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Abstract

The evolution of blend morphology during compounding in a twin-screw extruder was investigated, putting emphasis on the effects of
viscosity ratio, blend composition, and processing variables (barrel temperature profile and screw speed). For the study, we employed the
following four blend systems: (i) polystyrene (PS)/poly(methyl methacrylate) (PMMA), (ii) PS/polycarbonate (PC), (iii) PS/high-density
polyethylene (HDPE), and (iv) PS/polypropylene (PP). The choice of the above four blend systems was based on the difference in the melting
temperature ) of a crystalline polymer and the critical flow temperatufigs)(of an amorphous polymer. HefEy is defined to be
approximately 58C above the glass transition temperatufg) @nd an amorphous polymer may be consideretlow at T = T,;. The
viscosities of the five polymers (PS, PMMA, PC, HDPE, and PP) chosen for melt blending were measured over a wide range of temperatures
at shear rates ranging from 0.001 to 1008 §Ve conducted a ‘screw pullout’ experiment to investigate the evolution of blend morphology,
determined by transmission or scanning electron microscopy, along the extruder axis. We found that the initial blend morphology depends
very much on the difference ifi; or T, between the constituent components and, also, on the viscosities of the constituent components. We
observed that a co-continuous morphology was formed at the front end of the extruder, which then transformed into a dispersed morphology
towards the end of the extruder. We found that the blend ratio determined the state of dispersion for asymmetric blend compositions and the
viscosity ratio determined the state of dispersion for the symmetric blend compo&itit#09 Elsevier Science Ltd. All rights reserved.
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1. Introduction of the constituent components, blend composition, and
processing variables.
The morphology of immiscible polymer blends has been  Let us consider the situation where two crystalline poly-
a subject of intense research for a long time. There are toomers, A and B, are compounded in a twin-screw extruder, as
many papers to cite them all here. In spite of much efforts shown schematically in Fig. 1, and assume that the melting
spent on the subject since the earlier publications [1—6] in point (T, ») of polymer A is lower than the melting point
the 1970s, few new scientific revelations have been made(T,g) of polymer B. Thus, at the front end of the extruder
during the past two decades. Among various types of mixing where polymer A melts first, the mixture is a suspension
equipment, twin-screw extruders have most widely been consisting of molten polymer A that forms the continuous
used to prepare polymer blends in industry. Consequently, phase and solid polymer B. As the suspension moves along
during the past decade numerous research groups havehe extruder axis and reaches a temperature at which poly-
investigated morphology development of polymer blends mer B starts to melt, a liquid mixture will form a dispersed
in a twin-screw extruder. There are too many papers to morphology, where droplets of polymer B are dispersed in
cite them all here and the readers are referred to some recenthe matrix of polymer A. There are two possibilities: either
papers [7—14]. In spite of much effort spent, we still do not the same mode of dispersion persists along the rest of the
have a clear understanding of the morphology evolution in extruder or a phase (or matrix) inversion may take place,
immiscible polymer blends, during compounding in a twin- where polymer B now becomes the continuous phase and
screw extruder, as affected by the rheological properties polymer A becomes the discrete phase. That is, a transfor-
mation from one mode of dispersion (where polymer B is
dispersed in polymer A) to another mode of dispersion

*Corresponding author. Tel:+1-330-972-6468; fax:-1-330-972-5720. (Where polymer Ais di_Spersed in POlymer B) maY_take
E-mail addressedhan@uakron.edu (C.D. Han) place. What is of great importance is the determination of
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Fig. 1. Schematic diagram describing a twin-screw extruder, in which a pair
of immiscible polymers are extruded under a preset temperature profile
along the extruder axis.

the conditions under which phase inversion may take place.
In our previous study [15] where an internal mixer was
employed to investigate the morphology evolution in
immiscible polymer blends, we have shown that a co-
continuous morphology can be made to transform into a
dispersed morphology by either increasing the rotor speed
of the mixer and/or melt blending temperature, and a co-
continuous morphology is a transitory morphological state,
through which one mode of a dispersed morphology
transforms into another mode.

In this study, using a twin-screw extruder we investigated
the morphology evolution in immiscible polymer blends.
Morphology of a polymer blend was identified using scan-
ning electron microscopy (SEM) or transmission electron
microscopy (TEM). For the study we chose four pairs of
polymers on the basis of (i) the difference in the critical flow
temperature Ts) of two amorphous polymers or (ii) the
difference between the melting point,{) of a crystalline
polymer and thd; of an amorphous polymer. Earlier, Han
et al., [16] definedl to be approximately 5& above the
glass transition temperaturgg) of an amorphous polymer,
which was based on the numerical simulations of the extru-
sion characteristics of an amorphous polymer (polystyrene;
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The primary objectives of the present study were (1) to
interpret the experimentally observed morphology
evolution in immiscible polymer blends with the aid of
the difference inT,, or T of the constituent components,
(2) to determine the processing conditions under which a co-
continuous morphology may be formed, and (3) to investi-
gate whether or not a co-continuous morphology, if formed,
is stable. Emphasis was placed on identifying the factors
that determine morphology development in each of the
four blend systems investigated. In this paper we report
the highlights of our findings.

