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Abstract

The evolution of blend morphology during compounding in an internal mixer was investigated using transmission electron microscopy and
scanning electron microscopy. Emphasis was placed on investigating the effects of viscosity ratio, blend composition, and processing
variables (temperature, rotor speed, and mixing time) on the evolution of blend morphology in five blend systems: (i) nylon 6/high-density
polyethylene (HDPE), (ii) poly(methyl methacrylate) (PMMA)/polystyrene (PS), (iii) polycarbonate (PC)/PS, (iv) PS/HDPE, and (v) PS/
polypropylene (PP). These blend systems were chosen on the basis of the difference in the melting tenifgragivesén two crystalline
polymers (nylon 6/HDPE pair), the difference in the ‘critical flow temperatufg) between two amorphous polymers (PMMA/PS and PC/

PS pairs), or the difference between Thpof an amorphous polymer and tiig of a crystalline polymer (PS/HDPE and PS/PP pairs). The

of an amorphous polymer is de facto equivalent toThef a crystalline polymer in that from a rheological point of view an amorphous
polymer may be regarded as being a ‘rubber-like solid’ at temperatures Bgjaand a ‘liquid’ at temperatures abovig;, which is
approximately 5% above the glass transition temperatlifg of an amorphous polymer. We observed a co-continuous morphology in
PMMA/PS, PC/PS, PS/HDPE and PS/PP blends when the melt blend temperature was aligvbuhbelow theT; of the constituent
amorphous components, and a dispersed morphology when the melt blending temperature was increased faifglmbibetoonstituent
amorphous components. Further, we found that the formation of a co-continuous morphology depends on blend composition and the
viscosity ratio of the constituent components at a specified melt blending temperature. Most importantly, we have reached the conclusion
that a co-continuous morphology is a transitory morphological structure that appears when a phase inversion takes place from one mode of
dispersed morphology to another mode of dispersed morphology. The mode of a dispersed morphology is found to depend upon the blend
composition and the viscosity ratio of the constituent compon@ni99 Elsevier Science Ltd. All rights reserved.
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1. Introduction explain the seemingly very complicated rheological
behavior of two-phase polymer blends, and others [7—
It has been a long-standing interest of polymer research-14] investigated blend morphology as affected by
ers in understanding the evolution of blend morphology processing conditions. However, in spite of much effort
when two (or more) incompatible homopolymers or being spent on the subject, we still dmt have a clear
copolymers are melt blended in a mixing equipment. In physical picture about the evolution of blend morph-
industry, melt blending is conducted using either an internal ology during compounding in a mixing equipment. In
(batch) mixer (e.g. Banbury mixer; Brabender mixer) or a the literature it is not clear as to under what conditions a
continuous mixer (e.g. twin-screw extruder; Buss Kneader). dispersed morphology or a co-continuous morphology may
When two immiscible polymers are compounded in a be formed, and whether a co-continuous morphology is
mixing equipment, two types of blend morphologies are stable or it is an unstable intermediate morphology that
often observed: dispersed morphology and co-continu- eventually is transformed into a dispersed morphology.
ous morphology. Numerous investigators reported on The factors affecting the evolution of blend morphology
blend morphology of immiscible polymers and there during compounding are: (1) temperature, (2) duration of
are too many papers to cite all of them here. Some mixing in an internal mixer or the residence time in a twin-
investigators [1-6] examined blend morphology to screw extruder, (3) the intensity of mixing (rotor speed in an
internal mixer or screw speed in a twin-screw extruder), (4)

*Corresponding author. Tel.:+ 1-330-972-6468; fax: + 1-330-972- blend C(_)mposit_ion, (5) viscosity ratio, (6) elasticity ratio,
5720. and (7) interfacial tension.
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1; higher thanT,, and thus thely of an amorphous polymer
) | cannot be regarded as being a temperature tlegfs/alent
WLF Region ; to the melting temperaturer{) of a crystalline polymer.
i Earlier, Shih [11] recognized the importance of this problem
: when melt blending a crystalline polymer (high-density
! polyethylene, HDPE) and an amorphous polymer (ethy-
|
!

lene—propylene-terpolymer, EPDM). In his study, however,

Shih did not elaborate on the temperature at which EPDM
, Arrhenius actually began to flow as ‘liquid’ during mixing with HDPE.
14— Region—» Previously, in a study on the plasticating extrusion of
amorphous polymer in a single-screw extruder, Han et al.
[15] introduced the concept of ‘critical flow temperature’
(T¢p), as schematically shown in Fig. 1, for amorphous poly-
mers. With reference to Fig. 1, an amorphous polymer may
be regarded as a ‘rubber-like’ solidBf< T < Tiand as a

Viscosity
Glassy State

v

T T Tg+100°C o .
9 cf 9 ‘liquid’ at T = T, i.e. an amorphous polymer may be
Temperature considered tdlow at T = T. In this regard]T of an amor-
Fig. 1. Schematic describing the definition of critical flow temperatigg ( phous p0|ymer Is de facto equivalent to the ‘melting point
of an amorphous polymer [15]. of a crystalline polymer. Han et al. [15] found that for poly-

styrene and polycarbonat€; =~ Ty + 55°C gave rise to a
reasonably good agreement between measured pressure
Let us consider the morphology evolution in an immis- profiles along the extruder axis and model prediction.
cible blend consisting of two crystalline polymers, Aand B,  Very recently, we carried out a systematic experimental
in a compounding machine and let us assume that the melt-investigation on the evolution of blend morphology, by
ing point (T, ) of polymer A is lower than the melting point ~ scanning electron microscopy (SEM) and transmission elec-
(Tmp) Of polymer B. Under such circumstances, polymer A tron microscopy (TEM), during melt blending of two
will melt first, forming the continuous phase in which the immiscible homopolymers in an internal mixer. For the
pellets (or powders) of polymer B will be suspended until investigation, five pairs of polymers were selected: (i) two
the melt blending temperature reachgss, at which point crystalline polymers, (ii) two pairs of polymers each
the binary mixture will form an emulsion. As the tempera- consisting of two amorphous polymers, and (iii) two pairs
ture is increased further aboug,g (i.e. Tna < Tng < T), of polymers each consisting of a crystalline polymer and an
the evolution of blend morphology will depend on the vis- amorphous polymer. On the basis of the consideration
cosity ratio of the two polymers and blend composition. presented earlier one can now easily surmise that when
When the viscosity f,) of polymer A is lower than the  melt blending a crystalline polymer with an amorphous
viscosity (pg) of polymer B and polymer A is thenajor polymer, the difference between tAg, of the crystalline
component, most likely the blend will form a dispersed polymer and thél; of the amorphous polymer would play
morphology having polymer A as the continuous phase and a very important role in determining the morphology evolu-
polymer B as the discrete phase (i.e. droplets). The dropletstion in such a blend. The present study thus was motivated in
can be elongated and/or broken into smaller droplets, dependpart by the desire to establish a firm scientific basis, on
ing upon the intensity of the mixing and the viscosity ratio of which one can predict morphology evolution in a polymer
the two polymers. An interesting question, however, can be blend during compounding in terms of (i) the difference(s)
raised. Would it be possible for polymer A to form the in T or T, of the constituent components, (ii) blend compo-
discrete phase and polymer B to form the continuous phasesition, (iii) the viscosity ratio of the constituent components,
when polymer A is thaminor component while maintaining  (iv) mixing temperature, (v) rotor speed, and (vi) the dura-
the relationshippa < ng? The present study was motivated tion of mixing. In this paper, we report the highlights of our
in part to answer the question posed before. findings.
In order to understand the morphology evolution in an

