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ABSTRACT: The aim of this work was to study the role
of effective parameters in the morphology evolution of
polymer blends in a twin-screw extruder with an emphasis
on the effects of the melt viscoelastic properties of the
blend components, screw speed, and flow field changes
along the extruder. Two sets of blend samples based on
polypropylene/polyamide 6 with the same composition
(90/10) and polypropylene matrix but with two polyamide
6 grades differing in their viscoelastic properties were con-
sidered. The effect of the compatibilizer (maleic anhydride
grafted polypropylene) was also investigated. The mor-
phology of the blend samples were studied with scanning
electron microscopy, and the melt linear viscoelastic prop-
erties of the samples were measured with a rheometric
mechanical spectrometer. The melt-blending processes
were carried out in a modular twin-screw extruder. The

trend of the polyamide dispersed particle size changing
with increasing screw speed was found to be different for
the two types of blends. Considering of the role of the
compatibilizer in coalescence, this could mainly be attrib-
uted to the different melt viscoelastic properties of the
blend constituents. Similar explanations were given for the
morphological changes that occurred along the screw. It
was demonstrated that the viscosity ratio of the blend
components is not necessarily the only material-dependent
parameter that affects the dispersed particle size: the visco-
elastic properties (particularly the flow-induced elasticity
ratio) of the blend components can also play a significant
role in determining the particle size distribution. © 2008
Wiley Periodicals, Inc. ] Appl Polym Sci 108: 2558-2563, 2008
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INTRODUCTION

Blending polymers with different physical properties
presents the possibility of enhancing the overall
properties of a material through a synergistic combi-
nation of the desirable properties of each compound
in the system. As most polymers are thermodynami-
cally immiscible, their blending usually leads to the
formation of disperse systems in which the minor
component is dispersed in the matrix phase. The vis-
cosity ratio, shear rate, and flow field are among the
important parameters that determine the size and
size distribution of the dispersed phase in polymer
blends.'” In compatibilized blends, the type and
concentration of the compatibilizer also play a signif-
icant role in determining the dispersed particle
size.>* Moreover, in some compatibilized polymer
blends, an emulsion-in-emulsion morphology has
also been reported.” On the other hand, the size and
size distribution of the dispersed phase have strong
effects on the mechanical properties of the blends.
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Therefore, it is generally desirable to generate blends
with well-defined and reproducible morphologies.

The efficient mixing action of tightly intermeshing,
corotating twin-screw extruders enables these ex-
truders to be used as the most important tools for
the production of polymer blends.® During the past
decade, numerous research groups have investigated
the morphology development of polymer blends in
twin-screw extruders.”'* Despite much effort, we
still do not have a clear understanding of the mor-
phology evolution in immiscible polymer blends
during compounding in twin-screw extruders.

The typical screw profile usually consists of an
initial melting or plastification section followed by a
conveying section and subsequently a mixing section
to homogenize the polymer melt. It has been shown
that the blend morphology in an extruder undergoes
only small changes after the initial softening stage in
the melting zone."”” However, the final morphology
determining the characteristics of the end product is
largely controlled by the design of the geometry, the
selection of the processes conditions, and conse-
quently the flow conditions in the last section of the
extruder and in the following die. The aim of this
work was to study the effect of the melt viscoelastic
properties of the components on the morphology
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TABLE I
Characteristics of the Blend Components
Melt flow rate Viscosity Zero shear Maleic
at 230°C number viscosity at anhydride
Polymer (/10 min) (em?/ gr) 260°C (Pa s) content (wt %)
PP 16 — 890 —
PA6(1) — 150 620 —
PA6(2) — 320 5120 —
PP-¢-MAH 24 — 330 0.5

evolution of polypropylene (PP)/polyamide 6 (PA6)
blends in a twin-screw extruder.

EXPERIMENTAL
Materials

A commercial isotactic PP (Poliran-V30S), supplied
by Arak Petrochemical Co. (Iran), was used as the
matrix. Two grades of PA6, Bergamid B700-20 from
Poly One (Germany) [which is called PA6(1)] and
Ultramid B5 from BASF (Germany) [which is called
PA6(2)], were used as the minor phase. A commer-
cial grade of maleic anhydride grafted polypropyl-
ene (PP-g-MAH), manufactured by Dupont (United
Kingdom) (Fusabond 511D), was used as the compa-
tibilizer. Table I shows the characteristics of these
polymers.

Blend preparation

Table II lists the compositions of the blends investi-
gated. The PA6 granules were dried in a vacuum
oven at 80°C for 24 h before blending. All the sam-
ples were prepared in a Brabender (Germany) DSE25
intermeshing, corotating twin-screw extruder with a
length/diameter ratio of 30. The screw configuration
is described in Figure 1. The throughput of the ex-
truder was kept constant by means of an independ-
ent dozing system. The samples were prepared at
three different screw speeds (100, 150, and 200 rpm).
The temperature of the barrel feed section was main-
tained at 20°C, and the rest of the barrel was kept at
260°C. The morphology evolution of the blends along
the extruder was studied through the examination of
samples collected at different zones of the extruder,
as described in Figure 1. The samples, taken from the
extruder during the steady-state operation, were im-
mediately cooled in liquid nitrogen to preserve the
morphology that developed in the extruder.

