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Abstract—In order to understand the mixing in polymer extrusion, the morphology of PS/LDPE blends compatibi-
lized with SEBS was simulated based on the Lee and Park model. Experiments were performed in a co-rotating twin
screw extruder and a Haake mixer, and the morphology of the compatibilized blends of various compositions was
compared with the non-compatibilized ones. The size of the dispersed phase of the compatibilized blend was smaller
than the non-compatibilized one, and the blend of the PE matrix had a smaller size in the dispersed phase than the non-
compatibilized one. Simulation results were agreed well with experiments, and the Lee and Park model could be ap-
plied in the extrusion analysis of compatibilized polymer blends.
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INTRODUCTION

Many existing polymer blends and composites have been fur-
ther developed mstead of malang new polymers because of the abil-
ity to obtain the deswed matenial properties more easily and more
economically [Kim and Chun, 1999; Tyu et al,, 1999]. Tt is well
known that the morphology of the polymer blend, that s, the size
of the dispersed phase, and mterfacial state have nfluence on pro-
perties of the polymer blend, especially mnpect strength. However,
most polymer blend paus are so mnnscible thermodynamically
that they do not have good morphology-giving properties. There
have been many studies to mmprove the morphology of polymer
blends by using block copolymers or graft copolymers as compati-
bilizers [Chen and White, 1993; Kim and Chun, 1999]. Tt is nec-
essary to look mnto the effects of the compatibilizer on the blend mor-
phology. The effects of shear rate, thermal history, rheological pro-
perties, and blend composition are also important when the blend
morphology 15 considered m the real process such as extruder op-
eration.

Fayt et al found that the molecular structure of the compatibi-
lizer 1s a key factor for polymer blends to be compatible [Fayt et al.,
19%89]. Block copolymer SEBS (Styrene-Ethylene/Butylene-Sty-
rene) is well known as a good compatibihzer for olefin and poly-
styrene polymers. Yang et al. studied the operating condition of the
Haake Mixer for the PS/LDPE/SEBS blend system [Yang and
Bigio, 1995]. They showed that the size of the dispersed phase de-
creased as the amount of SEBS was mereased up to some exteit.
Pothm et al. reported that SEBS acted more effectively as a com-
patibilizer when the viscosity of the blend matrix was lower [Pot-
luri et al,, 1995].

To predict the evolution of polymer blend morphology n real
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polymer processes, it is necessary to understand the behavior of
blend mterface. Doi and Otta proposed a new theory describmng the
relationship between overall morphology and rtheological propetties
[Doi and Otta, 1991]. Lee and Park modified the theory, consider-
mg the relaxation mechamsm of blend mterface and the effect of
the viscosity ratio [Lee and Park, 1994]. On the other hand, the
twin screw extruder has been playing an unportant role m the field
of polymer blend processing. An understanding of polymer mixing
n the extruder 15 essential for obtammng polymer blends of high qual-
ity. The purpose of this study, as a confinuation of a previous one
[Moon and Park, 1998], is to simulate the morphological behavior
of PS/LDPE blend compatibilized with SEBS m the co-rotating
twin screw extruder using the Lee and Park theory. Expermmental
results were also compared with the simulation.

THEORETICAL MODEL AND SIMULATION

A prediction of the morphological evolution of polymer blends
requires an understanding of the behavior of blend interface in the
given flow field. Do1 and Otta [Doi and Otta, 1991] focused on the
mterface between two phases and proposed an interesting model to
describe the relationship between overall morphology and rheologi-
cal properties. They defined mterfacial area per urt volhame, Q, and
its anisotropy for a given flow field, g, as follows.

_1
Q=g fds, M
1 1
q,= {/,de(ﬂ,ﬂy - 36,1) 2
Here, n, is the unit normal vector to the interfaces, §,, the Kro-
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necker 8, V, the total volume, and dS, the differential area of miter-
face. Lee and Park [Lee and Park, 1994] modified the Doi theory.
They considered the effects of the viscosity ratio and the relexation
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of mterface due to mterfacial tension &, and obtamed the time evo-
lution of Q and g, given by

d 2
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Here, d, is the velocity gradient tensor: 1), and 1), are the matrix and
dispersed phase viscosity, respectively. The Lee and Park model
includes three dimensionless parameters: degree of total relaxation
., size relaxation |1, and break-up and shape relaxation v, which
represent the characteristics of blend morphology for a given bin-
ary blend system. The constitutive equation including the contribu-
tion of the viscosity ratio is as follows.

o,-(1+ S0

= +d.) —oug, —P3,, 5
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where G, is a stress tensor, ¢ is the volume fraction of dispersed
phase, and P 1 the pressure.