2. Experimental
2.1. Materials

We employed five commercial polymers: polystyrene
(PS), poly(methyl methacrylate) (PMMA), polycarbonate
(PC), high-density polyethylene (HDPE), and polypropyl-
ene (PP), as summarized in Table 1. Also given in Table 1
are theT,s of HDPE and PP, and thigs of PS, PMMA, and
PC. The values of, and T, were determined using differ-
ential scanning calorimetry during heating at a rate 620
min. Using these homopolymers we investigated the
morphology evolution, during melt blending in a twin-
screw extruder, in each of the following four binary blend
systems: (i) PMMA/PS, (ii) PC/PS, (iii) PS/HDPE, and (iv)
PS/PP, as summarized in Table 2. Also given in Table 2 are
(i) the values ofAT between two amorphous polymers,
PMMA/PS and PC/PS blends, and (ii) the valuesTef —

T.| between an amorphous polymer and a crystalline
polymer, PS/HDPE and PS/PP blends. As will be shown
later in this paper, the concept ®f; is very important to
interpret the morphology evolution in PMMA/PS, PC/PS,
PS/HDPE, and PS/PP blends during melt blending in a twin-
screw extruder.

2.2. Mixing equipment and experimental procedures

Melt blending of a pair of polymers was conducted using
a 30 mm co-rotating twin-screw extruder (Japan Steel
Works Labotex 30). The screw configuration employed

Table 1
Molecular characteristics of polymers studied

Sample code Manufacturer Morphology Tgor Ty

)

polycarbonate) in a single-screw extruder and a comparison
of measured pressure profiles along the extruder axis with
model prediction. According to Han et al. [16] is a
critical temperature at which an amorphous polymer may
be regarded as ‘liquid’ from a rheological point of view and
thus an amorphous polymer may be consideretlow at

T = T4. Thus theTy of an amorphous polymer is de facto
equivalent to the ‘melting point’ of a crystalline polymer.
The interested readers are referred to the original paper [16].

PMMA Rohm and Haas (Plexiglas Amorphous 118
V825)
Dow Chemical (STYRON Amorphous 98
615PR)

PC Dow Chemical Amorphous 146

PP Exxon Chemical Crystalline 165
(Escorene 1052)

HDPE Dow Chemical (HF-1030 Crystalline 125

INSITE)
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Fig. 2. The upper panel describes the shear rate dependence of viscosity for PMMA (open symbols) and PS (filled symbols) at various terap@atures: (
160°C; (A, A) 17C0C; (O, H) 18CC; (V, V) 200C; (O, @) 220C; (¢, #) 240C. The lower panel describes the temperature dependence of viscosity ratio,
Npmma/Tps, @ty = 1500 s (O) and aty = 412 s (A).

had three kneading blocks. The screw speed of 200 rpm was828) and cured at room temperature using 10 wt% triethyl-
used for every blend pair except for the 70/30 PC/PC blend enetetramine; complete curing took about 24 h. The
(100 rpm), and the throughput of 12 kg/h. At the end of the embedded samples were then ultramicrotomed using a
extruder a 2-hole strand die was attached. In our experiment,Reichert Ultracut S (Leica) microtome equipped with
two polymers at a given blend ratio were tumbled in a drum glass knives. In order to have sufficient phase contrast in a
for about 30 min before being fed into the hopper of the melt-blended sample before using a microscope, the follow-
extruder. Before beginning the extrusion experiment, the ing methods were used, namely, PS was etched out selec-
barrel temperature was set in accordance with a predeterdively using toluene from PC/PS, PS/HDPE and PS/PP
mined temperature profile along the extruder axis. Needlessblend samples. A carbon black coating was applied to the
to say, the temperature profiles employed were different for PMMA/PS blend samples after ultramicrotoming. A
the different polymer pairs extruded. At the end of each transmission electron microscope (JEM 1200EX II, JEOL)
extrusion run, the screw was quenched rapidly to minimize operated at 120 kV was used to take micrographs of the
variations of blend morphology and pulled out. The specific PMMA/PS blend specimens. A scanning electron micro-
temperature profiles employed will be shown below when scope (Hitachi, Model S-2150) was used to observe the
presenting the micrographs of blend specimens for eachphase morphology of PC/PS, PS/HDPE, and PS/PP blend
polymer pair, describing morphology evolution along the specimens.
extruder axis. The positions at which blend specimens
were taken after screw pullout will also be indicated on 5 4 Rheological measurement
each micrograph.
A Rheometrics mechanical spectrometer (Model RMS
2.3. Microscopy 800) with cone-and-plate fixture (25 mm diameter afid 5
cone angle) was used, under a nitrogen atmosphere, to
A blend specimen was first embedded in an epoxy (EPON measure the shear viscosities of the five homopolymers
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Fig. 3. The evolution of morphology in 70/30 PMMA/PS blend during compounding in a twin-screw extruder: (A) at the front end of the first kneading block

(160°C); (B) at the exit of the first kneading block (1€F); (C) between the first and second kneading blocks°@QQD) at the front end of the second
kneading block (20T); (E) between the second and third kneading blocks°®@REF) at the exit of the third kneading block (280); (G) between the third

kneading block and the die (240); (H) extrudate.

(PS, PMMA, PC, HDPE, and PP) over a very wide range of

displayed in Fig. 3. At the front end of the first kneading

temperatures at low shear rates ranging from 0.001 to ca.block (position A) we observe a co-continuous morphology.
10 s %, An Instron capillary rheometer (Mode 3211, Instron Although the barrel temperature at position A was set at
Corporation) with a capillary diameter of 0.15cm and a 160°C, we are quite certain that owing to viscous shear
length-to-diameter ratio of 28.5 was used to measure theheating, the real temperature of the blend must have been

viscosities of the same homopolymers at high shear rateshigher than 16TC. In view of the fact that thd of PS is

ranging from ca. 10 to 1000

3. Results

3.1. Morphology evolution in blends consisting of two
amorphous polymers

3.1.1. PMMA/PS blends

Fig. 2(a) describes the dependence of viscosity of PMMA
and PS, respectively, on shear raggat various temperatures
ranging from 160 to 24, and Fig. 2(b) describes the
dependence of viscosity ratigpyma/mps ON temperature
at y=1500s' and y = 412 s}, respectively. It can be
seen in Fig. 2 that the viscosity of PMMA is much higher

155C and that of PMMA is 17TC (see Table 2), it is
reasonable to speculate that the PMMA in the 70/30
PMMA/PS blend barely began to flow at position A. At
the exit of the first kneading block (position B) we observe
some breakdown of interconnected structures of PMMA
that are dispersed in the PS phase. At position C, where
the barrel temperature was set at ZD0we clearly observe

a dispersed morphology in which elongated droplets of PS
are dispersed in the PMMA matrix. It is interesting to note
that the PMMA phase broken down at position B apparently
underwent coalescence, forming a continuous phase at
position C, i.e. a phase inversion took place inside the extruder.