immiscible blend consisting of a crystalline polymer and an 2. Experimental
amorphous polymer in a mixing equipment, one must first
define the temperature that can be regarded as being the 1. Materials
effective'melting point’ of the amorphous polymer. From
a thermodynamic point of view, an amorphous polymer can We employed six homopolymers: polystyrene (PS),
be regarded as ‘liquid’ at temperatures aboveljtsPracti- poly(methyl methacrylate) (PMMA), polycarbonate (PC),
cally, however, the viscosity of an amorphous polymer at high-density polyethylene (HDPE), polypropylene (PP),
temperatures slightly abovg, is so high, that the polymer and nylon 6, as summarized in Table 1. Using these
hardly flows until reaching a certain temperature much homopolymers we investigated the morphology evolution,
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Table 1 o _ of 0.15 cm and a length-to-diameter ratio of 28.5 was used
Molecular characteristics of the polymers studied to measure the viscosities of the same homopolymers at
Sample code Manufacturer Morphologgf, or T (°C) high shear rates ranging from ca. 10 to 1008 s
PMMA Rohm and Haas (Plexiglas Amorphous 118 2.3. Mixing equipment and experimental procedures
V825)
PS Dow Chemical (STYRON Amorphous 98 Melt blending of a pair of polymers was conducted using
61SPR) an internal mixer (Brabender Plasticorder, Model FE-2000),
PC Dow Chemical Amorphous 146 . .
PP Exxon Chemical (EscoreneCrystalline 165 which had two counter-rotating cam-type blades. In our
1052) experiment, two polymers at a given blend ratio were
HDPE Dow Chemical (HF-1030  Crystalline 125 hand tumbled in a bag for about 30 min before being put
INSITE) _ into the mixing bowl, which had been heated to a preset
Nylon 6 AlliedSignal (Capron 8202) Crystalline 221

temperature. In all experiments, about 70% of the total
available volume was filled with material. Mixing time

during melt blending in a Brabender mixer, in each of the was counted from the time of sample loading into the
following five binary blend systems: (i) nylon 6/HDPE, (ii) mixing bowl, where about 15-30 s were required to load
PMMA/PS, (iii) PC/PS, (iv) PS/HDPE, and (v) PS/PP, as the sample. At different time intervals during compounding,
summarized in Table 2. Also given in Table 2 are (i) the a small amount of sample was taken from the mixer which
value of AT, between two crystalline polymers, nylon 6/ took 3-5 s, and the sample was quenched in liquid nitrogen
HDPE blend, (i) the values dfT, between two amorphous  in order to freeze phase morphology and later kept in a
polymers, PMMA/PS and PC/PS blends, and (iii) the values refrigerator until microtoming. In preparing blends we

of [T — Ty between an amorphous polymer and a crystal- varied blend composition, melt blending temperature, the
line polymer, PS/HDPE and PS/PP blends. As will be shown intensity of mixing by varying the rotor speed of the Braben-

later in this paper, the concept ®f; is very important to  der Plasticorder, and the duration of melt blending.
interpret the morphology evolution in PMMA/PS, PC/PS,

PS/HDPE, or PS/PP blends during melt blending in a 2.4. Microscopy
Brabender mixer.

There are a very large number of polymer pairs that can A blend specimen was first embedded in an epoxy (EPON
be melt blended. However, we are of the opinion that the 828) and cured at room temperature using 10 wt.% triethy-
five polymer systems chosen in this study adequately repre-lenetetramine; complete curing took about 24 h. The
sent many other conceivable polymer pairs from the point of €mbedded samples were then ultramicrotomed using a
view of the differences if,, or T, of the constituent crystal- ~ Reichert Ultracut S (Leica) microtome equipped with
line and/or amorphous polymer components. glass knives. In order to have sufficient phase contrast in a
melt-blended sample before using a microscope, the follow-
ing methods were used, namely, PS was etched out selec-
tively using toluene from PS/HDPE, PS/PP, and PC/PS

A Rheometrics Mechanical Spectrometer (Model RMS Plend samples and nylon 6 was etched out selectively
800) with cone-and-plate fixture (25 mm diameter afid 5 USIng formic acid from a nylon 6/HDPE blend sample.
cone angle) was used, under a nitrogen atmosphere, tdcarbon black coating was applied to a PMMA/PS blend
measure the shear viscosities of the six homopolymerssa}mme after ultramicrotoming. A transmission electron
(PS, PMMA, PC, HDPE, PP, and nylon 6) chosen over a microscope (JEM 1200EX 11, JEOL) operated at 100 kV'
very wide range of temperatures at low shear rates ranging’as used to take micrographs of the PMMA/PS blend speci-
from 0.001 to ca. 10. An Instron capillary rheometer ~ MenNs. A scanning electron microscope (Hitachi, Model S-

(Mode 3211, Instron Corporation) with a capillary diameter 2150) was used to observe the phase morphology of PC/PS,
PS/HDPE, PS/PP, and nylon 6/HDPE blend samples.

2.2. Rheological measurement

Table 2
Polymer pairs employed for preparing blends
3. Results
Sample code  Morphology ATy, [Tet — T, Or ATy, (°C)
PMMA/PS Amorphous—amorphous 15 3.1. Morphology evolution in blends consisting of two
PC/PS Amorphous—amorphous °45 crystalline polymers
PS/HDPE Amorphous—crystalline 30
PS/PP Amorphous—crystalline 30 3.1.1. Nylon 6/HDPE blends

Nylon 6/HDPE - Crystalline—crystaliine 96 The upper panel of Fig. 2 gives the logarithmic plots of

aT, of PS ~ 155C. shear viscosity §) versus shear ratéy) for nylon 6 and
T of PMMA =~ 17C°C. HDPE at 240C, 250C, and 260C for y=
“Te of PC ~ 200°C. 0.001-1000 s *. The readers are reminded that values of
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Fig. 2. (a) The upper panel describes the shear rate dependence of viscosity for nylon 6 (open symbols) and HDPE (filled symbols) at variousstemperature
(O, @) 240°C; (A, A) 250C; (V, ¥) 260°C. (b) The lower panel describes the temperature dependence of viscosityyfatips/ MHoee. at v = 54.5 st

n at y = 0.001-10s ! were obtained using a cone-and- have done this only to relate the intensity of mixing to shear
plate rheometer and values gfat y = 10-1000 s * were rate, thus enabling us to estimate the viscosity ratio of the
obtained using a capillary rheometer with a length-to- constituent components. Throughout this paper, we put
diameter ratio of 28.5 and thus without end corrections. emphasis on the viscosity ratio of the constituent compo-
The lower panel of Fig. 2 shows the dependence of viscosity nents to interpret the morphology evolution observed during
ratio, nnyion ¢ MHopPe: ON temperature af = 54.5 s %, show- compounding in a Brabender Plasticorder.

ing that nnyion ¢/ MHDPe dECreases with increasing tempera-  Fig. 3 shows the SEM images of the 30/70, 50/50, and 70/
ture. It should be mentioned that= 545s * represents 30 nylon 6/HDPE blends, which were prepared at’24ét a

the maximum shear rate at a rotor speed of 50 rpm in the rotor speed of 50 rpm for 2, 5, and 10 min, where the dark
Brabender Plasticorder employed. Specifically, we esti- areas represent the nylon 6 phase and the light areas repre-
mated the shear rate in the Brabender Plasticorder usingsent the HDPE phase. Note that sidgeof nylon 6 is 221C

the expressiony = /6 = wDN/8, where() is the angular andT,, of HDPE is 125C, the HDPE melts first, forming the
speed of the rotor tipd the gap opening between the rotor matrix phase in which nylon 6 pellets are suspended until
tip and the mixing chambeB the diameter of the inner or  the temperature reaches 2€1 Upon melting at 22°C, the
outer rotor, andN the rotor speed in rpm. The outer diameter nylon 6 becomes droplets and then two possibilities exist:
of the rotor was 37.5 mm witld = 1.8 mm, and the inner  either nylon 6 droplets remain as the discrete phase and are
diameter of the rotor was 12 mm with= 27.3 mm. Thus dispersed in the HDPE matrix or the discrete phase of nylon
we took the maximum value of = 545s ', estimated 6 transforms into the continuous phase, thus phase inversion
from the expression given above, to approximately repre- takes place.