In general, interfacial tension of polymer blends could be reduced
using compatibilizers, but it s not easy to estunate the mterfacial
tersion of compatibilized blends. In the Lee and Park model, m-
terfacial tension o always exists with the parameter A. Thus, in the
real application of the model, term oA may be used instead of .
Parameter A can be obtained from the oscillatory dynamic experi-
mert at the small amplitude, and [ from size data of the dispersed
phase m mixmg experiments using the Haake mixer V 1 practi-
cally fixed in our previous theoretical work. For the viscosity of
polymer blends, the power law model s used.

nKj ©

where K 1s the consistency factor and n is the power law mdex. The
flow in each element of the extruder was assumed to be simple shear
flow, and the average residence time t, 1s given by

t=V./F, )

where V15 the free volume of the extruder charmel and F is the
volumetnic flow rate. In the case of the partially filled element, the
average residence tune t; 1s given by

ts:C.:tra

where £ is the degree of fill. The average shear rate, 7, of the par-
tially filled region 1s related to the average maximum shear rate at

the fully filled condition, ¥,,, as follows.
¥=CY,.

Because we calculate the average shear rate and residence time
at each screw element, the twin screw extruder can be regarded as
the senes of simple shear flows with its own shear rate and re-
sidence time. Two terms Q and ¢ are calculated sequentially from
the first element the imitial morphology (for example, Q,=10 Um
and q,;,=0) is given. Below, we summarized the simulation scheme
for prediction of morphology evolution with some assumptions.
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(1) The saew characteristic curves (‘Flow rate F vs. Pressure
gradient dP/dx’) at each element are calculated using the program
package ‘Twm Screw Extrusion Analysis Package’ developed by
PPI (Polymer Processing Institute). The power law model and so-
thermal conditions are assumed More details of the calculation
scheme are shown m the previous work [Moon and Pask, 1998].

(2) From the screw charactenistic curve, pressure distribution is
calculated m the reverse direction begimmung at the die region.

(3) When the pressure dropped to O, 1t 13 assumed that starvation
occurred. Degree of fill { is defined as the ratio of filled area Ao
total charmel area A,. For a Newtoran fhud, it is the ratio of flow
rate F to maxmmum flow rate F,,.

C=A/ASFIE,,. @

(4) The velocity profile is obtained from the pressure distribu-
tion and degree of fill. Each element 1s assumed to be a rectangular
charmel, and the calculation begins from the first molten state (usu-
ally the first kneading block).

(5) Average shear rate and residence time are calculated from
the velocity profile.

(6) Interfacial area density Q and its anisotropy g, in each ele-
ment are calculated.

(7) Finally, from the two morphology terms above, the evolu-
tion of the blend morphology 1s predicted.

In the previous description, we assumed that the extruder 15 op-
erated mn the 1sothenmal condition and that the theological charac-
teristics of the banary blend can be described by the interfacial ten-
sion, power law mdices, and the parameters of the Lee and Park
model Because we could not find the proper model that considers
both the melting and solid conveying zone of the extruder yet, only
the melt zone 1s considered.

EXPERIMENT

The polymer blend system used in this study is polystyrene (PS;
HF2660) from Cheil Industries, Inc. and low density polyethylene
(LDPE,; LD210H) from Samsung General Chemicals Co. SEBS,
commercialized by Shell Chemical as ‘Kraton G°, was used as a
compatibilizer Six compositions of blend were examined; by weight,
PS 10%, 20%, 30%, and LDPE 10%, 20%, and 30%. To make the
blend compatibilized, SEBS was added. Blends were prepared us-
mg the mtermnal mixer (Haake Rheomix 90) and co-rotating twimn
screw extruder (SM Engineering TEK45). Their dynamic and shear
viscosities were measured using the cone and plate theometer (Phy-
sica MC120) and capillary viscometer (Rosand) at 200 °C.