Table 2
Polymer pairs employed for preparing blends

than that of PS over the entire range of temperatures and

shear rates tested.

Fig. 3 gives TEM images describing the morphology
evolution in 70/30 PMMA/PS blend along the extruder
axis, and a schematic describing barrel temperature profile
and positions where blend specimens were taken after
‘screw pullout’. In Fig. 3 the dark areas represent PS and
the light areas represent PMMA. The following observa-
tions are worth noting on the morphology evolution

Sample code  Morphology ATg, [Tet — Til, Or ATy (°C)
PMMA/PS Amorphous/amorphous 15
PC/PS Amorphous/amorphous %45
PS/HDPE Amorphous/crystalline 30
PS/PP Amorphous/crystalline a0

3T, of PS~ 155°C.
b T4 of PMMA =~ 170°C.
T of PC= 200°C.
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Fig. 4. The evolution of morphology in 50/50 PMMA/PS blend during compounding in a twin-screw extruder: (A) at the front end of the first kneading block
(160°C); (B) at the exit of the first kneading block (1&X); (C) between the first and second kneading blocks°@JQD) at the front end of the second
kneading block (20TC); (E) between the second and third kneading blocks®@REF) at the exit of the third kneading block (289; (G) between the third
kneading block and the die (24D); (H) extrudate.

This might have resulted from a slow down of melt flow at observe that the major component PMMA, though more
position C which consists of screw elements forming mixing viscous, forms the continuous phase (matrix) and the
chambers, while mixing was very intense at the first knead- minor component PS forms the discrete phase (droplets),
ing block preceding position C. At the second kneading contrary to the expectation from the minimum energy dissi-
block (position D) we observe a fibrillation of the dispersed pation principle. Thus we conclude that in the 70/30
PS phase, giving rise to very long threadlike droplets. At PMMA/PS blend, the blend ratio played a predominant
position E where the barrel temperature was set at 210-role over the viscosity ratio in determining the state of
220°C we observe, once again, evidence of droplet coales-dispersion.
cence which, as pointed out above, might have resulted from Fig. 4 gives TEM images describing the morphology
a slow down of melt flow in the mixing chamber past the evolution in 50/50 PMMA/PS blend along the extruder
second kneading block. At position G past the third knead- axis, and a schematic describing barrel temperature profile
ing block we observe both breakup and coalescence of PSand positions where blend specimens were taken after
droplets. We believe that breakup of droplets at position G ‘screw pullout’. The following observations are worth
(with the barrel temperature set at 28) was much easier  noting on the morphology evolution displayed in Fig. 4.
than at position E (with the barrel temperature set af@)0 At the front end of the first kneading block (position A),
because the viscosities of both PS and PMMA decreasedwhere the barrel temperature was set atC5We observe a
with increasing temperature and the viscosity ratio, mixture of small droplets and very large domains suspended
npmma/Mps, Was higher than 10 at temperatures between in the PS matrix. Note that at 18D (though the real melt
160 and 218C aty = 412 s * (see Fig. 2), which was esti- temperature should have been higher) that is slightly lower
mated to be the average shear rate inside the screw channethan theTy of PMMA, the mobility of the PMMA in the
According to the literature [17-20], droplet breakup 50/50 PMMA/PS blend would have been extremely low.
becomes easier when the viscosity ratio of droplet to Note in Fig. 2 that at 16@€ the viscosity of the PMMA is
medium lies between 0.1 and 1. about 2000 times that of the PS. Therefore, adequate mixing
When two immiscible liquids are mixed we expect, betweenthe PMMA and PS in the 50/50 PMMA/PS blend at
according to the minimum energy dissipation principle, 160°C would have been very difficult. At the exit of the first
that the more viscous component will form the discrete kneading block (position B) we observe a breakdown of
phase and the less viscous component will form the contin- large PMMA domains, though still present, that are
uous phase. Thus, it is reasonable to expect that in 70/30dispersed in the PS phase. At position C where the barrel
PMMA/PS mixture the PMMA forms the discrete phase and temperature was set at 2@ we observe coalescence of
the PS forms the continuous phase. However, from Fig. 3 we PMMA droplets, the mechanism for which was presented
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Fig. 5. The evolution of morphology in 30/70 PMMA/PS blend during compounding in a twin-screw extruder: (A) at the front end of the first kneading block
(16C°C); (B) at the exit of the first kneading block (1%0); (C) between the first and second kneading blocks°@J3(D) at the front end of the second

kneading block (20TC); (E) between the second and third kneading blocks°@RQF) at exit of the third kneading block (23D); (G) between the third
kneading block and the die (24D); (H) extrudate.
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Fig. 6. The upper panel describes the shear rate dependence of viscosity for PC (open symbols) and PS (filled symbols) at various teMp@)2aES; (
(A, A) 240°C; (V, ¥) 260°C. The lower panel describes the temperature dependence of viscositysatigss, at 7 = 1500 s$* (O) and aty = 410 s (A).
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Fig. 7. The evolution of morphology in 70/30 PC/PS blend during compounding in a twin-screw extruder: (A) at the front end of the first kneading block
(20C0°C); (B) at the exit of the first kneading block (Z@); (C) between the first and second kneading blocks @YD) at the front end of the second
kneading block (25); (E) between the second and third kneading blocks@BEF) at the exit of the third kneading block (Z€); (G) between the third
kneading block and the die (28D); (H) extrudate.

