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

Many existflag polymer blends and composites have been fur- 
ther developed instead of malting new polymers because of the abil- 
ity to obtain the desired material properties more easily and more 
economically [KiN and Chun, 1999; Lyu et al., 1999]. It is well 
known that the morphology of the polymer blend, that is, tile size 
of the dispersed phase, and interfacial state have influence on pro- 
perties of tile polynler blend, especially impact strength. Howevm; 
most polymer blend paks are so immiscible thermodynamically 
that they do not have good mocphology-giving properties. There 
have been nlany studies to improve tile morphology of polymer 
blends by using block copolymers oi graft copolyme1~ as compati- 
bilizers [Chen mad White, 1993; Kim and Chun, 1999]. It is nec- 
essay to look into tile effects of tile conlpatibilizer on tile blend mor- 
phology. The effects of shear rate, thermal history, rheological pro- 
perties, and blend composition are also inlportant when tile blend 
morphology is considered in tile real process such as extruder op- 
eratiort 

Fayt et al. found that tile molecular structure of tile compatibi- 
lizer is a key factor for polymer blends to be compatible [Fayt et al., 
1989]. Block copolymer SEBS (Styrene-Ethylene/Butylene-Sty- 
rene) is wall known as a good compatibilizer for olefm 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 anaount of SEBS was increased up to some extent. 
Potltin et al. reported that SEBS acted more effectively as a com- 
patibilizer when the viscosity of the blend malrLx was lower [Pot- 
luri et al., 1995]. 

To predict the evolution of polymer blend morphology in real 
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polymer processes, it is necessary to understand the behavior of 
blend interface. Doi and Otta proposed a new theory descaibing tile 
relatiomhip between overall morphology mad rheological properties 
[Doi and Otta, 1991]. Lee and Park mc~tified tile theory, consider- 
ing the relaxation medlanism of blend interface and the effect of 
the viscosity ratio [Lee arid Park, 1994]. On the other hand, the 
twin screw exlmdea- has been playing an important role in the field 
of polylner blend processing. An undelstanding of polymer mixing 
in tile ex~l~der is essential for obtakmlg polymea- blends of high qttal- 
ity. Tile puitx~e of this study, as a COlNnttation of a previous one 
[Moon and Park, 1998], is to silnulate the morphological behavior 
of PS/LDPE blend compatibilized with SEBS in tile co-rotating 
twin screw extruder using tile Lee and Park theory. Expermmi~tal 
results were also compared with the simulation. 

THEORETICAL MODEL AND SIMULATION 

A prediction of the morphological evolution of polymer blends 
requires an undei~tanding of the behavior of blend it*efface in the 
given flow field. Doi and Otta [Doi and Otta, 1991 ] focused on the 
interface between two phases and proposed an intereslkg model to 
describe the relationship between overall morphology mad theologi- 
cal properties. They defined interfacial area per lmit voltwne, Q, and 
its aNsotropy for a given flow field, %, as follows. 

Q = l i d s ,  (1) 

1 15 q,~ = ~dS(n ,n , -  ~ ,j). (2) 

Here, r~. is the uNt nomml vector to the interfaces, 3,j, the Kao- 
necker g, V, the total volume, and dS, the differential area of inter- 
face. Lee and Park [Lee and Park, 1994] modified the Doi theory. 
They considered the effects of the viscosity ratio and the relaxation 
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of interface due to interfacial tension 0~, and obtained the time evo- 
lution of  Q and % given by 

d ~cbj = -  q,~d~ -%d~ + ~8~jd~,~d~,,- Q(ct,)+d~) 

d -Zg~ ,  e ~ -Zg~ ,  q,:~%p (4) ~Q =-q~d,:~ o: 

Here, ct~j is tile velocity gi~adient tensc~: rb~ ~ and r L are tile m ~ i x  and 
dispersed phase viscosity, respectively. The Lee and Park model 
includes three dimensionless parameters: degree of total relaxation 
~, size relaxation F~, and break-up and shape relaxation v, which 
represent the characteristics of blend morphology for a given bin- 
ary blend system. The constitutive equation includitg tile contribu- 
tion of the viscosity ratio is as follows. 