Two blends of PS 10% and LDPE 10% were examined to es-
timate the effect of SEBS on the viscosity. The effect of a small
amournt of SEBS on the blend viscosity is negligible. The blend
morphology was observed using SEM (Joel 800A). In mixmng ex-
periments by Haake mixer, each blend sample was kept 10 minutes
and quenched i liquid nitrogen. PS 10% blend having LDPE ma-
tnx was treated with chloroform to remove the PS phase, while
LDPE 10% blend was viewed without chemical treatment. Aver-
age particle size was obtamed from image analysis of SEM pic-
tures. Extrusion expermments to find out the effect of the screw con-
figuration were also performed for two different screw configura-
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Table 1. Parameters of the Lee and Park model of PS/LDPE blend
compatibilized with SEBS and compared with the non-
compatibilized one

Non-Compatibilized Compatibilized with SEBS

Parameters
LDPE90% PS99% LDPE90% PS 90%
ok 70.5 235 23.5 14.1
1) 0.02 02 0.02 0.08
\Y 15 1.5 1.5 15
tions.
RESULTS AND DISCUSSION

Table 1 shows the parameters of the Lee and Park model ob-
tained from the small angle dynamic experiment and the Haake mix-
er experiment. The parameter values of compatibilized blends are
compared to those of non-compatibilized blends. We can estimate
the overall morphology characteristics of blends using the Lee and
Park parameters because the parameters represent the characteris-
tics of the interfacial relaxaion of the binary blend. It can be seen
in the table that parameter A of LDPE 902 blend decreases sig-
nificantly when it is compatibilized.

In the Lee and Park model, parameter A always exists together
with the interfacial tension . Therefore, in the case of LDPE 9026
blend, the decrease of A has the same effect as decreasing the in-
terfacial tension c. Parameter 1. of PS 90% blend compatibilized
with SEBS has a lower valie compared to the corresponding non-
compatibilized blend. Since parameter | means the degree of coa-
lescence, the obtained result shows that SEBS holds down the coa-
lescence of PS 90% blend. Elmendort has reported that the degree
of coalescence depends mainly on the marix viscosity of the blend

[Elmendott, 1986]. Therefore, we think tha coalescence of PS 90%
blend having low-matrix viscosity would be more restricted com-
pared to LDPE 90% blend. We can confirm this in Fig. 1 which
shows SEM pictures of compatibilized and non-compatibilized PS/
LDPE blends at three different concentrations of LDPE 1026, 20,
and 30P%. From cases of non-compatibilized blend as shown in Fig.
1(a), (b), and {(c), we can see that most of the LDPE dispersion phase
is pulled out from matrix phase, while the compatibilized blends of
Fig. 1{d), (e), and (f) show good interface achesion between the
dispersed and matrix phases. In general, as the content of the dis-
persion phase increases, the size of the dispersion phase increases
due to coalescence. Compared to the case of compatibilized blend,
the size of the dispersed phase of non-compatibilized blend increases
more rapidly with increasing content of the dispersion phase. Es-
pecially for the non-compatibilized case of PS 70% blend, the de-
gree of coalescence is high so tha many parts of the dispersed phase
appear as the co-continuous phases. But, for compatibilized blend,
the degree of coalescence is relatively low. From this, we see that
the compatibilizer, SEBS, restrains the coalescence, and this effect
is reflected in the valie of parameter A of the Lee and Park mod-
el. As previously mentioned, the effect of SEBS on the blend vis-
cosity is negligible. Thus, the blend viscosity is not expected to be
influenced by adding a small amount of SEBS during extrusion.
Fig. 2 shows viscosity of PS/LDPE blend according to the amount
of SEBS (7%, 2%, 4%). We can see that the effect of SEBS on the
blend viscosity is negligible. The viscosity of the blend will not be
influenced by adding the small amount of SEBS. Fig. 3 shows the
diameter of the dispersed phase; that is, the domain size as a func-
tion of screw speed (a) and flow rate (b). In cases of PS matrix, the
size of the dispersed phase increases with the screw speed as shown
in Figure (a). We can say that the compatibilization reduces the in-
fluence of the processing condition, such as the screw speed on the

Fig. 1. SEM piciures of PS/LDPE blends and PS/LDPE/SEBS blends mixed by Haake Mixer at 100 rpm and 200 ‘C (x 2,000).
(3) PS 90%, (b) PS80%, (c) PS70% (d) PS90%/SEBS, (€) PS80%/SEBS, (f) PS70%/SEBS
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Fig. 2. Effects of SEBS on shear viscosity of LDPE/SEBS and PS/
SEBS blend at200°C.
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Fig. 3. Effects of SEBS compatibilizer for PS/LDPE blend on the
domain size according to screw speed.
(a) and flow rate, (b) in twin screw extrusion at 200 °C

domam size. When the matrix viscosity was low, the size vanation
of the dispersed phase according to the screw speed was more pro-
nounced. This agrees with Potlur’s result that the compatibilizer is
more effective m the size reduction of the dispersed phase m case
of low viscosity matrix. As we previously explained thus effect with
the Lee & Park model, the compatibilizer stabilizes the mterface of
the blend by reducing the interfacial tension and 1s especially effec-
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Fig. 4. Effect of rotor speed on the particle size for PS/LDPE/
SEBS blends in the Haake internal mixer at 200 °C.
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Fig. 5. Comparison between calculated and experimental domain
sizes according to screw speed.
(a) PS90%/LDPE 10%/SEBS, (b) PS10%/LDPES0%/SEBS

tive m reducing the size of the dispersion phase by restraimng the
coalescence.