above. In the second kneading block (position D) we observation is consistent with the expectation from the mini-
observe an elongation of PMMA droplets, and at position mum energy dissipation principle, stating that the less
E where the barrel temperature was set at 210=Q2@e viscous component would form a continuous phase and
observe evidence of droplet coalescence. At position G the more viscous component would form a discrete phase.
where the barrel temperature was set at’@4@e observe  After all, the PMMA is the minor component in the 30/70
a dispersed morphology, which becomes much more clearPMMA/PS blend.
in the extrudate (position H). In the 50/50 PMMA/PS blend
we observe that the more viscous PMMA forms the discrete 3.1.2. PC/PS blends
phase and the less viscous PS forms the continuous phase. Fig. 6(a) describes the dependence of viscosity of PC and
Thus we conclude that in this blend composition, the PS, respectively, on shear ratg) at various temperatures
viscosity ratio played a predominant role over the blend ranging from 220 to 261, and Fig. 6(b) describes the
ratio in determining the state of dispersion. dependence of viscosity ratigpc/nps, 0N temperature at
Fig. 5 gives TEM images describing the morphology 7 = 1500 s 'andy = 410 s%, respectively. It can be seen
evolution in 30/70 PMMA/PS blend along the extruder in Fig. 6 that the viscosity of PC is much higher than that of
axis, and a schematic describing barrel temperature profilePS over the entire range of temperatures and shear rates
and positions where blend specimens were taken aftertested.
‘screw pullout’. The following observations are worth Fig. 7 gives SEM images describing the morphology
noting on the morphology evolution displayed in Fig. 5. evolution in 70/30 PC/PS blend along the extruder axis,
At the front end of the first kneading block (position A) and a schematic describing barrel temperature profile and
we observe a mixture of small droplets and very large positions where blend specimens were taken after ‘screw
domains suspended in the PS matrix. Being the minor pullout’. The following observations are worth noting on
component in the 30/70 PMMA/PS blend, the PMMA the morphology evolution displayed in Fig. 7. At the first
might have been easier, compared to the other blend compokneading block (positions A and B), where the barrel
sitions considered above, to form the discrete phase in thetemperature was set at 2@) the morphology of the
environment of the less viscous PS phase forming the mixture is not well developed. Again, although the barrel
continuous phase. At the exit of the first kneading block temperature was set at 2@) we are certain that the real
(position B) we observe a breakdown of large PMMA temperature of the blend must have been, owing to viscous
domains as well as coalescence of very small PMMA shear heating, higher than 2@ It should be remembered
droplets dispersed in the PS matrix. Along the remainder that theT of PC is about 200 while theT of PS is about
of the extruder axis, we observe a dispersed morphology in155C (see Table 2). Therefore, the very viscous PC at
which PMMA droplets are dispersed in the PS matrix. This 200°C must have prevented a uniform mixing with PS at
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Fig. 8. The evolution of morphology in 50/50 PC/PS blend during compounding in a twin-screw extruder: (A) at the front end of the first kneading block
(200°C); (B) at the exit of the first kneading block (Z@); (C) between the first and second kneading blocks°@)QD) at the front end of the second
kneading block (22TC); (E) between the second and third kneading blocks°@%@F) at the exit of the third kneading block (Z&); (G) between the third
kneading block and the die (270); (H) extrudate.
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Fig. 9. The evolution of morphology in 30/70 PC/PS blend during compounding in a twin-screw extruder: (A) at the front end of the first kneading block
(200°C); (B) at the exit of the first kneading block (Z@); (C) between the first and second kneading blocks°@)QD) at the front end of the second
kneading block (22TC); (E) between the second and third kneading blocks’@}@F) at the exit of the third kneading block (280); (G) between the third
kneading block and the die (270); (H) extrudate.
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Fig. 10. The upper panel describes the shear rate dependence of viscosity for HDPE (open symbols) and PS (filled symbols) at various temp@jatures: (
160°C; (A, A) 18C°C; (V, ¥) 200°C; (L, W) 22C°C. The lower panel describes the temperature dependence of viscosityjsatifuppe, aty = 1500 s (O)
and aty = 507 s (2).

