves at capillary extrusion for PC, PC/L-PS (5%), PC/L-PS (10%),

and PC/L-PC (10%) at (a) 230 °C, (b) 250 °C, and (c) 280 °C

Figure 3 shows that the viscosity decreased with the L-PC addition in the wide
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range of shear rates at all tested temperatures. This was a typical flow curve for
plasticized polymer systems.>!?) However, the viscosity of PC surprisingly decreased
with the addition of L-PS. Moreover, this viscosity decrease became significant in the
high shear rate range, which did not correspond to the linear viscoelastic properties; i.e.,
The Cox-Merz rule is not applicable to the system.

Figure 4 shows the master curves of the shear stress measured by the capillary
rheometer at 250 °C as a reference temperature. The shift factors were identical to those
obtained by the master curve of the oscillatory shear modulus. PC/L-PS showed a similar
shear stress level to PC in the low shear rate region, and a lower stress in the high shear
rate region. Because the stress of PC/L-PC was lower than that of PC in the wide range
of shear rates, the crossing behavior of the shear stress of PC/L-PS and PC/L-PC was

detected around at 40 s,

7
Tr =250 °C
L/D=10/1 o
6 L ®
L J
@ 5
= [ 1
& o M
6 5 \ >
g M
(@]
o
4 ® PC ]
—0—PC/L-PS (10%)
——PC/L-PC (10%)
3 a z
0 1 2 3 4
log[y a, (s™)]

Figure 4 Master curves of apparent shear stress on wall o

at 250 °C for PC, PC/L-PS (10%), and PC/L-PC (10%)

As a result of this viscosity decrease by the L-PS addition, the flowability at
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injection-molding was enhanced. The spiral-flow length evaluated at 300 °C was greatly
enhanced from 148 mm (pure PC) to 208 mm (PC/L-PS (5%)). This was reasonable
because the viscosity decrease became significant especially in the high shear rate region.

At the capillary extrusion measurement, wall slippage can be the origin of an
apparent viscosity decrease. The slippage behavior is known to be evaluated from the
comparison of the shear stresses obtained using various dies having different die length

L with the same length-to-diameter ratio L/D.!*"!>
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Figure 5 Apparent shear stress on wall o at 250 °C for (circles) PC and (diamonds)
PC/L-PS (10%) obtained by two capillary dies having the same L/D ratio.

(closed symbols) L/D=10/1 and (open symbols) L/D=20/2

Figure 5 shows the flow curves obtained using two dies with the same L/D ratio
(10/1 and 20/2). When the slippage takes place, the apparent shear stress measured by a
die with a smaller diameter is lower than that by a die with a large diameter. However,

in the case of our measurement, the flow curves obtained from 10/1 and 20/2 were
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identical, which demonstrated that the viscosity decrease was not attributed to the
slippage on the wall. Furthermore, the extruded strands had a smooth surface without
any distortion. Hence, flow instabilities, such as shark-skin originated from cohesive
failure and/or adhesive failure on the wall surface and gross melt fracture owing to
unsteady flow at the die entrance,'®?? did not take place.

Figure 6 shows the Bagley plot, that is, pressure P versus the L/D ratio at various
shear rates, for PC and PC/L-PS (90/10) at 250 °C. The intercept point of the vertical
line (the pressure value at L/D = 0) indicates the pressure loss (P.) at the entrance and
end of a die. As shown in the figure, the end pressure correction was not required at least
for PC except for the high shear rate 1000 s!, because P. was almost zero in the wide
range of shear rates (36 - 560 s'). Generally, the pressure loss becomes large for a
polymer melt with high shear viscosity and/or high melt elasticity. In the present study,
however, the values of the PC/L-PS having a lower viscosity were higher than those of

the pure PC, which will be discussed in detail later.
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Figure 6 Bagley plots at 250 °C for (a) pure PC and (b) PC/L-PS (10%)
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The viscosity decrease occurs not only under pressure flow but also drag flow.
Figure 7 shows the growth curves of the shear viscosity at constant shear rates measured
by the cone-and-plate rheometer. The oscillatory measurements were performed
before/after the start-up flow to confirm that the edge part between the cone and plate
was not scattered. At a shear rate of 0.1 s™!, PC and PC/L-PS exhibited almost the same
viscosity. However, at 2.3 s~!, PC/L-PS showed an apparently lower viscosity than PC.
Additionally, the time variation of viscosity for PC/L-PS had a declining trend,
suggesting that the shear viscosity deviates from the value predicted by the linear
viscoelastic properties. This indicated that the plasticization effect by L-PS proceeded
gradually during the flow process, which demonstrated that both shear rate and residence

time are important for this flow-induced viscosity-decrease phenomenon.
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Figure 7 Growth curves of transient shear viscosity 77°(f) at constant shear rates of
(a) 0.1 s'and (b) 2.3 s! for PC, PC/L-PS (10%), and PC/L-PC (10%)

measured by the cone-and-plate rheometer at 250 °C
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Considering the results in Figure 6, the effect of the residence time in the capillary
die on the shear viscosity must be responsible for the anomalous behavior of the end
pressure decrease shown in Figure 6. Because the residence time increased with the die
length, the pressure gradient P/L, which is proportional to the shear stress, decreased
with L. As a result, the apparent slope in the Bagley plot became small, which provided
a higher P. for the PC/L-PS (10%) blend.