% = ( l ~ ~ 0 7 ) q , , , ( 4 + d ~  ) c~% PS,p (5) 

where (Lj is a stress tensor, q~ is die volume fraction of dispersed 
phase, and P is the pressure. 

In general, intelthcial tension of polymer blends could be reduced 
using compatibilizers, but it is not easy to estimate the interfacial 
tension of compatibilized blends. In the Lee and Park model, in- 
terfacial tension c~ always exists with the pavanaeter ~. Thus, in the 
real application of die model, term 0~ may be used instead of c~. 
Parameter )~ can be obtained from the oscillatory dynamic experi- 
ment at tile slnaU amplitude, and ~t fi-onl size data of tile dispersed 
phase in mixing expelqxnents using tile Haake nlixe1: v is practi- 
cally fixed in our previous theoretical work. For the viscosity of 
polymer blends, tile power law model is used. 

n Kr TM' (6) 

where K is tile consistency factor alld n is tile power law index. Tile 
flow in each element of the extruder was assumed to be simple shear 
flow, and the average residence time t,. is given by 

t, V/F, (7) 

where Vr is the flee volume of tile extruder channel ~ d  F is the 
vok~netfic flow rate. In the ease of tile partially filled element, the 
average residence time t, is given by 

t ~t,, 

where ~ is the degree of fill. The average shear rate, 7,, of the par- 
tially filled region is related to the average maxarntrn shear rate at 
the fully filled condition, %, as follows. 

Because we calculate the avePage shear rate and residence time 
at each screw element, the twin screw extatder can be regarded as 
the series of simple shear flows with its own shear rate and re- 
sidence tune. Two terms Q and % are calculated sequentially frona 
the fnst element the initial morphology (for example, Qo = 10 gm 
and %=0) is given. Below, we strnmanzed the simulation scheme 
for prediction of morphology evolution with some assunptions. 

(1) The screw characteristic curves ('Flow Pate F vs. Pressure 
gradient dP/dx') at each element are calculated using the program 
package 'Twin Screw Extrusion Analysis Package' developed by 
PPI (Polymer Processing Institute). The power law model and iso- 
thermal conditions are assumed More details of the calculation 
scheme are shown in the previous work [Moon and Park, 1998]. 

(2) From the screw characteristic curve, pressure distribution is 
calculated in the reverse direction beginning at tile die region. 

(3) When tile pressure &opped to 0, it is assumed that starvation 
occurred. Degree of fill ~ is defined as the ratio of filled area A/to 
total channel area A,. For a Newtonian fltfid, it is the Patio of flow 
rate F to maximum flow rate F,~. 

(4) The velocity profile is obtained from the pressure distribu- 
tion and degree of fill. Each element is assumed to be a rectangular 
channel, and tile calculation begins fi-om die fn-st molten state (usu- 
ally the first laaeading block). 

(5) Average shear Pate and residence 61ne are calculated fi-onl 
the velocity profile. 

(6) Inleffacial area density Q and its ~tisotmpy % in each ele- 
ment are calculated. 

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

In tile previous description, we assumed that the extruder is op- 
erated in the isothennal condition and that the rheologieal chaPac- 
teristics of the binary blend can be described by the inteffacial ten- 
sion, power law indices, and tile parameters of tile Lee and Park 
model. Because we could not fend tile proper model that considers 
both the melting mad solid conveying zone of the ex~uder yet, only 
the melt zone is considered. 

EXPERIMENT 

The polymer blend system used in this study is polystyrene (PS; 
ITF260,)) fi-cm Cheil Indnsh-ies, Inc. and low density polyethylene 
(LDPE; LD21 OH) fi-om S~alsung General Chenlieals Co. SEBS, 
commercialized by Shell Chemical as 'KPaton 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 compafibilized, SEBS was a&tec[ Blends were prepared us- 
ing the internal mixer (Haake Rheomix 90) and co-rotating twin 
screw exlruxter (SM Engineering TEK45). Their dynamic and shear 
viscosities were measured using the cone and plate rhecrneter (Phy- 
sica MC120) and capillary viscometer (Rosand) at 200 ~ 