positions A and B. At position C where the barrel tempera- temperature was set at 20 the state of morphology
ture was set at 24Q we observe a somewhat improved state improved little, while in the second kneading block (posi-
of dispersion, and at the second kneading block (position D) tion D) we observe some breakdown of the interconnected
and at position E where the barrel temperature was set atstructures of PC. At position E where the barrel temperature
250-260C, we observe a dispersed morphology in which was set at 220—24Q we observe many small domains of
PS droplets are dispersed in the matrix of PC. Along the PC that resulted from a breakdown of all the interconnected
remainder of the extruder axis, we observe that the PS formsstructures of PC, and at position G where the barrel tempera-
a discrete phase dispersed in the PC matrix. From Fig. 7 weture was set at 27C we observe a dispersed morphology in
observe that the major component PC, though more viscouswhich PC droplets, still agglomerated somewhat, are
forms a continuous phase and the less viscous, minordispersed in the PS matrix. We observe a well-developed
component PS forms a discrete phase. Thus we concludedispersed morphology in the extrudate (position H). From
that blend ratio played a predominant role over the viscosity this observation we conclude that the viscosity ratio played
ratio in determining the state of dispersion in the 70/30 a predominant role over the blend ratio in determining the
PC/PS blend. This observation is consistent with that state of dispersion in the 50/50 PC/PS blend.
made for the 70/30 PMMA/PS blend considered above. Fig. 9 gives SEM images describing the morphology
Fig. 8 gives SEM images describing the morphology evolution in 30/70 PC/PS blend along the extruder axis,
evolution in 50/50 PC/PS blend along the extruder axis, and a schematic describing barrel temperature profile and
and a schematic describing barrel temperature profile andpositions where blend specimens were taken after ‘screw
positions where blend specimens were taken after ‘screwpullout’. The following observations are worth noting on
pullout’. The following observations are worth noting on the morphology evolution displayed in Fig. 9. At the first
the morphology evolution displayed in Fig. 8. At the first kneading block (position A) where the barrel temperature
kneading block (positions A and B) we observe a morphol- was set at 200@ we observe a very poorly mixed morphol-
ogy in which highly interconnected structures of PC are ogy in which highly interconnected structures of PC are
suspended in the PS matrix. At position C where the barrel suspended in the PS matrix. In the second kneading block
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Fig. 11. The evolution of morphology in 70/30 PS/HDPE blend during compounding in a twin-screw extruder: (A) at the front end of the first kneading block
(160°C); (B) at the exit of the first kneading block (1%5); (C) between the first and second kneading blocks°@pQD) at the front end of the second
kneading block (21TC); (E) between the second and third kneading blocks°@R@F) at the exit of the third kneading block (Z&8); (G) between the third
kneading block and the die (24D); (H) extrudate.
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Fig. 12. The evolution of morphology in 50/50 PS/HDPE blend during compounding in a twin-screw extruder: (A) at the front end of the first kneading block
(16C°C); (B) at the exit of the first kneading block (1%5); (C) between the first and second kneading blocks°@pQD) at the front end of the second
kneading block (21C); (E) between the second and third kneading blocks’@REF) at the exit of the third kneading block (280); (G) between the third
kneading block and the die (240); (H) extrudate.
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Fig. 13. The evolution of morphology in 30/70 PS/HDPE blend during compounding in a twin-screw extruder: (A) at the front end of the first kneading block
(16C°C); (B) at the exit of the first kneading block (1&); (C) between the first and second kneading blocks°@JQD) at the front end of the second
kneading block (21TC); (E) between the second and third kneading blocks®@R@F) at the exit of the third kneading block (Z8); (G) between the third
kneading block and the die (24D); (H) extrudate.

(position D) we observe some breakdown of the intercon- At the front end of the first kneading block (position A)
nected structures of PC and at position E where the barrelwhere the barrel temperature was set at’@5Qve observe
temperature was set at 220—2@0wne observe a complete a poorly developed morphology which, again, is due to the
breakdown of the interconnected structures of PC. Along the rather low barrel temperature. However, at the exit of the
remainder of the extruder axis we observe a dispersedfirst kneading block (position B) we clearly observe a
morphology in which the more viscous, minor component dispersed morphology in which the PS droplets are
PC forms droplets dispersed in the less viscous, majordispersed in the HDPE matrix. The same dispersed
component PS. This observation is consistent with that morphology persists at position C where the barrel tempera-

made above for the 30/70 PMMA/PS blend. ture was set at 20C and at the second kneading block
(position D). However, at position E where the barrel
3.2. Morphology evolution in blends consisting of temperature was set at 210-2¢0ve observe a co-contin-
amorphous and crystalline polymers uous morphology, and at the third kneading block (position
F) where the barrel temperature was set at°€30we
3.2.1. PS/HDPE blends observe some breakdown of interconnected structures, and

Fig. 10(a) describes the dependence of viscosity of PSfinally at position G, where the barrel temperature was set at
and HDPE, respectively, on shear rat¢) (at various 240°C, we observe a dispersed morphology in which the
temperatures ranging from 160 to 220 and Fig. 10(b) more viscous, minor component HDPE forms droplets and
describes the dependence of viscosity ratjgy/muppe, 0N the less viscous, major component PS forms the continuous
temperature aj = 1500 and 507 &, respectively, showing  phase. We conclude that a phase inversion took place inside
thatnpgmuppe decreases with increasing temperature. It can the extruder while the 70/30 PS/HDPE blend was melt
be seen in Fig. 10 that (i) at 160 and 18Qhe viscosity of blended.

PS is higher than that of HDPE ktw shear rates, but the Fig. 12 gives SEM images describing the morphology
viscosities of the two polymers cross each other at higher evolution in 50/50 PS/HDPE blend along the extruder
shear rates, and (i) at higher temperatures (1802Qpthe axis, and a schematic describing barrel temperature profile
viscosity of HDPE becomes higher than that of PS. and positions where blend specimens were taken after

Fig. 11 gives SEM images describing the morphology ‘screw pullout’. The following observations are worth
evolution in 70/30 PS/HDPE blend along the extruder noting on the morphology evolution displayed in Fig. 12.
axis, and a schematic describing barrel temperature profileAt the first kneading block (position A) where the barrel
and positions where blend specimens were taken aftertemperature was set at &) we observe a dispersed
‘screw pullout’. The following observations are worth morphology in which the discrete phase of PS having
noting on the morphology evolution displayed in Fig. 11. irregular shapes is dispersed in the continuous phase of
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Fig. 14. The upper panel describes the shear rate dependence of viscosity for PS (open symbols) and PP (filled symbols) at various tetn®)yaRO%s; (
(O, W) 200°C; (A, A) 220°C; (V, ¥) 240°C. The lower panel describes the temperature dependence of viscosityqgatigsp, at ¥ = 1500 s (O) and at
¥ =500s"(A).