sent the intensity of mixing in the Brabender Plasticorder at  In Fig. 3(a)—(c) we observe that (i) after 2 min of mixing

a rotor speed of 50 rpm. We are well aware of the fact that the 30/70 nylon 6/HDPE blend already formed a well-estab-
the simplistic approach adopted here is not rigorous, but we lished dispersed morphology, in which the nylon 6 forms
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2 min Mixing 5 min Mixing 10 min mixing

(A) 30/70 nylon 6/HDPE | (B) 30/70 nylon 6/HDPE
: — Sy S—

(C) 30/70 nylon 6/HDPE

(E) 50/50 nylon 6/HDPE | (F) 50/50 nylon 6/HDPE

50 tm

(G) 70/30 nylon 6/HDPE

by

nylon 6/HDPE

Fig. 3. SEM images describing the effect of mixing time (2, 5, or 10 min) on the morphology evolution in the 30/70, 50/50, and 70/30 nylon 6/HDPE blends
during compounding at a rotor speed of 50 rpm and atQ40 a Brabender Plasticorder.

droplets and is dispersed in the HDPE matrix; and (ii) the (i)). The blend composition being symmetric in the 50/50
same morphology persisted when the mixing time was nylon 6/HDPE blend, we conclude that the viscosity ratio
extended to 10 min. The readers are reminded that thedetermined the state of dispersion in that the more viscous
HDPE has a higher viscosity than the nylon 6 (see Fig. 2). HDPE formed the discrete phase and the less viscous nylon 6
Thus we are led to conclude that blend ratio determined theformed the continuous phase.
state of dispersion in the 30/70 nylon 6/HDPE blend. What is of great interest in Fig. 3 is that a co-continuous

If blend ratio were to determine the mode of dispersion in morphology is a transitory morphological state, through
the 70/30 nylon 6/HDPE blend, we expect that the major which one mode of dispersed morphology is transformed
component nylon 6 would form the continuous phase and into an another mode of dispersed morphology. In other
the minor component HDPE would form the discrete phase. words, we tentatively conclude that the co-continuous
This means that phase inversion must take place after amorphology observed in the 50/50 and 70/30 nylon 6/
sufficiently long mixing time, because the HDPE melts HDPE blends is not stable. If we did not continue melt
first form the continuous phase while the nylon 6 stays as blending experiment for a sufficiently long period (say
solid pellets until the melt blending temperature reaches the10 min), we might have erroneously concluded that the
T (221°C) of nylon 6. Indeed the SEM micrographs of the 50/50 and 70/30 nylon 6/HDPE blends have a co-continuous
70/30 nylon 6/HDPE blend demonstrates this being the case,morphology. This observation suggests that melt blending
as can be seen in Fig. 3(g)—(i). Specifically, during the be continued for a sufficiently long period in order to
initial 2 min of mixing, nylon 6 formed the discrete phase observe a stable phase morphology in immiscible polymer
(dark holes in Fig. 3(g)) and the HDPE formed the contin- blends.
uous phase. As the mixing continued for 5 min, we observed
a co-continuous morphology consisting of interconnected 3 o Morphology evolution in blends consisting of two
structures of nylon 6 and HDPE (Fig. 3(h)). As the mixing amorphous polymers
continued for 10 min, we observed a dispersed morphology
in which HDPE is dispersed in the continuous nylon 6 phase 3.2.1. PMMA/PS blends
(Fig. 3(i)). The upper panel of Fig. 4 gives lagversus logy plots

In Fig. 3(d)—(f) we observe a morphology evolutioninthe for PMMA and PS at 16, 170C, 180C, 200C, 220C,
50/50 nylon 6/HDPE blend, which is very similar to that in  and 2406C for y = 0.001-1000 $*. It can be seen that the
the 70/30 nylon 6/HDPE blend discussed earlier (Fig. 3(g)— viscosity of PMMA is much greater than that of PS over the
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Fig. 4. (a) The upper panel describes the shear rate dependence of viscosity for PMMA (open symbols) and PS (filled symbols) at various te@p@jatures: (
160°C; (A, A) 17C°C; (O, W) 180°C; (V, ¥) 200C; (O, @) 220°C; (<, ) 24CC. (b) The lower panel describes the temperature dependence of viscosity ratio,
Npwma/Tps. @ty = 545

entire range of temperatures and shear rates tested, espaneaningful mixing between PMMA and PS at 260 This
cially at low y. In order to facilitate our discussion later, consideration can now explain why in Fig. 5 a co-continu-
the dependence of viscosity ratigppma/nps, ON tempera- ous morphology is observed in all three blend compositions,
ture aty = 545 s ! is presented in the lower panel of Fig. regardless of whether each blend was mixed for 5 or 30 min.
4. It can be seen that thgsyma/nes ratio is very high at Fig. 6 gives the TEM images of the 70/30, 60/40, 55/45,
16C°C, decreases rapidly as the temperature increases fronb0/50, and 30/70 PMMA/PS blends, which were prepared at
160°C to ca. 196C, and then tends to level off at ZZDand a rotor speed of 50 rpm at 28D for 5 and 30 min of mixing.
higher. Note that the melt blending temperature employed,’€00
Fig. 5 gives the TEM images of the 70/30, 50/50, and 30/ is higher than thds of both PMMA and PS, and that at
70 PMMA/PS blends, which were prepared at a rotor speed 200°C mpyma/nps = 12 aty = 545 s ! (see Fig. 4). The
of 50 rpm at 16€C for 5 and 30 min of mixing, where the following observations are worth noting in Fig. 6. For 5 min
dark areas represent the PS phase and the white areas repraiixing, the 70/30 PMMA/PS blend has a well-developed
sent the PMMA phase. It is of interest to observe in Fig. 5 a dispersed morphology in which PS forms the discrete phase
co-continuous morphology in all three blend compositions, and PMMA forms the continuous phase. In contrast, for the
regardless of whether they were mixed for 5 or 30 min. The same duration of mixing, the 30/70 PMMA/PS blend has a
melt blending temperature employed, 160was close to  well-developed dispersed morphology in which PMMA
the T, (155°C) of PS and below théy (170°C) of PMMA. forms the discrete phase and PS forms the continuous
This observation suggests that during melt blending at phase. As mixing was extended to 30 min, the morphology
160°C the PS barely functioned as a ‘liquid’ and the of both the 70/30 and 30/70 PMMA/PS blends remained
PMMA functioned as a ‘rubber-like solid’ (see Fig. 1). more or less the same. From the above observation we
Notice from Fig. 4 that at 16, npyma/mps = 2200 aty = tentatively conclude that in the 70/30 and 30/70 PMMA/
545 s !, indicating that there hardly could have been any PS blends the major component forms the continuos phase
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160 °C, 5 min Mixing 160 °C, 30 min mixing 200 °C, 3-5 min Mixing 200 °C, 30 min mixing
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Fig. 5. TEM images describing the effect of mixing time (5 versus 30 min)
on the morphology evolution in the 70/30, 50/50, and 30/70 PMMA/PS
blends during compounding at a rotor speed of 50 rpm and &ClDa
Brabender Plasticorder.

and the minor component forms the discrete phase, i.e.
blend ratio determines the state of dispersion regardless of
the viscosity ratio of the constituent components. Interest- Fig. 6. TEM images describing the effect of mixing time (5 versus 30 min)
ingly we observe that in the 50/50 PMMA/PS blend the ©" the morphology evolution in the 70/30, 60/40, 55/45, 50/50, and 30/70

. . PMMA/PS blends during compounding at a rotor speed of 50 rpm and at
more viscous PMMA forms the discrete phase and the less