Two Mends of PS 10% and LDPE 10% were examined to es- 
timate the effect of  SEBS on the viscosity. The effect of a small 
amount of  SEBS on the blend viscosity is negligible. The blend 
morphology was observed using SEM (Joel 800A). In mixing ex- 
periments by Haake mixer, each blend sample was kept 10 minutes 
and quenched in liquid nitrogen. PS 10% blend having LDPE ma, 
trLx was treated with chlorofoma to remove the PS phase, while 
LDPE 10% Mend was viewed without chemical Irealment Aver- 
age particle size was obtained fi-om image analysis of SEM pic- 
tl~es. Ex~xzsion experiments to find out the effect of the screw con- 
figuration were also peffonned for two different screw configura, 
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Table 1. Parameters oflhe Lee and Parkmodel of PS/LDPE blead 
compatibflized with SEBS and compared vdth the non- 
compatibilized one 

Non-Compatibilized Compatibilized with SEBS 
Pat'ameters 

LDPE90% PS90% LDPE90% PS 90% 

(~o~ 70.5 23.5 23.5 14.1 
g 0.02 0.2 0.02 0.08 
v 1.5 1.5 1.5 1.5 

tion~, 

RESULTS AND DISCUSSION 

Table 1 shows the parameters of the Lee and Park model ob- 
tained fi-om the ~mali angle dynamic experiment and the Haake mix- 
er experiment. The parameter values of compatibilized blends ate 
compared to those ofnon-compatibilized blend~ We can estimate 
the overall morphology characteristics of blends using the Lee and 
Park parametet~ because the pmameters represent the chatacterLs- 
tics of the interracial relaxation of the binat3z blend. It can be seen 
in the table that pmmneter ~, of LDPE 90% blend decreases sig- 
nificantly when it is compatibilized 

In the Lee and Park model, parameter X always exists together 
with the interracial tension c~ Therefore, in the case of LDPE 90% 
blend, the decrease of  ~, has the same effect as decreasing the in- 
terfadal tension c~, Parameter B of  PS 90% blend compatibilized 
with SEBS has a lower value compared to the corresponding non- 
compatibilized blend. Since par'ameter B means the degree of  coa- 
lescence, the obt~led result shows that SEBS holds down the coa- 
lescence of PS 90% blend. Elinendorfhas reported that the degree 
of  coalescence depends mainly on the matrix viscosity of  the blend 

[Elmendor~ 1986]. Therefore, we think that coalescence of PS 90% 
blend having low-matrix viscosity w~uld be more resWicted com- 
pared to LDPE 90% blend We can confLrm this in Fig. 1 which 
shows SEM pictures of  compatibilized and non-compatibilized PS/ 
LDPE blends at flu'ee diffeiem concenWations of LDPE 10~ 20%, 
and 30%. Ft~om cases ofnon-compatibilized blend as shown in Fig. 
l(a), (b), and (c), we can see that most of the LDPE dispersion phase 
is pulled out fi-om matrix phase, while the compatibilized blends of  
Fig. l(d), (e), and (1) show good interface adhesion 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 ofn ctl-conlpafibilized 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 that many parts of  the dispelsed phase 
appear as the co-continuous phases. But, for compatibilized blend, 
the d~ree of coalescence is relatively low. From this, we see that 
the compatibilizer, SEBS, t~stmins the coalescence, and this effect 
is reflected in the value of parameter ~ 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 (00/o, 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 dispersedphase; that is, the domain size as a func- 
tion of ~-'rew speed (a) and flowrate (b). In cases ofPS m~'ix, the 
size of  the dispersed phase inaeases with the screw speed as shown 
in Figtwe (a). We can say that the compatibilization reduces the in- 
thence of the processing condition, such as the sclew speed on the 

F i ~  1. SEM pimtres of PS/LDPE blends and PS/LDPE/SEBS blends mixed by Haake Mixer at 100 rpm and 200 ~ (• 2,000). 
(a) PS 90%, (b) PS80%0, (c) PS70% (d) PS90%dSEBS, (e) PSS0%/SEBS, (t) PS70%/SEBS 
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Fig. 2. Effects of SEBS on shear viscosity of LDPE/SEBS and PS/ 
SEBS blend at 200 ~ 

Fig. 4. Effect of  rotor speed on the particle size for PS/LDPE/  
SEBS blemls in the Haake internal mixer at 200 ~ 