HDPE. Owing to the low barrel temperature at 38@vhich morphology in which PS domains are dispersed in the
is slightly above thf ( = 155°C) of PS, the state of disper- HDPE matrix. It should be remembered that theof PS
sion is rather poor. Interestingly enough, however, at posi- is 155C and theT,, of HDPE is 128C (see Table 2), and
tion C where the barrel temperature was set at’@0fe that at 160C the viscosity of HDPE is lower than that of PS
observe a co-continuous morphology with interconnected (see Fig. 10). Therefore, before reaching Theof PS, the
structures of PS and HDPE. At the second and third knead-HDPE already melted and formed the continuous phase. At
ing blocks (positions E and F) we still observe a co-contin- position C where the barrel temperature was set atQo@
uous morphology. The same morphology persists along theobserve a slightly improved blend morphology, and in the
rest of the extruder axis. However, in the extrudate (position second kneading block (position D) we clearly observe a
H) we observe a dispersed morphology in which the HDPE much improved dispersed morphology in which PS droplets
forms droplets dispersed in the PS matrix. It is of great are dispersed in the HDPE matrix. Along the remainder of
interest to observe in Fig. 12 that a phase inversion took the extruder axis, we observe little change in blend
place from one mode of dispersed morphology to another morphology. Based on the above observations we conclude
mode inside the extruder, while the 50/50 PS/HDPE blend that in the 30/70 PS/HDPE blend, blend ratio determined the
was extruded. state of dispersion. This observation is consistent with that
Fig. 13 gives SEM images describing the morphology made above for the 30/70 PMMA/PS and 30/70 PC/PS
evolution in the 30/70 PS/HDPE blend along the extruder blends.
axis, and a schematic describing barrel temperature profile
and positions where blend specimens were taken after3.2.2. PS/PP blends
‘screw pullout’. The following observations are worth Fig. 14(a) describes the dependence of viscosity of PS
noting on the morphology evolution displayed in Fig. 13. and PP, respectively, on shear réfe at various tempera-
At the first kneading block (positions A and B) where the tures ranging from 190 to 24Q, and Fig. 14(b) describes
barrel temperature was set at 160ve observe a dispersed the dependence of viscosity ratigeg/mpp, ON temperature
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Fig. 15. The evolution of morphology in 70/30 PS/PP blend during compounding in a twin-screw extruder: (A) at the front end of the first kneading block
(16C°C); (B) at the exit of the first kneading block (1&); (C) between the first and second kneading blocks°@QD) at the front end of the second
kneading block (21TC); (E) between the second and third kneading blocks®@R@F) at the exit of the third kneading block (Z8); (G) between the third
kneading block and the die (24D); (H) extrudate.

at y=1500 and 5008, respectively, showing that two polymers cross each other at higher shear rates, and (ii)
npd npp decreases with increasing temperature. It can be at higher temperatures (200—-2@) the viscosity of PP
seen in Fig. 14 that (i) at 19Q the viscosity of PS is higher  becomes higher than that of PS.

than that of PP at low shear rates, but the viscosities of the Fig. 15 gives SEM images describing the morphology

HIINNN

160°C 200°C 210°C 220°C 230°C 240°C

Fig. 16. The evolution of morphology in 50/50 PS/PP blend during compounding in a twin-screw extruder: (A) at the front end of the first kneading block
(16C°C); (B) at the exit of the first kneading block (1&X); (C) between the first and second kneading blocks°@pQD) at the front end of the second
kneading block (211C); (E) between the second and third kneading blocks®@R@F) at the exit of the third kneading block (Z&); (G) between the third
kneading block and the die (24D); (H) extrudate.
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Fig. 17. The evolution of morphology in 50/50 PS/PP blend during compounding in a twin-screw extruder: (A) at the front end of the first kneading block
(200°C); (B) at the exit of the first kneading block (Z@); (C) between the first and second kneading blocks°@RQD) at the front end of the second
kneading block (25); (E) between the second and third kneading blocks’@B@F) at the exit of the third kneading block (260); (G) between the third
kneading block and the die (28D); (H) extrudate.

evolution in 70/30 PS/PP blend along the extruder axis, and morphology evolution displayed in Fig. 15. In the first
a schematic describing barrel temperature profile and posi-kneading block (positions A and B),where the barrel tempera-
tions where blend specimens were taken after ‘screw pull- ture was set at 16Q, we observe many interconnected thin
out’. The following observations are worth noting on the stands of PP dispersed in the PS matrix. At position C where

\ / w®e © o @ (F) (1)
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Fig. 18. The evolution of morphology in 30/70 PS/PP blend during compounding in a twin-screw extruder: (A) at the front end of the first kneading block
(16C°C); (B) at the exit of the first kneading block (1%5); (C) between the first and second kneading blocks°@pQD) at the front end of the second
kneading block (21C); (E) between the second and third kneading blocks’@REF) at the exit of the third kneading block (280); (G) between the third
kneading block and the die (240); (H) extrudate.
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For. T  <T Co-continuous Dispersed be seen in Fig. 17, when the barrel temperature was
T, . .. ..
mA " T Morphology Morphology increased to 22C at position C, to 250—26Q at position
White areas: A 64 - E, and to 26€C at positions F and G before the 50/50 PS/PP
Dark areas: B or blend leaves the extruder, we observe a transformation
£ Dispersed taking place from a co-continuous morphology to a
: Morphology dispersed morphology, in which the more viscous compo-
g Sucvensi nent PP forms the discrete phase dispersed in the less
g o ot : viscous PS (see Fig. 14(b) for thgg/npp ratio as a function
& Tus[— R Dispersed After further of temperature). The above observation leads us to conclude
Miture of .’..:.'.:.-. Morphology b;jj“;‘;‘t’s"f that for the symmetric blend ratio the viscosity ratio plays
PO Menialill =/ 1 the predominant role in determining the mode of dispersion,