Rheological studies

The melt linear viscoelastic properties of the blend
components and the blend samples were measured
with a Paar Physica (Austria) USD200 rheometric
mechanical spectrometer equipped with parallel-
plate geometry with a diameter of 25 mm at a strain
of 1% and temperature of 260°C. The flow behavior

of the blend components was also obtained with a
capillary rheometer and a rheometric mechanical
spectrometer.

Morphology study and image analysis

The morphological studies were performed on the
cryogenically fractured surface of the samples. To
achieve good contrast for quantitative measurements
of the dispersed particle size, the dispersed PA6
phase was etched by submersion of the samples in
98% formic acid for 4 h. The etched samples were
then sputter-coated with gold and examined by
scanning electron microscopy (SEM). The particle
size distribution was determined with image analy-
sis performed on SEM micrographs. The equivalent
diameter (d) was calculated on the basis of the parti-

cle area with eq. (1):
/4
—_ AParticle
T

where Aparice represents the area of the dispersed
particle. From the values of d obtained in this way,
the number-average diameter (d,) was formed as
follows:

d

1)

@)

where d; represents the equivalent diameter of each
particle and 7 is the number of particles.

RESULTS AND DISCUSSION

Figure 2 shows the results of the viscosity measured
as a function of the shear rate for the blend constitu-
ents at a temperature of 260°C.

TABLE II
Compositions of the Blends
PA6 Compeatibilizer

PP content content content
Sample (wt %) (wt %) (wt %)
B1 90 10% PA6(1) 0
B2 90 10% PA6(2) 0
CB1 89.5 10% PA6(1) 0.5

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 Screw configuration and sampling locations.

The results of the viscosity ratio, ms/m,, (Where ny
and r,, are the viscosities of the dispersed phase and
matrix, respectively), as a function of the shear rate
at a temperature of 260°C for the blend systems are
shown in Figure 3. Although the viscosity ratio of
blend Bl was lower than 4 in the whole range of
shear rates, the viscosity ratio was higher than 5 for
blend B2. It has been shown'®!” that droplet breakup
is easiest when the viscosity ratio tends to 1 and 4,
of the dispersed particles is enlarged at a viscosity
ratio greater than 1. Grace'® correlated the critical
capillary number with the viscosity ratio and
showed that the droplet breakup process is pro-
moted at viscosity ratios between 0.1 and 1 and that
a drop will not break if the viscosity ratio is greater
than 3.5 for Newtonian systems subjected to a sim-
ple shear flow field. It has also been reported that in
polymer systems, the droplets experience not only
dissipative (viscous) forces but also the deformation-
resisting forces arising from the elasticity.>'®"
Therefore, the mechanism of droplet deformation
and breakup is quite different in viscoelastic systems
from that in Newtonian systems. Most studies'”'#2*
have reported that matrix elasticity assists with the
deformation of the droplet, whereas the droplet elas-
ticity resists the drop deformation. Therefore, the
elasticity of the blend components can also play a
role in determining the droplet size in the polymer
melt blending process.
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Figure 2 Viscosity versus the shear rate for the blend
components.
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Figure 4 shows the results of the storage modulus
as a function of frequency for the blend components.
The storage modulus ratio (G;/G;,) of the blends as
a function of frequency is shown in Figure 5. By
comparing these results, one may notice that G;/Gy,
(storage modulus of dispersed phase and matrix,
respectively) of blend B2 is greater than unity and
decreases with increasing angular frequency, tending
to 1 at a frequency around 1000 (1/s), whereas for
blend B1, this ratio is much lower than 1 and
increases with the angular frequency.

From these results, one may realize that for blend
B1, the droplet breakup process is expected to be
easier at a low shear rate, whereas a reverse result
may be expected for blend B2. These results also
suggest a larger particle size for B2 compared to Bl
because of its much greater viscosity ratio.

Figure 6 shows typical SEM micrographs of blend
Bl collected from the same screw position (zone 1)
at different screw speeds (shear rates). From that
and the results shown in Figure 7, it can be noted
the polyamide particle size increases from 0.8 to
4 pm as the screw speed increases from 150 to 200.
Following the capillary number, increasing the screw
speed is expected to decrease the particle size. How-
ever, as can be seen in Figure 3 for blend BI,
because of pseudoplastic behavior of the compo-
nents, increasing the shear rate increases the viscos-
ity ratio from 0.8 to 2.6 when the shear rate increases
from 5 to 2000 (1/s). The melt elasticity ratio of the
blend components is also increased with increasing
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6
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Figure 3 Viscosity ratios of the blends versus the shear
rate.