. . . 20C°C in a Brabender Plasticorder.
viscous PS forms the continuous phase, suggesting that the

viscosity ratio of the constituent components determines the developed dispersed morphology in the 60/40 PMMA/PS
state of dispersion for an equal blend composition. plend, in which the minor component PS forms the discrete
However, we observe a co-continuous morphology in the phase and the major component PMMA forms the contin-
60/40 PMMA/PS blend even after melt blending for 30 min yous phase. From the above observations we tentatively
at 200C. In order to ascertain whether or not the co-contin- conclude that the co-continuous morphology observed in
uous morphology observed in the 60/40 PMMA/PS blend the PMMA/PS blend is not stable, but a transitory morpho-
could be regarded as being stable, we conducted furtherjogical state before the blend transforms into a dispersed
experiments by increasing melt blending temperature from morphology that can be achieved either by increasing melt
200°C to 220C and to 240C, and by increasing the rotor  plending temperature or by increasing the rotor speed (i.e.

speed from 50 to 150 rpm. by increasing the intensity of mixing).
In Fig. 7 we observe that increasing melt blending

temperature from 20C to 220C and increasing rotor

speed from 50 to 150 rpm produced a well-developed 3.2.2. PC/PS blends

dispersed morphology in the 60/40 PMMA/PS blend, in  The upper panel of Fig. 8 gives the legversus logy
which the minor component PS forms the discrete phaseplots for PC and PS at 200, 220C, and 246C for y =
and the major component PMMA forms the continuous 0.001-1000 s %, showing that the viscosity of PC is higher
phase, in spite of the fact that PMMA is more viscous than that of PS at all temperatures agdinvestigated.
than PS. Also, increasing melt blending temperature from Notice in Fig. 8 that PC has a very weak shear-thinning
220°C to 240C at a rotor speed of 50 rpm produced a well- behavior even at very high, while PS exhibits considerable
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0 min mixing forms the continuous phase after mixing at ZDO0for

FoufaMixing (15 min at 240 °C) 30 min and the state of dispersion is slightly improved at

220 °C, 50 rpm 220 °C, 50 rp 24CC. Since the viscosity of PS is much lower than that of
E— 3 %4 PC at both 20TC and 246C, and the less viscous PS is the

major component, it is not surprising to observe that the 30/
70 PC/PS blend gives rise to a dispersed morphology. Note
that the melt blending temperature 20Q0s very close ta
(200°C) of PC and about 48 aboveT; (155°C) of PS. This
consideration explains why at 2@ a very poorly mixed,
co-continuous morphology is observed in the 70/30 PC/PS
blend, in which themajor component PC is expected to
form the continuous phase and timenor component PS is
expected to form the discrete phase. However, as the melt
blending temperature is increased from ZD@o 240C, the
co-continuous morphology of the 70/30 PC/PS blend at
200°C is transformed into a dispersed morphology. This is
attributable to the fact that the melt blending temperature of
240°C is much higher than th&ys of both PS and PC. A
similar observation can be made for the 50/50 PC/PS blend,
in which the more viscous PC forms the discrete phase and
the less viscous PS forms the continuous phase.

Fig. 10 gives the SEM images of the 50/50 PC/PS blend at
200°C, describing the effect of rotor speed on morphology
evolution. In Fig. 10 we observe a co-continuous morphol-
ogy having a skeletal structure of PC after 5 min mixing, but
the skeletal structure of PC began to break down, forming
the discrete phase after 30 min mixing as the rotor speed
increased from 10 to 150 rpm (i.e. #sncreased from 10.9
to 163.5 §%). This observation is very similar to that made
Fig. 7. TEM images describing the effect of mixing time (3-5 versus €arlier for the 60/40 PMMA/PS blend (see Fig. 7).

30 min), rotor speed (50 versus 150 rpm), and melt blending temperature

(220°C versus 24TC) on the morphology evolution in the 60/40 PMMA/PS
blend during compounding in a Brabender Plasticorder.

3.3. Morphology evolution in blends consisting of
amorphous and crystalline polymers

shear-thinning behavior. In order to facilitate our discussion 3.3.1. PS/HDPE blends
later, the dependence of viscosity ratiged/nps ON The upper panel of Fig. 11 gives the lggversus logy
temperature is presented in the lower panel of Fig. $ at plots for PS and HDPE at 180, 180C, 200C, and 220C
109s * (corresponding to a rotor speed of 10rpm), fory = 0.001-1000 s, showing that the viscosity of PS is
54.5s' (corresponding to a rotor speed of 50rpm), higher at 166C and 186C, but lower at 208C and 220C,
109 s* (corresponding to a rotor speed of 100 rpm), and than that of HDPE over a wide range ¢fand that both PS
163.5 s (corresponding to a rotor speed of 150 rpm). This and HDPE exhibit strong shear-thinning behavior. In order
information will be useful to interpret morphology evolu- to facilitate our discussion later, the temperature depen-
tion in the PC/PS blends later. It can be seen thaijihénps dence of viscosity ratiompgmuppe at v =545s ' is
ratio is very large at higly compared to that at low, which given in the lower panel of Fig. 11, showing that
is attributable to the fact that the PC exhibits a very weak mpgnyppe ratio decreases from ca. 1.2 at 160 passing
shear-thinning behavior while PS exhibits a strong shear- through 1.0 at ca. 188 and then decreases further to 0.4
thinning behavior at highy. Note further that thegpo/1ps at 240C. This information will be very useful to interpret
ratio is very large at 20@ and 226C for y = 545 s * and morphology evolution in the PS/HDPE blends later.
higher. Fig. 12 gives the SEM images of the 30/70 and 70/30 PS/
Fig. 9 gives the SEM images of the 70/30, 50/50, and 30/ HDPE blends, respectively, which were prepared at a rotor
70 PC/PS blends, which were prepared at a rotor speed ofspeed of 50 rpm for 30 min of mixing at 18D, 160C, or
50 rpm at 200C for 30 min mixing or at 24%TC for 20 min 22C°C, where the dark areas represent the PS phase and the
of mixing, where the dark areas represent the PS phase andight areas represent the HDPE phase. The following obser-
the light areas represent the PC phase. In Fig. 9 we observerations are worth noting on the morphology evolution in the
that in the 30/70 PC/PS blend the minor component PC 30/70 PS/HDPE blend given in Fig. 12. At a mixing
forms the discrete phase and the major component PStemperature of 15C, the HDPE (the major component)
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Fig. 8. (a) The upper panel describes the shear rate dependence of viscosity for PC (open symbols) and PS (filled symbols) at various tetp@)atures: (
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having theT,, of 125°C forms the matrix phase because it As the mixing temperature is increased to Z2We observe
already melted while PS (the minor component) shows a a well-developed dispersed morphology in which thi@or
very irregularly shaped dispersed phase, indicating thatcomponent HDPE having higher viscosity forms the
the softening of PS was not complete. This can be inter- discrete phase and thmajor component PS having lower
preted as being the situation where the mixing temperatureviscosity forms the continuous phase.
employed (15€C) is slightly below theT; = 155°C of PS. Fig. 13 gives the SEM images of the 50/50 PS/HDPE
At a mixing temperature of 16Q, the dispersed state of the blend, which was prepared at a rotor speed of 50 rpm for
PS phase became quite different from that atC5thdicat- 30 min mixing at 156C, 160C, 180C, 200C, 220C, and
ing that the discrete phase PS already began to flow at24CC. It is clear that at 15 there is hardly any mixing,
16C°C. At a mixing temperature of 22Q, we observe a  but at 180C we observe a dispersed morphology in which
well-developed dispersed morphology. Note that at°’€20 the PS formed the dispersed phase and the HDPE formed the
themajor component HDPE is more viscous than thimor continuous phase. Interestingly enough, at °200we
component PS (see Fig. 11), indicating that the blend ratio isobserve a co-continuous morphology and at °Z4Qve
predominant over the viscosity ratio in determining observe a breakdown of interconnected structures of
morphology evolution in the 30/70 PS/HDPE blend. HDPE that existed at 22Q, giving rise to a dispersed
The following observations are worth noting on the morphology in which the discrete phase of HDPE, though
morphology evolution in the 70/30 PS/HDPE blend given not so well developed, is dispersed in the continuous PS
in Fig. 12. At a mixing temperature of 1390, we observe a  phase. In other words, we observe a phase inversion taking
co-continuous morphology in which interconnected struc- place in the 50/50 PS/HDPE blend as the mixing tempera-
tures of HDPE appear to be suspended in the yet unsoftendure is increased from 180 to 240C, passing through a co-
PS phase. The 70/30 PS/HDPE blend still shows a co- continuous morphology at an intermediate temperature. We
continuous morphology after mixing at 1%D for 30 min. reason the occurrence of the phase inversion observed in the
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10 pm 5 pum
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Fig. 9. SEM images describing the effect of melt blending temperature
(200°C versus 24TC) on the morphology evolution in the 30/70, 50/50,
and 70/30 PC/PS blends during compounding at a rotor speed of 50 rpm for
30 min at 200C and 20 min at 24T in a Brabender Plasticorder.