consistent with observations made above for the PMMA/PS,
PC/PS, and PS/HDPE blends. Comparison of Fig. 16 with
Fig. 17 demonstrates clearly that under the right processing
conditions, a co-continuous morphology can be transformed
Fig. 19. Schematic diagram describing the evolution of blend morphology into a dispersed morphology, confirming our previous
of a pair of immiscible pplymers, A and B, alor_\g the axis of a twin-screw  gpsgervation that a co-continuous morphology is not a stable
extruder, where the melting point of polymer A is assumed to be lower than
that of polymer B. morlphology. [15]. . -
Fig. 18 gives SEM images describing the morphology
evolution in 30/70 PS/PP blend along the extruder axis,
the barrel temperature was set at ZD0we observe a  and a schematic describing barrel temperature profile and
mixture of a co-continuous morphology and a dispersed positions where blend specimens were taken after ‘screw
morphology. However, in the second kneading block (posi- pullout’. The following observations are worth noting on
tion D) we clearly observe a co-continuous morphology. At the morphology evolution displayed in Fig. 18. In the first
position E where the barrel temperature was set at kneading block (positions A and B) where the barrel
210-220C we observe a breakdown of interconnected temperature was set at 6D we observe a dispersed
structures of PP, yielding broken droplets of irregular morphology, though not well developed, in which PS
shape dispersed in the PS matrix. Interestingly, in the domains are dispersed in the PP matrix. We believe that
third kneading block (position F) where the barrel tempera- owing to viscous shear heating, although fhgof PP is
ture was set at 23C we observe elongated PP droplets 165°C the melting of PP occurred at least partially inside the
dispersed in the PS matrix, and the droplets becomefirst kneading block. At position C where the barrel
spherical at position G where the barrel temperature wastemperature was set at Z@Dwe observe slightly improved
set at 240C. The extrudate (position H) has a dispersed blend morphology, and at position E where the barrel
morphology in which PP droplets are dispersed in the PStemperature was set at 210-220we clearly observe a
matrix. Again, we observe that the more viscous, minor much improved dispersed morphology. Along the remain-
component PP forms droplets and the less viscous, majorder of the extruder axis, we observe little change in blend
component PS forms the continuous phase. morphology. Based on the above observations we conclude
Fig. 16 gives SEM images describing the morphology that in the 30/70 PS/PP blend, blend ratio determined the
evolution in 50/50 PS/PP blend along the extruder axis, state of dispersion. This observation is consistent with that
and a schematic describing barrel temperature profile andmade above for the 30/70 PMMA/PS, 30/70 PC/PS, and
positions where blend specimens were taken after ‘screw30/70 PS/HDPE blends.
pullout’. The following observations are worth noting on
the morphology evolution displayed in Fig. 16. At the
front end of the first kneading block (position A) where 4. Discussion
the barrel temperature was set at AB0we observe a
very poorly developed blend morphology, which is attribu- ~ We have shown that the morphology of binary blends of
ted to the low barrel temperature. However, at the exit of the immiscible polymers, during melt blending in a twin-screw
first kneading block (position B) we observe a dispersed extruder, depends, among many factors, on (i) the melt
morphology in which the discrete phase of PS is dispersedblending temperature relative to the melting temperature
in the PP matrix. We observe a dispersed morphology at (T,,) of a crystalline polymer and the critical flow tempera-
position C, where the barrel temperature was set at@00 ture (T, of an amorphous polymer, (ii) the screw speed (the
and at the second kneading block (position D). At position E intensity of mixing), (iii) duration of mixing (thus the resi-
where the barrel temperature was set at 210°Q20e dence time), (iv) the viscosity ratio of the constituent
begin to observe a co-continuous morphology with inter- components, and (v) the blend composition.
connected structures of PS and PP. The same morphology The experimental observations made in this study can be
persists along the rest of the extruder axis. However, as cansummarized as schematically shown in Fig. 19, where we

Y

Along the Screw Axis
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assume that tworystalline polymers are melt blended ina morphology is expected. Herg, andn, are the viscosities
twin-screw extruder. The same observations can be madeof components 1 and 2, respectively, apdand ¢, are the
when twoamorphougolymers are melt blended in a twin-  volume fractions of components 1 and 2, respectively. It
screw extruder, by simply replacirig, appearing in Fig. 19  should be mentioned that this relationship was obtained
with T. For illustration, let us consider that a PMMA/PS from limited experiments performed on binary blends of
blend is melt blended in a twin-screw extruder. According to polystyrene and polybutadiene at very low shear rates (i.e.
Fig. 19, we expect that PS, which h&glower than that of in the Newtonian regime) and thus itn®t applicable to a
PMMA, will first form a continuous phase in which solid (or  pair of immiscible polymers exhibiting shear-thinning (i.e.
rubber-like solid) PMMA patrticles will be suspended until non-Newtonian) behavior. We found that our experimental
the mixture travels down the extruder where the barrel results deviate from such an empirical relationship.
temperature is higher than tfig; of PMMA. Beyond that Very recently, by formulating a system of equations for
position, the evolution of blend morphology would depend calculating the rate of energy dissipated per unit volume of
on blend composition or viscosity ratio of PMMA and PS. fluid Han et al. [22] presented a theory predicting the mode
Specifically, when the PMMA in a PMMA/PS blend is the of dispersion in two-phase flow in terms of the viscosity
minor component andnore viscousthe PMMA will form ratio and blend ratio of the constituent components. In
the discrete phase and the PS will form the continuous doing so, they considered two modes of dispersed morphol-
phase. On the other hand, when the PMMA in a PMMA/ ogy: (i) Morphology | having a droplet of liquid A dispersed
PS blend is themajor component andnore viscousthe in the matrix phase of liquid B and (ii) Morphology I
PMMA will form the continuous phase and the PS will having a droplet of liquid B dispersed in the matrix phase
form the discrete phase. Indeed we found that the aboveof liquid A. They solved via a finite element method the
observations hold for all four blend systems investigated system equations when a unit cell, having either Morphol-
in this study. That is, we found that blend ratio determined ogy | or Morphology II, was subjected to steady-state simple
the morphology ofasymmetricblend compositions, and shear flow by using a criterion that the morphology that
viscosity ratio determined the morphology fmmetricor requires a lower rate of energy dissipated per unit volume
nearly symmetriblend compositions. in dispersed two-phase flow is a stable blend morphology.