MELT VISCOELASTIC BEHAVIOR OF COMPONENTS

1LE+03

1.E+04

1.E+03

1. E+02

LE+01 & pa)

Storage modulus (Pa)

——PA()

7P

1LE+00

0.1 1 10 100 1000
Angular Frequency (1/s)

Figure 4 Storage modulus versus the frequency for PP,
PA6(1), and PA6(2).

screw speed. These viscoelastic variations act against
the droplet breakup process and hence lead to
enlargement of the particle size. Increasing the screw
speed can also increase the probability of coales-
cence, leading to increasing dispersed particle size.

Figure 7 also shows the variation of the dispersed
particle size against the screw speed (shear rate) for
blend B2. In B2, in contrast to Bl, the average parti-
cle size is reduced from 2.8 to 1.1 um as the screw
speed increases from 150 to 200 rpm. From the
results shown in Figures 3 and 5, one may notice
that in blend B2, in contrast to blend B1, the viscos-
ity ratio is too high (>3.5) in the whole range of
shear rates, and it does not play a significant role in
the droplet breakup process; however, the melt elas-
ticity ratio of this sample is reduced with the shear
rate and tends to 1. This is in favor of the droplet
breakup process and will lead to a smaller particle
size.

Figure 8 compares the variation of the polyamide
particle diameter of blend Bl collected at three dif-
ferent screw positions for two different screw speeds
(100 and 200 rpm). For blend Bl prepared at the
screw speed of 100 rpm, the particle size diameter of
the sample increases from zone 1 to zone 3, whereas
a reverse trend of the variation of the particle size
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Figure 5 Elasticity ratios of the blends versus the fre-
quency.
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Figure 6 SEM micrographs of blend Bl at different screw
speeds: (a) 100, (b) 150, and (c) 200 rpm.
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Figure 7 Mean particle size (with standard deviations)
versus the screw speed for Bl and B2.
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Figure 8 Variation of d,, (with standard deviations) mea-
sured along the screw for blend B1 (100 and 200 rpm).

with the position is observed for the same sample
prepared at the screw speed of 200 rpm. At the
screw speed of 100 rpm, the melt elasticity of the
blend constituents is very low; therefore, it seems
that coalescence is dominating the particle size.
However, at the screw speed of 200 rpm, the elastic-
ity of the components is high, and so the reduction
of the particle size from zone 1 to zone 3 can be
attributed to the reduction of the elasticity ratio.

Figure 9 shows the variation of the particle diame-
ter along the extruder for blend B2 at screw speeds
of 100 and 200 rpm. As discussed earlier for B2, the
viscosity ratio is higher than 3.5 in the whole range
of shear rates; therefore, increasing the particle size
of this sample from zone 1 to zone 3 can be attrib-
uted only to the increase of the elasticity ratio.

Figure 10 presents a typical SEM macrograph of
the compatibilized blend (CB1). The particle size of
the sample was found to be around 0.6 pm, which
was much smaller than those obtained in the uncom-
patibilized blend (1.8 pm).

Figure 11 shows the variation of the particle size
with increasing screw speed for blend CB1 collected
from zone 1 of the extruder. These results showed
the same trend for the variation of the particle size

10
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Figure 9 Variation of d, (with standard deviations) mea-
sured along the screw for blend B2 (100 and 200 rpm).
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Figure 10 SEM micrograph of CB1 (screw speed = 100
rpm, position 1).

with the screw speed as that obtained for blend B1.
As the compatibilization process reduces the coales-
cence of droplets, the similar effect of the screw
speed on the particle size observed for compatibi-
lized and uncompatibilized samples supports the
idea that an increase in the elasticity of the dispersed
phase with the screw speed is the dominating
parameter.

The variation of the particle size along the ex-
truder at three different screw speeds for blend CB1
is shown in Figure 12. The extent of reducing the
polyamide particle size of compatibilized samples
along the screw was found to be lower compared to
that of uncompatibilized samples. In compatibilized
samples, the coalescence has no appreciable effect on
increasing the particle size along the extruder, and
the elasticity ratio is the controlling parameter. In
other words, the extent of the variation of the parti-
cle size along the extruder is dependent on the
screw speed.
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Figure 11 Mean particle size (with standard deviations)

versus the screw speed for CB1.
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Figure 12 Variation of d, (with standard deviations)
measured along the screw for blend CB1 (100, 150, and
200 rpm).

CONCLUSIONS

It has been shown that increasing the screw speed
may not necessarily result in decreasing the particle
size of the minor phase in immiscible polymer
blends, but it can have different effects depending
on the viscoelastic properties of the blend compo-
nents. These blends also showed different trends of
morphological changes along the extruder. The pres-
ence of PP-grafted MA in the blends had a similar
effect in the morphology of the two blends. It has
been demonstrated that the viscosity ratio of the
components is not necessarily the only parameter
that determines the particles size of the dispersed
phase: the elasticity ratio of the blend constituents

2563

can also play a significant role in controlling the dis-
persed particle size.
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