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 ~ 

Fig. 5. Comparison between calculated and experimental domain 
sizes according to screw speed. 
(a) PS90%/LDPE 10%/SEBS, Co) PS10%/LDPE90%/SEBS 

domain size. When the matrix viscosity was low, the size variation 
of the dispe~ed phase according to the screw speed was more pro- 
nounced. This agrees with Potlusi's result that the compatibilizer is 
more effective in the size reduction of the dispersed phase in case 
of low viscosity mata2x. As we previously ~xpl~led this effect with 
the Lee & Park model, the compatibilizer stabilizes the interface of 
the blend by reducing the interfacial ter~sion and is especially effec- 
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tive in reducing the size of the dispersion phase by restraining the 
coalescence. 

Blends of PS matrix have the laiger size of dispei~ed 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%/LDPE 10%/SEB S, (b) PS 10~ S 

In Figs. 5 and 6, the sizes of the dispersed phase, (that is, the do- 
main size) measured in extruder experiments are compared with 
sinmlation results. The domain size was calculated fi-om inteffacial 
area density Q. The predicted domain size shows a large difference 
between the tfigh-shear region near the die exit and the low-shear 
region at the starvation region. In order to know the final domain 
size, two limit cases should be examined together. We see in Figs. 
5 and 6 that the predicted domain size of the two regions has the 
s~-ne tendency as the expe~-nental results. In both f~gures, the blend 
of PS 90% has the larger domain 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 correctly the chamcteiistics of  
interface. 

Fig. 7. Two screw configurations for evaluating the effects of screw 
configurations. 

Fig. 8. Predictions of  the effects of  screw configurations on the 
pressure and deg~'ee of Fill for the TEK45 twin screw ex- 
Iruder. 
( )  Screw configuration no. 1, ~ )  Screw configuration 
no. 2. (a), Co): PS10%/LDPE90%/SEBS, (c), (d): PS90%/ 
LDEP10%/SEB S 

To exanine the effect of screw coiffigu-ation, two different screw 
configlwations of TEK 45 twin extruder as shown in Fig. 7 were 
simulated for PS 10% and PS 90% blends compatibilized with 
SEBS. Two screw configurations of Fig. 7 are different mainly in 
the m~lber of kneading Mocks, which influences the overall mix- 
ing intensity. Fig. 8 presents the simulation results on the presstre 
and the degree of fill obtained for the two blend systems above. We 
can see that the pressure is highly built up in sections of kneading 
block and m 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 high 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 domain size of two screw configurations and two blend 
systems. We can see that the predicted dome1 size along the screw 
ax~s depends on the mLxing intensity, but the final domain size at 
the die region has practically the same value regardless of the screw 
contiguration. We can confmn this conclusion fi-om Figs. 10 and 
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Fig, 9. Predictions of the effects of screw conl-lgUralions on domata 
size for the TEK45 twin extruder. 
(-.-) Screw configuration no. 1, ( - - )  Screw configuration 
ncx 2. (a) PSIO~176 ~o) PS9OO/a/LDEPIO~ 
SEBS 

Fig, 10. Comparison between calctflated and experimental do- 
main sizes according to screw speed or different screw 
conligtwations. 
(a) PS90%, (b) LDPE90% 
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Fig, 1L Comparison  between calculated mid experimental  do- 
main  sizes according to flow" rate for different strew con- 
f igurations.  
(a) PS90% , (b) LDPE90% 

11. F~perhnental results of  the domain size according to the sm~ew 
speed (Fig. 10) mid flow rate (Fig. 11) ~e compared to mnulations 
in two limit cases of near die and starvation regions. This agrees 
well w~h the previous wonk'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 ~ith 
SEBS was investigated based on the Lee and Park theory desoib- 
ing file relaxation chmacteristics of blind intffface. Ftx~n the ex- 
pefimetltal results obtained using the co-rotating twin screw exlrud- 
er and the Haake mixer at 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 PS 10~176 blend 
had low coalescence tendency compared to PS90%/LDPE0%/ 
SEBS blend which has the high ma~'ix viscosity. Experimental re- 
sults were compared and agreed well with the simulation. Compat- 
ibilized blends also showed less se~lsitivity to the operating condi- 
tions like the screw speed and flow rate than non-compatibilized 
ones. And fi~m the extrusion results oftvvx) 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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