Blends of PSS matrix have the larger size of dispersed phase than
blends of LDPE matrix because PS has the smaller value of vis-
cosity than LDPE. Fig. 4 shows the effect of the rotor speed of the
Haake mixer on the size of the dispersed phase for two blends of PS
matrix and LDPE matrix, respectively, compatibilized with SEBS.
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Fig. 6. Comparison between calculated and experimental domain
sizes according to flow rate.
(a) PS90%/LDPE10%/SEBS, (b) PS10%/LDPES0%/SEBS

In Figs. 5 and 6, the sizes of the dispersed phase, (that 1s, the do-
main size) measured in extruder experiments are compared with
sunulation results. The domain size was caleulated from mterfacial
area density Q. The predicted domain size shows a large difference
between the ugh-shear region near the die exit and the low-shear
region at the starvation region. In order to know the final domam
size, two limit cases should be examined together. We see in Figs.
5 and 6 that the predicted domam size of the two regions has the
same tendency as the experimental results. Tn both figures, the blend
of PS 90% has the larger domamn size than the blend of PS 10%,
and the predicted values show the same tendency according to the
screw speed and flow-rate. These results mean that the parameters
of the Lee and Park model represent corvectly the charactenistics of
mterface.
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Fig. 7. Two scvew configurations for evaluating the effects of screw
configurations.
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Fig. 8. Predictions of the effects of screw configurations on the
pressure and degree of fill for the TEK45 twin screw ex-
truder.

(=) Screw configuration no. 1, (—) Screw configuration
no. 2. (a), (b). PS10%/LDPE90%/SEBS, (c), (d): PS90%/
LDEP10%/SEBRS

To examine the effect of screw configuration, two different screw
configurations of TEK 45 twn extruder as shown n Fig. 7 were
sunulated for PSS 10% and PS 90% blends compatibilized with
SEBS. Two screw configurations of Fig. 7 are different mainly in
the mumnber of kneading blocks, which mfluences the overall mix-
mg utensity. Fig. 8 presents the sumulation resulis on the pressure
and the degree of fill obtained for the two blend systems above. We
can see that the pressure 1s highly built up in sections of kneading
block and in front of die. In the pressurized region, mixing inten-
sity is high and the degree of fill has the value of ‘1°. Except for
the tugh pressure of PS 10% blend at the die region, the difference
between the two blend systems is not so noticeable. Fig. 9 shows
the predicted domam size of two screw configurations and two blend
systems. We can see that the predicted domain size along the screw
axis depends on the mixing intensity, but the final domain size at
the die region has practically the same value regardless of the screw
configuration. We can confirm this conclusion from Figs. 10 and
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Fig. 9. Predictions of the effects of screw configurations on domain
size for the TEK 45 twin extruder.
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11. Experimental results of the domain size according to the screw
speed (Fig. 10) and flow rate (Fig. 11) are compared to simulations
in two lmit cases of near die and starvation regions. This agrees
well with the previous work’s finding that the final domain size is
determined in the initial softening stage of the twin extruder.

CONCLUSION

The blend morphology of PS/LDPE system compatibilized with
SEBS was mvestigated based on the Lee and Park theory describ-
ing the relaxation characteristics of blend intesface. From the ex-
perimental results obtained using the co-rotating twin screw extrud-
er and the Haake mixer & various operational conditions, we found
that the Lee and Park theory model could be applied in perfor-
mance prediction of twin screw extrusion for the compatibilized
blend system. Compatibilized blend showed the smaller domain size
than non-compatibilized blend, and PS10%/LDPE90%/SEBS blend
had low coalescence tendency compared to PS90%/LDPE0%/
SEBS blend which has the high matrix viscosity. Experimental re-
sults were compared and agreed well with the simulation. Compat-
ibilized blends also showed less sensitivity to the operating condi-
tions like the screw speed and flow rate than non-compatibilized
ones. And from the extrusion results of two different screw config-
urations, we found that the overall mixing intensity did not affect
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the final domain size.
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