A segregation behavior of a low-molecular-weight fraction in a flow field has been
reported for some polymer blend systems.?!?? The localization of a low-molecular-
weight fraction on the surface, if it occurs, leads to a large decrease in the apparent shear
viscosity on the wall, although Figure 5 indicates that there was no obvious slippage on
the surface. Therefore, we checked the concentration distribution in the cross-section of
the extruded PC/L-PS strand cut along the flow direction using an FT-IR microscope.
The peak intensity at 698 cm ™!, which was ascribed to the out-of-plane vibration of the
C-H bonds in the phenyl ring in PS, and that at 887 cm™!, which was ascribed to the
stretching of the ester bond in PC, were used for the characterization. The peak intensity
ratio was denoted as Ar-ps/Apc. Figure 8 shows the distribution of the Ar-ps/Apc
calculated from the IR absorption spectrum in the cross-section of a thin slice of the
PC/L-PS (10%) strand extruded at 250 °C and 562 s !, which showed a large viscosity
decrease.

The Avr-ps/Apc value was almost constant irrespective of the distance from the
surface. Furthermore, the peak intensity at the surface of a strand, not a sliced sample,
was measured directly by the ATR method and found to be identical to the Ar-ps/Apc

value, that is, 0.60. Moreover, the value was independent of the apparent shear rate.
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These results demonstrated that the segregation behavior of the L-PS fraction barely

occurred during capillary extrusion.

1.0

PC/L-RS (10%

250 °C
562 s

0 100 200 300 400 500

Distance from surface (um)

Figure 8 Distribution of 4r-ps/4pc in the cross-section

of extruded PC/L-PS (10%, 250 °C, and 562 s™') strand

To discuss the origin of the viscosity decrease, the morphology of the extruded
strands was observed using SEM. The morphology development of a polymer blend with
sea-island structure, in which dispersions have lower viscosity, has been discussed in
detail previously.??** According to Taylor,?® the morphology development in a blend of

Newtonian liquids can be described by the capillary number (Ca) and viscosity ratio (4).

NmVT
= 1
Ca R (1)
3= a 2)
Nm

where 77m and 74 are the viscosities of the matrix and dispersion, respectively, 7 is the
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radius of droplets, and I' is the interfacial tension.

The capillary number can be understood as the ratio of the hydrodynamic stress
required for the deformation of droplets to the interfacial stress that makes droplets in a
spherical shape. When Ca is much larger than the critical value of the capillary number
to show a break-up of droplets, that is, Cacrit, the droplets will deform affinely to a great
extent under both shear and elongational flow field.?” Furthermore, the value of Cacrit is
known to be a function of 4 and the type of flow. In particular, Cacic is low under
elongational flow in a wide range of 1 (even when 74 << 7m). Therefore, the dispersion
with low viscosity can deform greatly under elongational flow, which occurs at the entry
of a capillary die. Eventually, the deformed droplets show disintegration arising from
the thermal fluctuation at the interphase, called Rayleigh disturbance, which is
prominent after the cessation of flow. At the actual processing operation, the cooling
process also plays a decisive role on the morphology. The surface region is quenched
after extrusion, while the core is slowly cooled because a polymer at the surface will
behave as a thermal insulator. As a result, the core region often has enough time to show
a disintegration of deformed droplets, leading to satellites, i.e., small spherical droplets
generated by the disintegration.?>?®)

Figure 9 shows the SEM images of the core and surface regions in the cross-section
of the PC/L-PS (5%) strand extruded from a circular die with an L/D ratio of 10/1 (mm)
at 250 °C and 562 s '. In the core region (Figure 9 (b)), deformed small particles align
to the flow direction, which must be generated by the disintegration of deformed droplets
arising from the Rayleigh disturbance. As mentioned before, dispersed droplets in the

surface region should have more significant orientation than those in the core region
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owing to its strong shear stress with prompt solidification. However, in the SEM image

of the surface region (Figure 9 (a)), only spherical droplets were observed.

20.0kV X3.0 280.0kV X3.0

Figure 9 SEM images of (a) surface and (b) core regions in the cross-section for the

PC/L-PS (5%) strand extruded from a die with L/D = 10/1 at 250 °C and 562 s’!

Figure 10 SEM images of (a) surface and (b) core regions in the cross-section for the

PC/L-PS (10%) strand extruded from a die with L/D = 10/1 at 250 °C and 562 s™!