50/50 PS/HDPE blend as follows. With reference to Fig. 11,

the viscosity of PS is higher than that of HDPE at tempera-

tures below about 18&, and thus thegpynppe ratio is Fig. 10. SEM images describing the effect of rotor speed (10, 50, 100 or

slightly larger than 1 at 18C but it decreases rapidly with 150 rpm) and mixing time (5 versus 30 min) on theomorphology evolution

increasing temperature angg/nuppe ~ 0.4 at 240C. The g]lgzt?cg?ég(r) PC/PS blend during compounding at°20th a Brabender

blend composition being equal in the 50/50 PS/HDPE blend, '

we conclude from Fig. 13 that the viscosity ratio determined

the state of dispersion in the 50/50 PS/HDPE blend in that, clear picture about the morphology evolution in the 45/55

the more viscous HDPE forms the discrete phase and thePS/HDPE blend as mixing time is increased from 5 to

less viscous PS forms the continuous phasg at24C°C. 30 min, leading us to conclude that a co-continuous
Fig. 14 gives the SEM images of the 45/55 and 55/45 PS/ morphology is not stable.

HDPE blends, which were prepared at a rotor speed of

50 rpm for 3—5 min and 30 min of mixing at 220, show- 3.3.2. PS/PP blends

ing that a co-continuous morphology persists even after The upper panel of Fig. 17 gives the lggversus logy

30 min of mixing in both blends. However, as can be seen plots for PS and PP at 190, 200C, 220C, and 246C for

in Fig. 15, as the melt blending temperature is increased y = 0.001-1000 s !, showing that the viscosity of PS is

from 220C to 240C and mixing is continued for 25 min,  higher at temperatures below about iB4and lower at

both the 45/55 and 55/45 PS/HDPE blends form a dispersedhigher temperatures than that of PP over a wide range of

morphology in which themajor component forms the 7y tested, and that both PS and PP exhibit strong shear-thin-

continuous phase and thminor component forms the  ning behavior. In order to facilitate our discussion later, the

discrete phase. A transformation from a co-continuous lower panel of Fig. 17 shows the temperature dependence of

morphology into a dispersed morphology in the 45/55 PS/ viscosity ratio, npg/mpp at ¥ = 545 s 1. This information

HDPE blend is also realized, as can be seen in Fig. 16, whenwill be very useful to interpret morphology evolution in the

the rotor speed is increased from 50 to 150 rpm (compare PS/PP blends later.

with the upper panel of Fig. 14). In Fig. 16 we observe a  Fig. 18 gives the SEM images of the 30/70 and 70/30
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Fig. 11. (a) The upper panel describes the shear rate dependence of viscosity for HDPE (open symbols) and PS (filled symbols) at various tety@yatures: (
160°C; (A, A) 180°C; (V, ¥) 200°C; (O, M) 220°C. (b) The lower panel describes the temperature dependence of viscosity)satigiope, at ¥ = 545 s .

PS/PP blends, respectively, which were prepared at a rotordetermining morphology evolution in the 30/70 PS/PP
speed of 50 rpm for 30 min of mixing at 175, 190C, blend, very similar to that observed in the 30/70 PS/HDPE
220°C, and 240C, where the dark areas represent the PS blend (see Fig. 12).

phase and the light areas represent the PP phase. The follow- The following observations are worth noting in the 70/30
ing observations are worth noting on the 30/70 PS/PP blendPS/PP blend given in Fig. 18. At 175 we observe inter-
given in Fig. 18. At 178C we observe very irregularly  connected structures of PP suspended in the PS phase. At
shaped discrete phase of PS dispersed in interconnected90°C we observe a breakdown of interconnected structures
structures of the PP phase in the 30/70 PS/PP blend. Thisof PP, and at 24C we observe a well-developed dispersed
can be interpreted as being the situation where the mixing morphology, in which theminor component PP having
temperature employed (175) is only 10C above thd,, of higher viscosity forms the discrete phase and ti@or

PP and thus PS and PP did not have good mixing althoughcomponent PS having lower viscosity forms the continuous
PS havingTy = 155°C might have acted as ‘liquid’. Note phase. Again, this observation is consistent with that
that T (PS) < T,, (PP) in the PS/PP blends, whereks observed in the 70/30 PS/HDPE blend (see Fig. 12).

(PS) > T, (HDPE) in the PS/HDPE blends considered Fig. 19 gives the SEM images of the 50/50 PS/PP blend,
earlier. At 190C we observe a much improved morphology which was prepared at a rotor speed of 50 rpm for 5 and
in the 30/70 PS/PP blend, in which PS forms the discrete 30 min of mixing at 178C, 190C, 220C, and 240C. In
phase and PP forms the continuous phase. AfQ2hd Fig. 19 we observe a co-continuous morphology regardless
240°C we observe a well-developed dispersed morphology of whether the 50/50 PS/PP blend was mixed for 5 or 30 min
in the 30/70 PS/PP blend. It should be remembered that atat temperatures ranging from I'tsto 240C. This observa-
220°C and 240C themajor component PP is more viscous tion is different from that made in the 50/50 PS/HDPE blend
than theminor component PS (see Fig. 16), indicating that (see Fig. 13) that underwent a phase inversion at a tempera-
the blend ratio is predominant over the viscosity ratio in ture between 18C and 240C.



6288 J.K. Lee, C.D. Han / Polymer 40 (1999) 6277-6296

30/70 PS/HDPE 70/30 PS/HDPE 50/50 PS/HDPE 50/50 PS/HDPE

150°C 150°C 150 °C 200 °C

10 pm

10 pm

Fig. 13. SEM images describing the effect of melt blending temperature
(150°C, 160C, 180C, 200C, 220C, or 240C) on the morphology evolu-
tion in the 50/50 PS/HDPE blend during compounding at a rotor speed of
50 rpm for 30 min in a Brabender Plasticorder.

Fig. 12. SEM images describing the effect of melt blending temperature
(150°C, 160C, or 220C) on the morphology evolution in the 30/70 and
70/30 PS/HDPE blends during compounding at a rotor speed of 50 rpm
for 30 min in a Brabender Plasticorder.

Fig. 20 gives the SEM images of the 50/50 PS/PP blend
that was prepared (i) at 290 and a rotor speed of 150 rpm
(the left panel) or (ii) at 26 and a rotor speed of 50 rpm 3-5 min Mixing 30 min mixing
(the right panel) for 5, 10, and 20 min of mixing. In Fig. 20
we observe that at 240 and a rotor speed of 150 rpm a co-
continuous morphology persists even after 20 min mixing
although interconnected structures of PP broke down some-
what, but at 268C and a rotor speed of 50 rpm intercon-
nected structures of PP break down completely to form a
well-developed dispersed morphology in which timere

45/55 PS/HDPE 45/55 PS/THDPE

viscous PP forms the discrete phase and|#ss viscous 10 pm 10 pm
PS forms the continuous phase. The above observation indi-

cates that the formation of a dispersed morphology in the 55/45 PS/HDPE 55/45 PS/HDPE
50/50 PS/PP blend requires a higher mixing temperature -

compared to the 50/50 PS/HDPE blend (compare Fig. 20
with Fig. 13) and that the co-continuous morphology
observed in the 50/50 PS/PP blend at temperatures below
260°C is not stable.