However, from the point of view of the minimum energy We have found that the theoretical predictions of blend
dissipation principle in channel flow of two immiscible morphology from the analysis of Han et al. [22] cannot
liquids, the component having lower viscosity is expected explain some experimental results reported in this study.
to form the continuous phase, wetting the channel wall
where the shear stress is the greatest. In this regard, in the
70/30 PMMA/PS blend investigated in this study, for exam- 5. Concluding remarks
ple, we expect that the more viscous PMMA would form the
discrete phase and the less viscous PS would form the There are two important conclusions that can be drawn
continuous phase. But our experimental results show thefrom this study. They are: (i) thdy of an amorphous
opposite in that, the PMMA formed the continuous phase polymer plays an important role in determining timéial
and the PS formed the discrete phase. The same observatiomorphology during compounding of two immiscible
was found to hold for the other three blend systems inves- polymers (at least one of which is amorphous) in a twin-
tigated. The above observation suggests that a very delicatescrew extruder, and (ii) the instability of a co-continuous
relationship, which controls the state of dispersion in an morphology.
immiscible polymer blend, exists between blend ratio and  We have demonstrated that the conventional view that the
viscosity ratio. In our previous paper [15] which dealt with T, of an amorphous polymer may be regarded as being
the evolution of blend morphology during compounding in equivalent to the softening temperatuwannotexplain the
an internal mixer (Brabender Plasticorder), we made the morphology evolution in a binary polymer blend at or near
same observations as described above. It should bethe first kneading block of a twin-screw extruder, where the
mentioned that in the use of a Brabender mixer, we varied softening and/or melting of polymers take place. However,
the mixing time up to 30 min, which was sufficiently long, using the concept of ‘critical flow temperature’ [16], we
ensuring that the observed morphology evolution was little were able to explain thenitial blend morphology in
to do with kinetic limitations. PMMA/PS, PC/PS, PS/HDPE, and PS/PP blends.

Earlier, Jordhamo et al., [21] obtained an empirical rela- We have also demonstrated that a co-continuous
tionship predicting phase inversion in a polymer blend in morphology may be formed, irrespective of blend composi-
terms of the viscosity ration,/n,) and blend ratid ¢,/ ¢1); tion, when the extruder barrel temperature at or near the first
namely, (i) when(ni/m,)(¢o/¢) > 1, component 1 forms  kneading block, where the melting or softening of a polymer
the discrete phase and component 2 forms the continuougakes place, is lower than or slightly above thg of an
phase; (ii) when(n/n,)(¢po/¢1) < 1, component 2 forms  amorphous polymer, and that a co-continuous morphology
the discrete phase and component 1 forms the continuouscan be made to transform into a dispersed morphology by
phase, and (iii) whetin/n,)($o/d1) = 1, a co-continuous  raising the barrel temperature much higher tiignOn the
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basis of the experimental observations made in this study,and coalescence of droplets also would occur during

we conclude that a co-continuous blend morphology, compounding under certain processing conditions.

observed under certain processing conditions in this study,However, the consideration of the breakup and coalescence

is not stable and it is rather a transitory morphology that of droplets during compounding of two immiscible

appears when one mode of dispersed morphology (wherepolymers in a twin-screw extruder is meaningfahly

droplets of component A are dispersed in the matrix phasewhenone first has information on the mode of dispersion,

of B) transforms into another mode (where droplets of i.e. which (A or B) of the two polymers forms droplets and

component B are dispersed in the matrix phase of A), i.e. dispersed in the other polymer. To the best of our knowl-

when a phase inversion takes place during compounding. edge, theoretical treatment of morphology evolution during
We are well aware of the fact that different screw geome- compounding of two immiscible polymers in a twin-screw

tries might have produced different domain sizes in a extruder has not been addressed in the literature. Any

dispersed morphology. In view of the fact that there can serious attempt in the future to model the flow of two immis-

be many variations of screw geometry, and further, at cible polymers in a twin-screw extruder must include the

present there is no theoretical guideline as to how different evolution of two-phase morphology, including breakup and

screw geometries might produce different domain sizes, in coalescence of droplets, along the extruder axis. No doubt

this study we did not vary screw configurations. Hence, we that this is a very complex and difficult subject that requires

did not make an attempt to relate the sizes of dispersedgreater attention in the future.

domains to processing conditions. We believe that the

mechanism of morphology development in immiscible

polymer blends uncovered in this study will be valid regard- References
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