A similar anomalous structure was detected in the PC/L-PS (10%) strand extruded

at 250 °C and 562 s, as shown in Figure 10. Moreover, the SEM images indicated that
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the volume fraction of L-PS seemed to be higher in the core region.

These experimental results suggest that flow-induced phase-mixing occurred in the
blend. It is known that the miscibility of a polymer blend can be affected by the flow
field.***¥ Flow-induced phase-mixing, which is attributed to the reduced concentration
fluctuation®> and/or the stored energy in polymer chains during flow,*® has been
reported for several polymer blend systems, such as PS/poly(vinyl methyl ether)*® and
poly(methyl methacrylate)/styrene-acrylonitrile co-polymers.>¥ To the best of our
knowledge, however, flow-induced phase-mixing has not been reported for PC/PS.
Presumably, the contribution of mixing entropy would play an important role on the
phenomenon, because we employed PS with low molecular weight. In the present
system, L-PS became miscible with PC under a high shear stress in the capillary die and
showed phase separation after cessation of flow, that is, extruded from the die exit. Then,
the spherical L-PS droplets appeared near the surface when the solidification time was
longer than the characteristic time required for phase separation. This may be the reason
for the small volume fraction of the L-PS phase in the surface region. Moreover, the
flow-induced miscibility would enhance the spiral-flow length owing to the 7, decrease
by the dissolution of L-PS molecules.

Figure 11 shows the SEM image in the surface region of the cross-section for the
PC/L-PS strand extruded at 250 °C and 562 s !, which was quenched by iced water
immediately after the extrusion. In this experiment, the effect of the die length on the
structure was also examined using two circular dies with L/D ratios of 10/1 and 3/1 (mm).
The effect of quenching is obvious when Figure 11 (a) is compared with Figure 10 (a).

In the case of the quenched sample (Figure 11 (a)), there were no or less spherical
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droplets near the surface (ca. 15 um from the surface), suggesting that the miscible state
was frozen by the rapid solidification. Moreover, the strand having a short residence
time in a capillary die (L/D = 3/1) was found to have more droplets. At the die entry, a
large elongational strain, i.e., 4.6 as a Hencky strain, was applied. Because Ca must be
much larger than Cacit under elongational flow even at 4 << 1, the applied elongational
stress deformed the droplets affinely irrespective of the die length. Consecutively, the
shear strain was applied in the die land. Therefore, the structure difference in the figure

indicates that the shear flow in the die land plays an important role on the phase-mixing.
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Figure 11 SEM images of the surface region in the cross-section for the PC/L-PS

(10%) strand extruded from a circular die with L/D ratios of (a) 10/1 (mm) and (b) 3/1

(mm) at 250 °C and 562 s!. Both samples were quenched by iced water immediately
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after extrusion. The depth from the surface was denoted in the figure.

Figure 12 shows the SEM image of the strand surface (not cross-section) for the
PC/L-PS (90/10) extruded from a circular die with an L/D ratio of 10/1 at 250 °C and
562 s . Although this strand was immersed into the solvent for etching, similar to the
sliced samples, a dispersed droplet was not observed. Rapid cooling at the surface did
not allow phase separation. This was another piece of evidence for the flow-induced

phase-mixing.

280.080kV Xx3.88K 18.8:m

Figure 12 SEM image of the strand surface for PC/L-PS (10%) extruded from a die

with L/D = 10/1 at 250 °C and 562 s™!

However, the flow-induced phase-mixing cannot explain the mechanism for the
large decrease in the shear viscosity because the viscosity of PC/L-PS was much lower
than that of PC/L-PC, that is, the miscible blend. This viscosity decrease detected in this
study could be affected by the fine and deformed dispersion of L-PS droplets in the
fibrillar/layered structure, leading to slippage at the phase boundary and/or selective

flow in the L-PS layer.
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Although the exact mechanism of the viscosity drop is still unknown at present, we
can demonstrate a new method to modify commercially available PC by the simple
addition of L-PS. The blends show low shear viscosity with a great enhancement of

flowability at injection-molding without losing transparency and heat resistance.

Conclusion

The rheological properties for binary blends composed of PC and L-PS were
studied with the detailed characterization of structure in the strand extruded from a
capillary rheometer. The binary blend of PC and L-PC was also employed as a reference
sample. The L-PS addition greatly reduces the shear viscosity, which is more
pronounced at high stress. The dispersed droplets in the extruded PC/L-PS blend are of
a spherical shape in the surface area and are deformed greatly in the core. Furthermore,
rapid cooling of the extruded strand reduces the number of droplets on the surface. These
anomalous phenomena can be explained by the flow-induced phase-mixing under high
stress condition. The large decrease in the shear viscosity, which leads to the enhanced
spiral-flow length at injection-molding, could have a relation with the flow-induced

phase-mixing.
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