In order to investigate the morphology evolution as
affected by the intensity of mixing, we varied the rotor _20pm
speed ranging from 10 to 150 rpm for the 45/55 PS/PP
blend at a mixing temperature of ZZ0 The SEM images , , - o

Fig. 14. SEM images describing the effect of mixing time (3-5 versus

of the 45/55 PS/PP blend are given in Fig. 21 for a rotor 30 min) on the morphology evolution in the 45/55 and 55/45 PS/HDPE

speed of 10 rpm, in Fig. 22 for a rotor speed of 50 rpm, in piends during compounding at a rotor speed of 50 rpm and &C220a
Fig. 23 for a rotor speed of 100 rpm, and in Fig. 24 for a Brabender Plasticorder.
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3-5 min Mixing 25 min mixing
45/55 PS/HDPE

50 m

Fig. 15. SEM images describing the effect of mixing time (3-5 versus
30 min) on the morphology evolution in the 45/55 and 55/45 PS/HDPE
blends during compounding at a rotor speed of 50 rpm and &C2#0a
Brabender Plasticorder.

rotor speed of 150 rpm. In Figs. 21—-24 we observe that a

co-continuous morphology eventually transforms into
a dispersed morphology when mixing is carried out for a
sufficiently long time: (i) after 90 min mixing at a rotor
speed of 10 rpm, (ii) after 60 min mixing at a rotor speed
of 50 rpm, (iii) after 45 min mixing at a rotor speed of
100 rpm, and (iv) after 30 min mixing at a rotor speed of

150 rpm. That is, the higher the rotor speed (i.e. the greater

the intensity of mixing), the shorter the mixing time would
be for a transformation from a co-continuous morphology to
a dispersed morphology to occur.

20 pm

30 min Mixing

Fig. 16. SEM images describing the effect of mixing time (5, 10, 15, and
30 min) on the morphology evolution in the 45/55 PS/HDPE blend during
compounding at a rotor speed of 150 rpm and °22@n a Brabender
Plasticorder.
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4. Discussion

4.1. The significance ofof an amorphous polymer in the
formation of blend morphology during compounding

In this paper we have shown that the conventional view
that theTy of an amorphous polymer may be regarded as
being equivalent to the softening temperature cannot
explain the morphology of a binary polymer blend, consist-
ing of two amorphous polymers (PMMA/PS or PC/PS
blends) or consisting of an amorphous polymer and a crys-
talline polymer (PS/HDPE or PS/PP blends), that was
prepared at temperatures below or at slightly abdye
However, we were able to explain the experimental results
using the concept df [15]. This is very significant in that
the initial morphology of a polymer blend is dictated by the
difference between twdys when preparing a binary blend
consisting of two amorphous polymers or by the difference
betweenT andT,, when preparing a binary blend consist-
ing of an amorphous polymer and a crystalline polymer.

We have shown above that a polymer blend prepared at
temperatures below th€&; of an amorphous polymer(s),
owing to the very high viscosities, forms a co-continuous
morphology regardless of blend composition. However,
when a blend was prepared at temperatures much higher
than theTy of an amorphous polymer(s) or by allowing
for a sufficiently long mixing time, we observed a dispersed
morphology. Such an observation is very similar to the
morphological transformation from a co-continuous
morphology to a dispersed morphology, which was
observed during isothermal annealing of a rapidly precipi-
tated PMMA/PS blend [16].

4.2. Stability of the co-continuous morphology observed
during melt blending

A fundamental question may be raised as to whether or
not a co-continuous morphology often observed in immis-
cible polymer blends is stable. The experimental results
presented above lead us to conclude that a co-continuous
morphology is not stable and it is rather a transitory
morphology that appears when one type of dispersed
morphology (droplets of component A are dispersed in the
matrix phase of B) is transformed into another type of
dispersed morphology (droplets of component B are
dispersed in the matrix phase of A), i.e. when a phase (or
matrix) inversion takes place during compounding.

Earlier, Miles and Zurek [7] noted that a co-continuous
morphology was first observed when a 53/47 PS/PMMA
blend was melt blended in a Brabender Plasticorder at
200°C at a rotor speed of 20 rpm that was equivalent to a
shear rate of about 90§ and then the co-continuous
morphology transformed into a dispersed morphology
when the melt-blended specimen was extruded
further through a capillary rheometer at a shear rate of
27 s *. Based on this observation, they concluded that a
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Fig. 17. (a) The upper panel describes the shear rate dependence of viscosity for PS (open symbols) and PP (filled symbols) at various tethg@yatures: (
19C°C; (O, W) 200°C; (A, A) 220°C; (V, ¥) 240°C. (b) The lower panel describes the temperature dependence of viscosityypatig, at 7 = 545 s 2.

co-continuous morphology was not stable. However, the morphology over a blend ratio ranging from 40/60 to 60/40
experiment of Miles and Zurek isot conclusive in that  in the PS/PP blends when melt blending was conducted at
the co-continuous morphology initially formed in a Braben- 22C0°C at a rotor speed of 50 rpm, but this range became
der Plasticorder must have been altered, if not destroyednarrower as the mixing temperature was increased to
completely, while the blend specimen was heated inside 240°C. Specifically, the 45/55 PS/PP blend which formed
the barrel of the capillary rheometer (i.e. even before it a co-continuous morphology at ZZD transformed into a
was subjected to extrusion). dispersed morphology as the mixing temperature was
More recently, in investigating the formation of a co- increased to 24@ under otherwise identical processing
continuous morphology in nylon 6-polyethersulfone and conditions.
poly(butylene terephthalate)-polystyrene blend systems, One of the most significant findings in the present study is
respectively, He et al. [10] observed that the range of that prolonging the mixing time at a given rotor speed or
blend ratio over which a co-continuous morphology formed increasing the rotor speed (i.e. the intensity of mixing or
became narrower as the mixing time was increased and thershear rate applied) for a fixed mixing time transforms a
speculated that after a sufficiently long mixing time a co- co-continuous morphology into a dispersed morphology.
continuous morphology would have occurred at an equal Specifically, we found that for the 45/55 PS/PP blend, a
blend composition (50/50 blend ratio). Such experimental co-continuous morphology transformed into a dispersed
results indicate that a co-continuous morphology would not morphology when the mixing continued (i) for approxi-
occur necessarily at an equal blend composition and it canmately 90 min at a rotor speed of 10 rpm (Fig. 21), (ii) for
be made to disappear at high enough melt blending tempera-approximately 60 min at a rotor speed of 50 rpm (Fig. 22),
ture or after a sufficiently long mixing time. (iii) for approximately 45 min at a rotor speed of 100 rpm
In the present study we have observed a co-continuous(Fig. 23), or (iv) for approximately 30 min at a rotor speed
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30/70 PS/PP 70/30 PS/PP 5 min Mixing 30 min mixing
175°C

20 um 10 pm

Fig. 18. SEM images describing the effect of melt blending temperature Fig. 19. SEM images describing the effect of mixing time (5 versus 30 min)
(175°C, 190C, 220C, and 24€C) on the morphology evolution in the 30/  and melt blending temperature (X5 190C, 220C, and 246C) on the

70 and 70/30 PS/PP blends during compounding at a rotor speed of 50 rpmmorphology evolution in the 50/50 PS/PP blend during compounding at a
for 30 min in a Brabender Plasticorder. rotor speed of 50 rpm in a Brabender Plasticorder.

in Fig. 25(a) is due to the initial mixing of two polymers in
of 150 rpm (Fig. 24). The above results lead us to conclude the solid state and thus the torque decreases rapidly once the
that a co-continuous morphology representsramsitory melting or softening of the polymers begins. It is worth
morphological state for a phase transition from one type noting in Fig. 25(a) that the values of torque are relatively
of dispersed morphology (where the discrete phase A insensitive to the rotor speed (10—150 rpm) of a Brabender
dispersed in the continuous phase B) to another type ofPlasticorder. However, as can be seen in Fig. 25(b) (the
dispersed morphology (where the discrete phase B dispersedower panel), the mechanical energy applied to the blend
in the continuous phase A). by the Brabender Plasticorder is very sensitive to the rotor
We have recorded, during compounding of each blend speed, namely, the mechanical energy increases with
investigated in this study, both the torque and mechanical increasing rotor speed from 10 to 150 rpm: the higher the
energy on a Brabender Plasticorder. Fig. 25(a) (the upperrotor speed of the mixing equipment, the greater is the
panel) gives variations of torque with mixing time, during mechanical energy applied to the blend. It should be
compounding of the 45/55 PS/PP blend at €20at four mentioned that values of the mechanical energy plotted in
different rotor speeds: 10, 50, 100, and 150 rpm. It can be Fig. 25(b) were read off from the Brabender Plasticorder.
seen in Fig. 25(a) that the torque goes through a maximumAccording to the manufacturer of the Brabender Plasti-
within a few minutes after melt blending began and then corder, the mechanical energy was calculated from the
decreases rapidly, giving rise to a more or less constantarea under the torque versus time curve (see Fig. 25(a))
value for the remaining period of mixing for 30 min. It multiplied by 27RPM with RPM being rotor speed.
should be mentioned that the peak value of torque observedrig. 25(b) seems to explain the experimental results given
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240°C, 150rpm

260°C, 50rpm

5 min Mixing
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5 min Mixing

10 min Mixing
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Fig. 20. SEM images describing the effect of melt blending temperature
(240°C versus 261C), rotor speed (150 versus 50 rpm), and mixing time (5,
10, and 20 min) on the morphology evolution in the 50/50 PS/PP blend

during compounding in a Brabender Plasticorder.

a critical value of mechanical energy that is required to
transform a co-continuous morphology into a dispersed
morphology. The critical value of mechanical energy
would depend on the characteristics of a pair of polymers
being melt blended and the blend ratio.

4.3. Factors affecting a phase inversion during melt
blending

From the point of view of the principle of minimum
energy dissipation in channel flow of two immiscible
liquids, the component having lower viscosity is expected
to form the continuous phase, wetting the channel wall
where the shear stress is greatest. In this regard, for
example, the 70/30 PMMA/PS blend investigated in this
study should have a dispersed morphology where the
more viscous PMMA forms the discrete phase and the less
viscous PS forms the continuous phase. But our experimen-
tal results show the opposite trend. In all the five blend
systems investigated in this study, we observed that the
major component forms the continuous phase and the
minor component forms the discrete phase, irrespective of
the viscosity ratio of the constituent components. In
contrast, we observed that for blends having an equal
volume fraction, the more viscouscomponent forms
the discrete phase and tlhess viscousomponent forms
the continuous phase, which is in good agreement with the
principle of minimum energy dissipation. The earlier obser-
vations suggest that a very delicate relationship, which
controls the state of dispersion in an immiscible polymer

in Figs. 21-24, i.e. the reason why a shorter mixing time blend, exists between volume fraction and viscosity ratio.

was required to transform a co-continuous morphology into

By attaching glass windows to the wall of an internal

a dispersed morphology as the rotor speed was increasednixer to record the morphology development during melt
from 10 to 150 rpm. It appears from Fig. 25 that there exists blending, Shih [11] and Sundararaj et al. [12] observed that

5 min Mixing

25 pm

40 min Mixing

25 pm

Fig. 21. SEM images describing the effect of mixing time (5, 40, 60, and
90 min) on the morphology evolution in the 45/55 PS/PP blend during
compounding at a rotor speed of 10 rpm and at°@2{h a Brabender

Plasticorder.

initially, the minor phase, which had a loweoftening
temperature compared to the major component, formed
the continuous phase and coated the major component,
and as the major component melted, a phase inversion
occurred and thus the major component became the contin-
uous phase. Then, they concluded that a phase inversion
would occur during melt blending when the softening or
melting transition temperature of the minor component is
lower than that of the major component. Such a conclusion
may be valid when the viscosity of the major component is
lower than that of the minor component, gt when the
viscosity of the major component is much higher than that
of the minor component, as borne out to be case in the
present study. In dealing with a blend consisting of an amor-
phous polymer and a crystalline polymer, Shih and co-work-
ers [11,12] dichotelaborate on what might be the softening
temperature of the amorphous polymer.

In this study we measured the rheological properties of
the individual polymers at various temperatures and shear
rates, comparable to the processing conditions employed in
the melt blending experiments conducted in a Brabender
Plasticorder and correlated the viscosity ratio of the
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30 min Mixing

5 min Mixing

25 um ‘ 50 llm

15 min Mixing 30 min Mixing
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Fig. 22. SEM images describing the effect of mixing time (5, 30, 45, and Fig. 24. SEM images describing the effect of mixing time (5, 10, 15, and
60 min) on the morphology evolution in the 45/55 PS/PP blend during 30 min) on the morphology evolution in the 45/55 PS/PP blend during
compounding at a rotor speed of 50 rpm and at°€2th a Brabender compounding at a rotor speed of 150 rpm and at°@2id a Brabender
Plasticorder. Plasticorder.

constituent components at a particular temperature andboth components; or (3) when the viscosity ratio of the
strain rate of interest to the evolution of blend morphology. constituent components having symmetric or nearly
We have shown that during compounding, a phase inversionsymmetric blend composition reverses as the temperature
may take place (1) when a component having highgor is increased far above tfig, or T of both components. The
T, Which initially formed the discrete phase, has a viscosity present study indicates that for symmetric or nearly
lower than the other component for symmetric or nearly symmetric blend compositions, the viscosity ratio of the
symmetric blend compositions after the melt blending constituent components plays a predominant role in deter-
temperature is increased far above fhgor T of both mining the state of dispersion (or phase inversion) during
components; (2) regardless of the viscosity ratio, when a melt blending. Figs. 26 and 27 give a summary of our
component having highér,, or T,;, which initially formed experimental results, describing relationships between
the discrete phase, is the major component after the meltblend ratio and viscosity ratio, for the PS/HDPE and PS/
blending temperature is increased far aboveTher T of PP blends, respectively.

Based on the experimental observation made earlier by
Han and Kim [2] that a co-continuous morphology having
interconnected structures has a viscosity much higher than a
dispersed morphology, we speculate that a certain amount
of work (or mechanical energy) is required to overcome the
barrier that separates one mode of dispersed morphology
from another mode of dispersed morphology in two-phase
L 1 J O 4 \ Sl \ polymer blends. Such a speculation appears to be supported

Z5pm 50 pm by the experimental observations by Shih [11] and Sundar-
aragj et al. [12] that torque went through a maximum during
compounding when a phase inversion took place.

20 min Mixing

30 min Mixing 45 min Mixing

4.4. Effect of fluid elasticity on the mode of dispersion
during compounding of two immiscible polymers

KRt 4 -2 ; In 1974 van Oene [17] argued that the second normal
25pum 50 pm stress differenceN;) may play an important role in deter-
mining the morphology of immiscible polymer blends.
Fig. 23. SEM images describing the effect of mixing time (5, 20, 30, and Since tzen’ hzwever, little experlmental e\C/;denf:e has been
45 min) on the morphology evolution in the 45/55 PS/PP blend during reported to either support or question van Oene’s argument,

compounding at a rotor speed of 100 rpm and at’€2® a Brabender because measurement N for polymer melts is difficult,
Plasticorder. especially at high shear rates. There are different ways of
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Fig. 25. (a) The upper panel describes the torque recorded on a Brabender

Plasticorder during compounding of the 45/55 PS/PP blend &tC2f1dy
various rotor speeds:V() 10 rpm, (A) 50 rpm, () 100 rpm, and ©)

150 rpm. (b) The lower panel describes the mechanical energy recorded
on a Brabender Plasticorder during compounding of the 45/55 PS/PP blend

at 220C for various rotor speedsV{ 10 rpm, (1) 50 rpm, () 100 rpm,
and ©) 150 rpm.

representing the elastic properties of polymers. According
to Han [18-20], the elastic properties of polymeric liquids
can be evaluated from lo@’ versus logG” plot, whereG' is
the storage modulus ar@” the loss modulus that can be
easily determined from dynamic frequency sweep experi-
ments. Note thaG’ represents the energy stored a@d
represents the energy dissipated per unit volume of fluid
during oscillatory shear flow.

Fig. 28 gives the log’ versus loga” plots for PMMA

and PS employed in this study at various temperatures.

What is remarkable in Fig. 28 is that the 18§ versus
log G” plot is independent of temperature, which was first

3.5
3.0 —
. 25 [ J 000 O 9240°C —
[
E@ Continuous Continuous
E 20 Phase of PS Phase of HDPE
=y ) [ ) Ne) O 220°C —
1.5 —
S S N I Y T T
00 01 02 03 04 05 06 0.7 08 0.9 1.0
¢HDPE

Fig. 26. Effect of blend composition and viscosity ratio on the mode of
dispersed morphology for the PS/HDPE blends af€2ind 240C. Filled

circle (@) denotes a dispersed morphology in which HDPE forms the
discrete phase and PS forms the continuous phase. Open Cijdefotes

a dispersed morphology in which PS forms the discrete phase and HDPE
forms the continuous phase.

Han'’s rheological interpretation [18—21] we observe from
Fig. 28 that PS is more elastic than PMMA, independent of
temperature. This observation suggests that the elasticity
ratio of PMMA and PS in a PMMA/PS blend remained
constant regardless of the mixing temperature employed,
while the viscosity ratio of PMMA and PS varied with
mixing temperature. It should be pointed out that @&g
versus logG” plot has no relation whatsoever to the
Cole—Cole plot [22], which uses rectangular coordinates
showing temperature dependence on a semi-circle. More-
over, the Cole—Cole plot has no theoretical basis and it is
strictly an empirical correlation.

In view of the fact that the morphological state of a

3.5
3.0 —
° L X No) O 240°C —

25—

2 Continuous Continuous

£ Phase of PS Phase of PP

g 20—

= ° 000 O 220°C —
1.5 —
ol L1 g
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reported by Han and Lem [18] in 1982. It should be Fig. 27. Effect of blend composition and viscosity ratio on the mode of

mentioned that the temperature independence of the

dispersed morphology for the PS/PP blends at’@2énd 246C. Filled

loq G/ | " plot h its basi | | . circle (@) denotes a dispersed morphology in which PP forms the discrete
o9 versus logs™ plot has as its basis a molecular visco- phase and PS forms the continuous phase. Open cifgJedénotes a

elasticity theor}’ for monodisperse homopolymers [19] _and dispersed morphology in which PS forms the discrete phase and PP
also for polydisperse homopolymers [20,21]. Following forms the continuous phase.
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106 have reached the same conclusion as for the PMMA/PS
blends, insofar as the role of fluid elasticity is concerned
in determining the state of dispersion. We believe, however,
that fluid elasticity would play a very important role in
determining the size of the dispersed phase via droplet
breakup and/or coalescence during compounding or during
post-processing (e.g. extrusion or injection molding). This
subject will be dealt with in a future publication.

[T

105

10*

G' (Pa)

5. Concluding remarks
10° In this paper we have investigated the evolution of poly-
mer blend morphology during compounding in a batch
( mixer. We have pointed out that although from a thermo-
v{ dynamic point of view an amorphous polymer may be
% regarded as ‘liquid’ at temperatures above Tts from a
K rheological point of view it cannot be regarded as ‘liquid’
until the temperature is increased far aboveTisin inter-
1T I T W AT AT preting the morphology evolution in blends consisting of
102 10° 104 10° two amorphous polymers (PMMA/PS and PC/PS) or
G" (Pa) consisting of an amorphous polymer and a crystalline poly-
mer (PS/HDPE and PS/PP blends), we used the concept of

Fig. 28. The logG' versus logG" plots for PMMA at 200C (0), 220C ‘critical flow temperature’ first introduced by Han [15]:
(A), 240C (V), and for PS at 18T (@), 200C (A), and 220C (V). Ty =T, + 55C
cf = lg .

[ TTTIT

102

T TTTIT

=

10

The morphology evolution based on the present study is
PMMA/PS blend changed with mixing temperature, we summarized schematically in Fig. 29, where an immiscible
conclude that the observed variations of blend morphology blend consisting of two crystalline polymers is considered.
with mixing temperature were due to a change in viscosity When dealing with an immiscible blend consisting of two
ratio and the fluid elasticity playddtle role in determining amorphous polymers or consisting of an amorphous poly-
the state of dispersion for the PMMA/PS blendsring mer and a crystalline polymef,, in Fig. 29 should be
compoundingin a Brabender Plasticorder. Using the replaced byT for the amorphous polymer(s). With refer-
log G’ versus logG” plots (not shown here for the reason ence to Fig. 29, th&,, (or T) of the constituent components
of space limitation) for the PC/PS, PS/HDPE, PS/PP, and plays an important role in the morphology evolution of an
nylon 6/HDPE blend systems investigated in this study, we immiscible polymer blend. When the melt blending
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Fig. 29. Schematic describing the evolution of blend morphology during compounding of two immiscible polymers in an internal mixer, where the meltin
point of polymer A is assumed to be lower than that of polymer B.
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temperaturerl lies between twol,,s or between twadlys

of the constituent components (s@ja < T < Tpp Or
Teea < T < Tgg), component A first forms the matrix
phase in which component B, still in the solid state, is
suspended, forming a suspension. WhHer Tpa > Tmg

or T > Tga > Tgp, initially a dispersed two-phase liquid
forms having droplets of component B dispersed in the
continuous (matrix) phase of component A. At this tempera-
ture, if the viscosity of component B is lower than that of
component A (i.emg < na) and/or component B is the
major component, phase inversion may take place having

J.K. Lee, C.D. Han / Polymer 40 (1999) 6277-6296

study, we observed a transformation from a co-continuous
to a dispersed morphology. Coalescence, which inevitably
would take place before reaching a stable blend morphol-
ogy, is a physical phenomenon which is associated with a
kinetic process [23—-25]. Breakup of the discrete phase may
also take place in the pressure-driven flow of dispersed two-
phase fluids [26]. To the best of our knowledge, theoretical
treatment of breakup and coalescence of the discrete phase
during the processing of two-phase polymer blends has not
been addressed in the literature, which requires greater
attention in the future.

component B as the continuous phase and component A as
the discrete phase. When phase inversion takes place, as

pointed out above, the two-phase liquid must pass through
the transitory morphological state, a co-continuous phase.

We have shown that during melt blending in an internal
mixer, the morphology of binary blends of immiscible poly-
mers depends, among many factors, on (i) the melt blending
temperature relative to th&, of a crystalline polymer
component and of an amorphous polymer component,
(ii) rotor speed (i.e. the intensity of mixing), (iii) duration of
mixing, (iv) viscosity ratio of the constituent components,
and (v) blend composition. We demonstrated that a co-
continuous morphology may be formed, irrespective of
blend composition, when the melt blending temperature is
lower thanT; of the constituent component(s). However, a
co-continuous morphology may be transformed into a
dispersed morphology when the melt blending temperature
is much higher than th&. In such a situation the mode of

dispersed morphology depends on blend composition and

viscosity ratio, provided that a sufficiently long mixing time
is allowed. If mixing time isnot sufficiently long, one may
end up with a co-continuous morphology, which certainly is
notstable. We have shown that a co-continuous morphology
is a transitory morphological state between two modes of
dispersed morphology. We have shown further that if a
sufficient time is allowed for melt blending or a proper

processing condition (e.g. temperature) is chosen, a co-

continuous morphology may be transformed into a
dispersed morphology.

We would like to mention that breakup and coalescence
of the discrete phase might have taken place during

compounding under certain processing conditions. In this
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